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A B S T R A C T 

We present a study of the neutral atomic hydrogen ( H I ) content of spatially resolved, low-redshift galaxies in the SIMBA 

cosmological simulations. We create synthetic H I data cubes designed to match observations from the Apertif Medium-Deep H I 

imaging surv e y, and follo w an observ ational approach to deri ve the H I size–mass relation. The H I size–mass relation for s IMBA is 
in broad agreement with the observed relation to within 0.1 dex, but SIMBA galaxies are slightly smaller than expected at fixed H I 

mass. We quantify the H I spectral ( A flux ) and morphological ( A mod ) asymmetries of the galaxies and moti v ate standardizing the 
relative spatial resolution when comparing A mod values in a sample that spans several orders of magnitude in H I mass. Galaxies 
are classified into three categories (isolated, interacted, or merged) based on their dynamical histories o v er the preceding ∼2 Gyr 
to contextualize disturbances in their H I reservoirs. We determine that the interacted and merged categories have higher mean 

asymmetries than the isolated category, with a larger separation between the categories’ A mod distributions than between their 
A flux distributions. For the interacted and merged categories, we find an inverse correlation between baryonic mass and A mod 

that is not observed between baryonic mass and A flux . These results, coupled with the weak correlation found between A flux and 

A mod , highlight the limitations of only using A flux to infer the H I distributions of spatially unresolved H I detections. 

K ey words: galaxies: e volution – galaxies: interactions – galaxies: ISM – radio lines: galaxies. 
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 I N T RO D U C T I O N  

t has long been observed that peculiar and disturbed morphologies 
re pre v alent in the stellar (e.g. Arp 1966 ) and/or gas (e.g. Baldwin,
ynden-Bell & Sancisi 1980 ; Hibbard et al. 2001 ) distributions of
alaxies. These asymmetries can arise as observational signatures of 
he myriad physical processes galaxies undergo o v er cosmic time, 
hich also drive changes in other galaxy properties [e.g. colour, 

tellar mass, gas content, star formation rate (SFR), etc.]. A number 
f these processes are associated with different environments and 
an have a significant impact on a galaxy’s neutral atomic hydrogen 
 H I ) gas content, since it is susceptible to both gravitational and
ydrodynamic forces. In low-density environments, gas accretion 
rom the cosmic web (e.g. Bournaud et al. 2005 ; Sancisi et al.
008 ) and accretion of low-mass companion galaxies (Di Teodoro & 

raternali 2014 ) can replenish the gas in a galaxy, while fly-by
nteractions (Mapelli, Moore & Bland-Hawthorn 2008 ) can remove 
as from the outskirts of a galaxy. In high-density environments, 
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rocesses such as ram-pressure stripping (Gunn & Gott 1972 ), 
iscous stripping (Nulsen 1982 ), and galaxy harassment (Moore 
t al. 1996 ) deplete a galaxy’s gas reservoir. Thus, studying H I

symmetries, which have also been observed in the integrated H I

pectra (Peterson & Shostak 1974 ; Haynes et al. 1998 ; Espada et al.
011 ) and the H I kinematics (Swaters et al. 1999 ; Noordermeer,
parke & Levine 2001 ; Chemin et al. 2006 ; van Eymeren et al. 2011a )
f galaxies, could enhance our understanding of the evolutionary 
rocesses that these galaxies are undergoing. 
One of the first studies focusing on H I asymmetries was under-

aken by Peterson & Shostak ( 1974 ), who examined the global H I

rofiles of 23 galaxies with peculiar optical morphologies. They 
ound a general correlation between the degree of asymmetry in 
he H I profiles of these galaxies and the degree of asymmetry
bserved in their optical images, and speculated that the asymmetries 
ere induced by tidal interactions or the presence of warps in the
 I discs. As H I synthesis observations of nearby galaxies became

vailable, Baldwin et al. ( 1980 ) were the first to highlight that large-
cale morphological asymmetries are not just a feature observed 
n stellar discs after studying the spatial H I distributions of ∼20
piral galaxies. They reserved the term ‘lopsided’ for any galaxy 
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h permits unrestricted reuse, distribution, and reproduction in any medium, 

http://orcid.org/0000-0002-4818-0392
http://orcid.org/0000-0001-9022-8081
https://orcid.org/0000-0002-5777-0036
http://orcid.org/0000-0003-2842-9434
http://orcid.org/0000-0001-9857-7788
http://orcid.org/0000-0003-3523-7633
http://orcid.org/0000-0002-5067-8894
mailto:nhank@astro.rug.nl
http://creativecommons.org/licenses/by/4.0/


3048 N. A. N. Hank et al. 

M

w  

s  

o  

U  

(  

a  

a  

c  

m  

s  

o  

b  

t  

i  

c  

f  

s  

d  

m  

s  

t  

H  

t  

p
 

K  

m  

d  

p  

w  

i  

e  

t  

fi  

K  

J  

s  

T  

2  

T  

h  

c  

G  

e  

V  

t  

D  

w  

M  

H  

d  

U  

w  

t  

t  

t  

(  

c  

m  

H  

e  

r  

r  

s
 

H  

i  

o  

M  

b  

d  

m  

t  

s  

e  

a  

e  

o  

V  

s  

t  

f  

(  

(  

f  

2  

t  

b  

i  

r
 

t  

e  

c  

(  

p  

t  

k  

H  

a
 

u  

H  

m  

b  

u  

(  

m  

t  

a  

o  

m  

g  

(  

H  

v  

i  

i
 

s  

v  

M  

t  

S  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/540/4/3047/8152805 by guest on 22 June 2025
hose H I distribution is disproportionately skewed towards one
ide of the galaxy, and proposed a kinematic model in which the
bserved lopsidedness is connected to off-centre elliptical orbits.
sing data from a range of single-dish H I surv e ys, Richter & Sancisi

 1994 ) visually examined the H I profiles of ∼1700 disc galaxies
nd found that at least 50 per cent displayed strong or moderate
symmetric H I profiles, suggesting that asymmetries are far more
ommon than previously assumed. Since their sample consisted
ainly of field galaxies to minimize the inclusion of interacting

ystems, the authors inferred that asymmetries are long-lived, as
pposed to frequently induced signatures. A similar result was found
y Haynes et al. ( 1998 ), who used the ratio of the integrated flux in
wo halves of the global H I profiles to quantify asymmetry in 104
solated galaxies, and found that ∼50 per cent of their sample was
onsiderably asymmetric. Matthe ws, v an Driel & Gallagher ( 1998 )
ound an even higher occurrence of asymmetry, albeit in a much
maller sample of 30 late-type spiral galaxies, with ∼77 per cent
isplaying some degree of asymmetry in their H I profiles. Although
any of these studies were carried out using targeted galaxy

amples, which tend to suffer from sample selection limitations,
hey remain crucial to our wider understanding of the ubiquity of
 I asymmetries. Nevertheless, untargeted H I surv e ys are essential

o get a more unbiased view of H I asymmetries in the general galaxy
opulation. 
The latest generation of untargeted H I surv e ys on the Square

ilometre Array (SKA) precursor and pathfinder telescopes has been
ade possible by technological advances in the radio wavelength

omain o v er the last two decades. Consequently, significant im-
ro v ements in observing capabilities have been made. These surveys,
hich are arranged in a three-tiered ‘wedding cake’ configuration

n terms of their depth and sky area, will enable detailed studies
xploring the evolution of H I in galaxies using much larger samples
han were pre viously av ailable. Shallo w surv e ys such as the Wide-
eld ASKAP L-band Le gac y All-sk y Blind surv eY (WALLABY,
oribalski et al. 2020 ) with the Australian SKA Pathfinder (ASKAP,

ohnston et al. 2008 ; Hotan et al. 2021 ) and the Shallow Northern-
k y Surv e y (Adams & van Leeuwen 2019 ) with the APERture
ile In Focus (Apertif, Verheijen et al. 2008 ; van Cappellen et al.
022 ) phased array feed system on the Westerbork Radio Synthesis
elescope (WSRT) form the bottom tier and will spatially resolve
undreds to thousands of nearby galaxies in H I . The middle tier
onsists of the H I emission project within the MeerKAT International
Hz Tiered Extragalactic Exploration (arvis et al. 2016 ; Maddox

t al. 2021 ) surv e y and the Medium-Deep H I imaging Surv e y (MDS,
erheijen et al. 2009 ) with Apertif, which will observe local volumes

o greater depth. The top tier of this arrangement is occupied by the
eep Investigation of Neutral Gas Origins (Meyer 2009 ) survey
ith ASKAP and the Looking At the Distant Universe with the
eerKAT Array (Blyth et al. 2016 ) surv e y, which will pro vide direct
 I detections out to z < 1 . 4. Other significant surv e ys aimed at
irectly detecting H I in galaxies beyond z = 0 . 15 include the Blind
ltra-Deep H I environmental Surv e y (BUDHIES, Jaff ́e et al. 2013 )
ith the WSRT, which observed H I in two z ∼ 0 . 2 galaxy clusters,

he HIGHz Arecibo surv e y (Catinella & Cortese 2015 ), which
argeted massi ve, relati vely isolated galaxies at similar redshifts
o BUDHIES, and the COSMOS H I Large Extragalactic Surv e y
Fern ́andez et al. 2013 ), which utilized the increased frequency
o v erage of the upgraded Karl G. Jansky Very Large Array and
ore than 1000 h of observing time to push the redshift limit of
 I imaging studies out to z = 0 . 45. Collectively, these surveys will

nable much larger resolved galaxy samples at both low and high
edshift to be studied for the first time. As a result, there has been
NRAS 540, 3047–3068 (2025) 
enewed interest in H I asymmetries in the lead up to these new data
ets. 

Espada et al. ( 2011 ) utilized the asymmetry index introduced in
aynes et al. ( 1998 ) to study the distribution of spectral asymmetry

n a sample of extremely isolated disc galaxies from the Analysis
f the interstellar Medium of Isolated GAlaxies (AMIGA, Verdes-
ontenegro et al. 2005 ) project, and found that the distribution could

e described by a half-Gaussian with a mean of 1.0 and a standard
eviation of σ = 0 . 13. They classified a galaxy as asymmetric if the
easured value exceeded the 2 σ threshold of their sample, and found

hat only 9 per cent of their sample met this criterion. Subsequent
tudies using the same asymmetry metric have adopted the Espada
t al. ( 2011 ) 2 σ and 3 σ thresholds to calculate the fractions of highly
symmetric global H I profiles in their samples. For example, Scott
t al. ( 2018 ) used the 3 σ threshold and measured asymmetry fractions
f 16 per cent and 26 per cent for galaxies with H I detections in the
irgo and A1367 clusters, respectively. Bok et al. ( 2019 ) compared

amples of close galaxy pairs and isolated galaxies selected from
he Arecibo Le gac y F ast ALFA (Haynes et al. 2018 ) surv e y, and
ound an enhanced asymmetry fraction in their close pair sample
27 per cent) relative to their isolated sample (18 per cent). Watts et al.
 2020a ) analysed the asymmetries of central and satellite galaxies
rom the extended GALEX Arecibo SDSS Surv e y (Catinella et al.
018 ) and found that satellite galaxies are generally more asymmetric
han central galaxies. These results suggest that a correlation exists
etween the environment and the incidence of asymmetry. Ho we ver,
t remains unclear which astrophysical processes are primarily
esponsible for these asymmetries. 

A number of recent studies have introduced additional techniques
o quantify H I profile asymmetries (e.g. Deg et al. 2020 ; Reynolds
t al. 2020 ; Yu, Ho & Wang 2020 ). The use of these new methods in
ombination with the widely used asymmetry index of Haynes et al.
 1998 ) could offer valuable impro v ements in characterizing the H I

rofiles that will be available in large numbers. Ho we ver, maximizing
he amount of information obtained from H I profiles requires more
nowledge of the underlying H I distributions, since the shape of the
 I profile depends largely on the internal kinematics of the galaxy

nd to a lesser extent the spatial H I distribution. 
There are comparatively fewer quantitative asymmetry studies

sing H I images of galaxies due to the lack of spatially resolved
 I observ ations av ailable relati ve to H I spectra. Ho we ver, v arious
ethods that were developed for optical and near-infrared data have

een adopted in H I studies in recent years. One such method is the
se of the normalized amplitude of the m = 1 Fourier component
see Jog & Combes 2009 , for a comprehensive review on this
ethod). This technique was applied by Angiras et al. ( 2006 , 2007 )

o investigate morphological H I asymmetries in the Eridanus group
nd the Ursa Major volume. They measured asymmetric fractions
f ∼ 17 −27 per cent and found that the average asymmetry values
easured in the outer regions of the H I in the Eridanus sample was

reater than the Ursa Major sample. Subsequently, van Eymeren et al.
 2011b ) used this method on a galaxy sample of from the Westerbork
 I surv e y of Irre gular and SPiral galaxies (WHISP, van der Hulst,
an Albada & Sancisi 2001 ) galaxies and found a continued increase
n morphological asymmetry with radius for 20 per cent of galaxies
n their sample. 

Another method is the use of the concentration, asymmetry,
moothness, Gini, and M 20 non-parametric measurements (Abraham,
an den Bergh & Nair 2003 ; Conselice 2003 ; Lotz, Primack &
adau 2004 ). Holwerda et al. ( 2011a , b ) were the first to apply

hese measurements to H I observations from The H I Nearby Galaxy
urv e y (Walter et al. 2008 ) and WHISP, and found that the asymmetry
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arameter was the most promising at identifying interacting galaxies 
n their sample. Following from this, Giese et al. ( 2016 ) used
imulated galaxies in order to better understand the observational 
ffects on these non-parametric measurements. They observed that 
symmetry was the ideal parameter to identify galaxies with lopsided 
 I distributions, and determined a set of reliable resolution and 

nclination limits for the use of these parameters in upcoming large 
 I surv e ys. Recent studies hav e also e xplored the use of these
on-parametric measurements with machine learning techniques to 
dentify morphologically disturbed galaxies in the WALLABY Pilot 
urv e y (e.g. Holwerda et al. 2023 , 2025 ). 
Wang et al. ( 2013 ) studied 23 nearby galaxies with high H I mass

ractions and compared them with a control sample of 19 galaxies. 
hey found little difference in the overall asymmetry distributions of 

he populations, but noted that the outermost regions of the H I -rich
alaxies tended to be more asymmetric. Lelli, Verheijen & Fraternali 
 2014 ) developed a modified outer asymmetry parameter that is
ore sensitive to low surface brightness regions on the outskirts 

f galaxies. They found that this modified asymmetry parameter was 
ble to distinguish between samples of starburst dwarf and irregular 
alaxies. 

More recently, Reynolds et al. ( 2020 ) investigated the spectral, 
orphological, and kinematic H I asymmetries in ∼140 galaxies 

rom three different surv e ys. The y observ ed a slight trend of increas-
ng incidence of asymmetry with increasing environment density, 
ut found no correlation with H I mass. They also found weak
o moderate correlations between various asymmetry parameters, 
uggesting that the spectral asymmetry parameters are sufficient for 
patially unresolved data, when the other parameters cannot be used. 
o we v er, the y concluded that a larger sample was required to confirm

hese trends. 
In addition to these observational studies, a number of recent 

tudies have used large-scale cosmological hydrodynamical sim- 
lations to investigate H I asymmetries. These simulations offer 
ignificantly larger samples of spatially resolved galaxies, spanning 
 range of properties and cosmic environments, than are currently 
vailable with H I surv e ys. Furthermore, the y hav e the added benefit
f providing detailed information about the galaxies’ environments, 
heir merger histories, and their progenitors at earlier cosmic epochs. 
hus, simulations can offer important insights into the underlying 
strophysical processes driving asymmetries. 

Watts et al. ( 2020b ) utilized the ILLUSTRISTNG simulations 
Nelson et al. 2018 ) to examine the influence of environment on
he profile asymmetries of ∼10 500 galaxies, using halo mass as
 proxy for environment. They observed a higher incidence of 
rofile asymmetry among the satellite galaxy population than the 
entral galaxy population, and found that this is driven by satellite 
alaxies residing in more massive haloes analogous to large galaxy 
roups. Using ∼3500 galaxies from the EAGLE simulations (Schaye 
t al. 2015 ), Manuwal et al. ( 2022 ) also found that the H I profiles
f satellite galaxies are generally more asymmetric than those of 
entral galaxies, and determined that ram-pressure and tidal stripping 
re the strongest drivers of satellite asymmetry. Glowacki et al. 
 2022 ) used the SIMBA simulations (Dav ́e et al. 2019 ) to investigate
rends between profile asymmetries and galaxy properties for ∼4000 
alaxies. They found that the strongest correlation is between H I 

ass and profile asymmetry, noting that the occurrence of profile 
symmetries decreases with increasing H I mass. 

Bilimogga et al. ( 2022 ) created mock H I observations of ∼190
alaxies from the EAGLE simulations to investigate the combined 
ffect of observational effects on spectral and morphological H I 

symmetries. They established various limits required for the reso- 
ution, H I column density sensitivity and signal-to-noise ratio of an
bservation to ensure robust asymmetry measurements. They also 
ound no correlation between the spectral and morphological H I 

symmetries in their sample, seemingly in contradiction with the 
ndings of Reynolds et al. ( 2020 ). Given that these studies both
tilized relatively small ( N < 200) samples, these conflicting results
llustrate that a much larger sample is required to assess whether a
orrelation exists. 

While various studies have recognized cosmological simulations 
s a useful tool to investigate H I asymmetries and their limitations,
esearch has yet to capitalize on the quantity of galaxies with spatially
esolved H I that is available with cosmological simulations. In this
aper, we examine the H I spectral and morphological asymmetries 
f ∼1100 spatially resolved, low-redshift galaxies from the SIMBA 

osmological simulations to understand and contextualize the state of 
isturbances in the H I reservoirs of galaxies. Here, we consider the
ynamical histories of galaxies o v er the preceding ∼2 Gyr, with
 focus on investigating whether g alaxy–g alaxy interactions and 
ergers are the physical drivers of the H I asymmetries observed in

ur sample at z ∼ 0. We emphasize that our aim is not to determine
he visibility time-scales o v er which these H I asymmetries persist or
o estimate merger rates using H I data, but to compare and contrast
he distributions of H I spectral and morphological asymmetries of 
alaxies with different dynamical histories. In addition, we explore 
ossible correlations between H I asymmetry and baryonic mass in 
ur simulated sample. 

SIMBA , which was calibrated to match the galaxy stellar mass
unction at z = 0, successfully reproduces a number of galaxy
bservations at low redshifts (e.g. Dav ́e et al. 2019 ; Li, Narayanan &
av ́e 2019 ; Thomas et al. 2019 ; Appleby et al. 2020 ; Glowacki,
lson & Dav ́e 2020 ; Cui et al. 2021 ). Most importantly for this
ork, SIMBA has been shown to reproduce the atomic and molecular
as contents of galaxies and shows good agreement with the H I mass
unction at z = 0 (Dav ́e et al. 2020 ). We use the MARTINI package
Oman 2024 ) to generate synthetic H I data cubes designed to match
bservations from the MDS. In doing so, we aim to enable a direct
omparison between the H I content of our simulated sample and
hat of the observed galaxy populations from the MDS, which will
e explored in a future study. 
This paper is structured as follows. In Section 2 , we describe

he key characteristics of the SIMBA simulations, the galaxy sample 
election, the creation of mock H I data cubes, and the comparison
f our sample to the observed H I size–mass relation. Section 3
etails the parameters used in this work to quantify spectral and
orphological asymmetries, and our justification for standardizing 

he relative spatial resolution across our sample when measuring 
nd comparing morphological asymmetries. In Section 4 , we present 
ur main results, and compare our findings with existing studies 
n Section 5 . Finally, our conclusions are presented in Section 6 .
hroughout this paper, we use H 0 = 68 km s −1 Mpc −1 . 

 DATA  

.1 The SIMBA simulations 

he SIMBA simulations (Dav ́e et al. 2019 ) consist of a suite of
osmological hydrodynamical simulations of galaxy formation. 
hese simulations solve for the co-evolution of galaxies, black holes, 
nd intergalactic gas using a branched version of GIZMO (Hopkins 
015 ), a gravity + hydrodynamics solver based on GADGET-2 
Springel 2005 ), in its meshless finite-mass variant. In this study,
e use the fiducial simulation (hereafter SIMBA -100), which evolves 
MNRAS 540, 3047–3068 (2025) 
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 representativ e (100 h 

−1 Mpc) 3 como ving volume initialized with
024 3 dark matter particles and 1024 3 gas elements down to z = 0.
he resulting mass resolution is 9 . 6 × 10 7 M � for dark matter
articles and 1 . 82 × 10 7 M � for gas elements. We supplement this
ith the high-resolution volume (hereafter SIMBA -25), which has

dentical input physics to SIMBA -100 but has 8 × the mass resolution
1 . 2 × 10 7 M � for dark matter particles and 2 . 28 × 10 6 M � for
as elements). This enables us to include lower mass galaxies in our
ample. We refer the reader to Dav ́e et al. ( 2019 ) for a comprehensive
escription of the simulations, and focus here on the key aspects of
IMBA and those most rele v ant to this study. 

SIMBA follows a � -cold dark matter cosmology with parameters
ased on the Planck Collaboration XIII ( 2016 ) results: �m 

= 0 . 3,
� 

= 0 . 7, �b = 0 . 048, H 0 = 68 km s −1 Mpc −1 , σ8 = 0 . 82, and
 s = 0 . 97. The initial conditions are generated at a starting redshift
f z = 249 using the MUSIC code (Hahn & Abel 2011 ). All simulation
uns output 151 snapshots from z = 20 → 0, with a snapshot spacing
f ∼230 Myr between z = 0 and 0.1. 
As the next generation of the MUFASA simulations (Dav ́e, Thomp-

on & Hopkins 2016 ), SIMBA builds on the work of its predecessor
y incorporating a unique two-mode accretion model for black holes
nd implementing various impro v ements to the subgrid prescriptions
or star formation and feedback from active galactic nuclei. For cold
as ( T < 10 5 K), black hole growth is implemented via a torque-
imited accretion model (Hopkins & Quataert 2011 ; Angl ́es-Alc ́azar
t al. 2017 ), where instabilities in the cold gaseous disc give rise to
ravitational torques which drive gas inflows, while Bondi accretion
Bondi 1952 ) is adopted for hot gas ( T > 10 5 K). The accretion
nergy drives feedback that results in the quenching of galaxies,
ith a kinetic subgrid model for black hole feedback along with
-ray energy feedback included in SIMBA . 
Radiative cooling and photoionization heating are incorporated

sing the GRACKLE -3.1 library (Smith et al. 2017 ), which includes
etal cooling and non-equilibrium evolution of primordial elements.
he chemical enrichment model follows 11 elements (H, He, and
ine metals), with enrichment tracked from Type Ia and Type II
upernovae as well as asymptotic giant branch stars. A Chabrier
 2003 ) initial mass function is used to compute stellar evolution. 

The total cold ( T < 10 5 K) neutral ( H I + H 2 ) gas fraction is
alculated self-consistently during the simulation runs by accounting
or self-shielded gas on-the-fly, in lieu of applying self-shielding in
he post-processing stage, as was the case in MUFASA (Dav ́e et al.
017 ). This is done using the prescription described in Rahmati et al.
 2013 ), where the metagalactic ionizing flux strength is attenuated
ased on the gas density, and assuming a spatially uniform ionizing
ackground as given in Haardt & Madau ( 2012 ). 
The H 2 mass fraction for each gas element is given by 

 H 2 = 1 − 0 . 75 
s 

1 + 0 . 25 s 
, (1) 

ith 

 = 

ln (1 + 0 . 6 χ + 0 . 1 χ2 ) 

0 . 0396 Z� 

, (2) 

here Z is the metallicity (in solar units) of the gas element, χ is
he radiation field strength as a function of metallicity (Krumholz &
nedin 2011 ), and � is the local column density (in M � pc −2 ),
hich is estimated using the Sobolev approximation and modified

o account for subresolution clumping (see full discussion in Dav ́e
t al. 2016 ). Thereafter, the H I mass fraction per gas element is
etermined by subtracting the H 2 fraction from the total cold neutral
as fraction. 
NRAS 540, 3047–3068 (2025) 
Only gas elements abo v e a hydrogen number density threshold
f n H > 0 . 13 H atoms cm 

−3 and with f H 2 > 0 are eligible for
tar formation. Gas abo v e this density is considered the interstellar
edium (ISM) and is artificially pressurized by imposing T =

0 4 ( n H / 0 . 13) 1 / 3 K in order to resolve the Jeans mass (see Dav ́e
t al. 2016 ). SIMBA ’s star formation prescription follows an H 2 -based
chmidt ( 1959 ) law and the SFR is given by 

FR = 

0 . 02 ρf H 2 

t dyn 
, (3) 

here ρ is the gas density and t dyn = 1 / 
√ 

Gρ is the dynamical time.
tar particles are spawned stochastically from eligible gas elements,
here a gas element is converted into a star particle of the same mass

nd metallicty as the parent gas element. 

.2 Galaxy finding and sample selection 

uring the simulation runs, haloes are identified on-the-fly using
 3D friends-of-friends (FoF) halo finder built into GIZMO , with a
inking length equal to 0.2 times the mean interparticle separation.
alaxies are identified separately using a 6D FoF galaxy finder,
ith a spatial linking length of 0.0056 times the mean interparticle

eparation (corresponding to twice the minimum softening length)
nd a velocity linking length equal to the local velocity dispersion.
his is applied to all stars, black holes, and dense gas elements
ith n H > 0 . 13 H atoms cm 

−3 . The minimum stellar mass of a
esolved galaxy is taken to be 32 star particle masses, above which
alaxy properties can be reliably computed. This limit corresponds
o M �, min = 7 . 3 × 10 7 M � for SIMBA -25 and M �, min = 5 . 8 × 10 8 M �
or SIMBA -100. 

H I is assigned to galaxies in a separate step, instead of only using
he gas elements assigned via the 6D FoF galaxy finder. This decision
s moti v ated by the presence of H I in more dif fuse, self-shielded gas
hich typically extends beyond the stellar radius of the galaxy (see
iscussions in Dav ́e et al. 2019 , 2020 ). The H I fraction is computed
s described in Section 2.1 , except all gas elements within a galaxy’s
alo with n H > 0 . 001 H atoms cm 

−3 are considered. The H I is then
ssigned via proximity to the galaxy to which these gas elements are
ost gravitationally bound. This allows for the H I residing in gas

utside of the star-forming region of the galaxy to be included, while
nsuring that no H I is double-counted. 

Haloes and galaxies are cross-matched in post-processing using
AESAR, 1 a PYTHON -based package that builds on the YT simulation
nalysis toolkit (Turk et al. 2011 ). CAESAR outputs this information,
n addition to pre-computed physical properties and particle lists of
aloes and galaxies, in the form of a standalone Hierarchical Data
ormat (HDF5) catalogue for each simulation snapshot. 
For each volume, we use the snapshot at z = 0 . 0167 and its

ssociated CAESAR catalogue to select our sample. This snapshot is
hosen because it is closest in redshift to A262 ( z = 0 . 0163, Choque-
hallapa et al. 2021 ), which is one of the galaxy clusters observed in

he MDS that we aim to compare our mock sample with in a future
tudy. We impose a lower stellar mass limit of M � ≥ 7 . 3 × 10 7 M � to
IMBA -25 and M � ≥ 5 . 8 × 10 8 M � to SIMBA -100, which corresponds
o the minimum stellar mass of a resolved galaxy in each volume.

e also impose a lower H I mass limit of M H I ≥ 2 . 28 × 10 8 M � to
IMBA -25 and M H I ≥ 1 . 82 × 10 9 M � to SIMBA -100, to ensure that
he H I content of a galaxy is composed of at least 100 gas elements.

e apply this H I mass limit to the H I mass that is confined to the

https://caesar.readthedocs.io/en/latest/
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ense ISM gas of a galaxy as opposed to the galaxy’s total H I mass
rovided by the CAESAR catalogue. This decision is moti v ated by
he method used to generate synthetic H I data cubes in this work.

ARTINI (described further in Section 2.3 ) is used to extract gas
lements in a spherical aperture that is centred on the minimum of a
alaxy’s gravitational potential when loading a galaxy’s H I content 
nto a data cube. Ho we ver, the method SIMBA uses to assign H I to
alaxies means that it is possible for a massive galaxy to have H I

n its surrounding environment that has been assigned to it, but no
 I located in the central, star-forming region of the galaxy. This
ill result in an empty data cube if the galaxy’s H I content lies

ntirely outside MARTINI ’s extraction aperture. One solution would 
e to increase the aperture used, but this slows down the cube creation
onsiderably, increases the likelihood of including H I emission from 

eighbouring galaxies in the foreground/background, and does not 
uarantee that all of the galaxy’s H I content will be contained in
he data cube. Instead, by imposing the H I cut to the H I mass in
he central region of the galaxy, we ensure that a significant fraction
f a galaxy’s H I is still associated with the galaxy itself. We also
erformed consistency checks to ensure that the extracted cubes were 
arge enough to encompass the full H I distributions of the galaxies
see Section 2.4 ). 

The specified stellar and H I mass cuts are applied to each volume,
esulting in an initial sample of 669 galaxies from SIMBA -25 and
914 galaxies from SIMBA -100. Due to the larger ef fecti ve volume
f SIMBA -100 and limited computing resources, we reduce the 
ample size of this volume to match that of SIMBA -25 by randomly
electing 669 galaxies from the 5914 galaxies such that the H I mass
istribution of the downsized sample reproduces the distribution 
f SIMBA -100’s initial sample. None the less, our starting sample 
f 1338 galaxies (and the final 1157 galaxies after the sample 
efinement described in Section 2.4 ) is > 5 × larger than previous
tudies investigating H I morphological asymmetries (e.g. Reynolds 
t al. 2020 ; Bilimogga et al. 2022 ) and sufficient for the objectives
f this study. Our procedure for generating mock H I data cubes for
he starting sample is described in the following section. 

.3 Synthetic HI data cubes 

ARTINI 2 (Oman 2019 , 2024 ) is a PYTHON package developed for
reating synthetic, spatially, and kinematically resolved H I data 
ubes from smooth particle hydrodynamical simulations. It includes 
nstrument-specific submodules for the data cube, beam, noise, 
ource, and spectral model, which can be configured to reproduce 
ock interferometric H I observations of galaxies. The methodology 

sed to create H I data cubes with MARTINI is described in Oman et al.
 2019 ). Here, we provide a summary that is specific to our sample of
alaxies. 

In MARTINI , we specify a fixed aperture with a radius of 100 kpc
o extract the galaxy of interest and the region surrounding it from
he simulation snapshot. The specific angular momentum vector of 
he target galaxy’s H I disc, L H I , is calculated using the central 1/3
f the H I disc (by mass). The disc plane is then oriented in the y–z
lane by aligning the x -axis with the direction of L H I . Each galaxy
 https:// github.com/ kyleaoman/ martini , version 1.5 (git commit c455f17). 
ubsequent versions of MARTINI released after the analysis for this work 
as carried out include some minor changes that would slightly affect our 
easurements. Ho we v er, we hav e checked a subset of galaxies with code 

ersions 2.0.0 and 2.0.6 and find that the changes are minimal and do not 
mpact our conclusions. 

d  

c  

t
b
o  

3

s given a randomly selected azimuthal rotation (around L H I ) and 
nclination angle with respect to the line of sight. For all galaxies
n our sample, the kinematic position angle is set to 270 ◦, measured
ounterclockwise from North. 

Galaxies are placed in the Hubble flow at a distance of 71.86
pc, the adopted distance to A262 (Choque-Challapa et al. 2021 ),

esulting in an angular scale of ∼348 pc arcsec −1 . Each data cube,
hich is centred on the minimum of the target galaxy’s gravitational
otential, is generated with 175 × 175 pixels and a pixel size of
 arcsec × 5 arcsec. A velocity channel spacing of 7.86 km s −1 is
sed and 128 velocity channels are included to ensure that the full
xtent of the H I emission of H I massive galaxies is contained within
he data cubes. The data cubes are convolved to a 15-arcsec FWHM
ircular Gaussian beam, which corresponds to ∼1.74 kpc pixel −1 

t the distance of A262. These velocity and angular resolutions are
hosen to match the observational parameters of the MDS data cubes.
he unit of flux in the data cubes is Jy beam 

−1 . For the purposes of
his study, no instrumental noise is added to the data cubes. 

.4 Sample refinement 

ecause we extract all gas elements within 100 kpc, the H I of a
eighbouring galaxy will be included in the target galaxy’s data cube
f the galaxies are within 100 kpc and (128/2) × 7.86 km s −1 of each
ther. We use the OBJECTS task from GIPSY 

3 (van der Hulst et al.
992 ; Vogelaar & Terlouw 2001 ) to remo v e the H I emission from
ompanion galaxies to prevent this extraneous H I from contributing 
o the H I mass and the asymmetry parameters measured for the
alaxies in our sample. For each data cube, OBJECTS was set to
dentify all independent structures abo v e a column density threshold
f 1 × 10 19 cm 

−2 o v er 25 km s −1 and present in at least five channels.
he largest 3D structure identified by OBJECTS that is closest to the
entre of the data cube (spatially and spectrally) was used as a mask
o separate the target galaxy from all other detected objects in the
ata cube. For each galaxy, the masked data cube was then used to
easure the H I mass using the formula 

M H I 

M �

)
� 

2 . 35 × 10 5 

(1 + z) 

(
D 

Mpc 

)2 (
S 

Jy km s −1 

)
, (4) 

here z is the redshift of the galaxy (set to z = 0 . 0163), D is the
roper distance (71.86 Mpc), and S = 

∫ 
S v d v is the integrated H I

ine flux density measured in the data cube (Meyer et al. 2017 ). 
In Fig. 1 , we compare the measured H I masses from our masked

ata cubes to the expected H I masses from the CAESAR catalogues.
or both volumes’ samples, the majority of galaxies are scattered 
ithin ∼0.15 dex of the 1:1 relation, illustrating that SIMBA ’s

pproach to assigning H I to galaxies yields reasonable H I masses that
re in agreement with the H I masses measured from the mock data
ubes. This also indicates that most of the H I content of the galaxies
s successfully reco v ered after masking the data cubes. Ho we ver, a
onsiderable number of galaxies, mostly from the SIMBA -25 sample, 
ave much higher ( ≥ 0 . 5 dex) measured H I masses than expected.
pon inspecting their cubes, we find that most of these outliers are

atellite galaxies whose central galaxy has remained in the data cube
ue to connecting bridges of H I between the galaxies. A higher
olumn density threshold of 3 . 5 × 10 19 cm 

−2 was used to test if the
arget galaxies could be disconnected from their larger companions, 
ut this threshold was either unsuccessful in separating the galaxies 
r resulted in considerable amounts of low column density H I being
MNRAS 540, 3047–3068 (2025) 
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M

Figure 1. Comparison between the H I mass measured from the masked 
mock data cube and the expected H I mass from the CAESAR catalogue for the 
SIMBA -25 and SIMBA -100 galaxies (colour-coded according to the legend). 
The dotted line shows the 1:1 relation, with the shaded region representing a 
0.15 dex buffer from the relation. Galaxies that deviate from the 1:1 relation by 
more than 3 σMAD are plotted as open circle markers and have been excluded 
from the samples. 
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asked out, causing galaxies to scatter downwards from the 1:1
elation. It is also worth noting that the SIMBA -100 sample appears
lightly offset upwards from the 1:1 relation by ∼0.1 dex, whereas
he SIMBA -25 sample lies slightly below the 1:1 relation. Although a
igher column density threshold would shift the SIMBA -100 galaxies
loser to the 1:1 relation, this would result in the SIMBA -25 sample
hifting further away from the relation since the same threshold is
sed to ensure that both samples are treated consistently. 
We opted to remo v e the significantly outlying galaxies from both

amples for a number of reasons. First, these galaxies will result in
rtificially high H I asymmetries that are inflated due to the presence
f multiple sources in the data cubes and not the physical processes
isturbing the H I discs. Second, when investigating the dynamical
istories of galaxies (see Section 4 for more details), we consider
he fractional changes in a galaxy’s baryonic mass (calculated using
he stellar and H I masses) o v er sev eral snapshots up to a redshift
f z ∼ 0 . 2. Ho we ver, we do not generate cubes at these snapshots
nd rely solely on the masses provided in the CAESAR catalogues.
y restricting our samples to galaxies with measured H I masses

hat are in agreement with the catalogue H I masses, we reduce the
ikelihood of under- or o v erestimating the H I masses (and therefore
he baryonic masses) at previous snapshots. 

To identify outliers in each sample, we use the robust estimator
MAD = 1 . 4826 MAD , where MAD is the median absolute deviation,
ecause it is less sensitive to the presence of outliers than the standard
eviation around the mean. Galaxies that deviate from the 1:1 H I

ass relation by more than 3 σMAD (shown as open circle markers in
ig. 1 ) are excluded from the samples. We further remo v e galaxies

hat cannot be reliably traced in the snapshots used to determine their
ynamical histories (see Section 4 ). These cuts remo v e a total of 181
alaxies, resulting in the final 513 galaxies from SIMBA -25 and 644
alaxies from SIMBA -100 which are studied in the remainder of this
NRAS 540, 3047–3068 (2025) 
ork. The H I total intensity (moment-0) maps and global H I profiles
re obtained from the masked cubes by integrating along the spectral
xis and by summing the flux in each channel, respectively. 

Fig. 2 shows the distributions of the H I mass, stellar mass, baryonic
ass ( M baryon = M � + 1 . 33 M H I , where the factor of 1.33 accounts

or the presence of helium), H I gas fraction ( M H I /M � ), H I diameter,
nd specific SFR (sSFR = SFR/ M � ) for the final galaxy samples.
he stellar masses and SFRs are taken from the CAESAR catalogues
t z = 0 . 0167. All properties relating to the H I mass are obtained
sing the masked H I data cubes. 

.5 Data verification 

efore proceeding further, we quantify the spatial distributions of H I

n our samples using the H I radius, R H I , and assess SIMBA ’s ability to
eproduce the well-studied H I size–mass relation. Observationally,
t has been shown that a tight relation exists between the total H I

ass of a galaxy and the diameter of its H I disc (e.g. Broeils &
hee 1997 ; Verheijen & Sancisi 2001 ; Begum et al. 2008 ; Lelli,
cGaugh & Schombert 2016 ; Wang et al. 2016 ; Naluminsa, Elson &

arrett 2021 ; Rajohnson et al. 2022 ). The relation can be described
y 

og 

(
D H I 

kpc 

)
= m log 

(
M H I 

M �

)
+ c, (5) 

here D H I is the diameter of the galaxy measured at an H I surface
ass density of 1 M � pc −2 . The H I size–mass relation holds

rrespective of morphological type and galaxy size, suggesting that
he mean H I surface density remains approximately constant and
hat galaxies likely evolve along the relation. 

Several studies utilizing hydrodynamical simulations (Bah ́e et al.
016 ; Marinacci et al. 2017 ; Diemer et al. 2019 ; Stevens et al. 2019 ;
ensior et al. 2024 ) and semi-analytic models (Obreschkow et al.
009 ; Wang et al. 2014 ; Lutz et al. 2018 ) have found remarkable
uccess in reproducing the observed relation with simulated data at
ow redshift, albeit with some variations in the scatter, slope, and
ntercept. Since SIMBA dynamically tracks H I instead of applying a
ost-processing correction, and does not fine-tune any parameters to
eproduce observed H I scaling relations, the robustness of the H I

ize–mass relation makes it an essential benchmark to e v aluate ho w
he subgrid prescriptions and feedback mechanisms implemented in
IMBA affect the H I content of galaxies. 

We follow an observational approach by making use of the
oment-0 maps to derive azimuthally averaged radial H I surface

ensity profiles. This is done with the ELLINT task from GIPSY ,
hich integrates the moment-0 map in concentric ellipses. The
osition and inclination angles of the ellipses are set to the values
sed when generating the data cubes in Section 2.3 . Each radial
rofile is deprojected to the face-on equi v alent and then scaled by
he total H I mass of the galaxy. To get R H I , we interpolate the profiles
nd measure the radius at which the H I surface mass density ( � H I )
s equal to 1 M � pc −2 ( ∼1 . 249 × 10 20 cm 

−2 ). It should be noted
hat this procedure is impacted by beam smearing. If the minor axis
f a galaxy’s H I disc is not sufficiently resolved, this will lead to
he ‘smearing’ out of H I emission and a seemingly rounder H I disc.
 galaxy’s inclination angle is used to determine the ellipticity of

he ellipses used to derive its radial profile, as well as the correction
actor to deproject the profile to represent face-on values. If the
utermost ellipse does not enclose the full extent of the rounder H I

isc due to beam smearing, this will lead to underestimating R H I 

ecause the total H I mass of the galaxy is used to scale the profile
o surface mass densities. Alternatively, if an edge-on galaxy has a
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Figure 2. Sample properties for the final sample of SIMBA -25 and SIMBA -100 galaxies, following the same colour coding as in Fig. 1 . Top row: distributions of 
the measured H I mass, stellar mass, and baryonic mass (calculated as M baryon = M � + 1 . 33 M H I ). Bottom row: distributions of the H I gas fraction, H I diameter, 
and sSFR (sSFR = SFR/ M � ). In all panels, the step histogram represents the combined sample. The stellar masses and sSFRs are taken from the CAESAR 

catalogue. All other properties related to the H I content make use of the H I from the masked cubes. The H I diameter distributions only include galaxies that are 
resolved by ≥ 2 beams across the minor axis (see Section 2.5 ). 
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arp in its H I disc or extraplanar H I that falls outside the outermost
llipse, R H I will also be underestimated for the same reason. Thus, to
itigate the effects of beam smearing, we restrict our analysis in this

ection to galaxies that are resolved by ≥ 2 beams across the minor
xis, leaving us with 456 galaxies from SIMBA -25 and 617 galaxies
rom SIMBA -100. 

Fig. 3 shows the median radial profiles, normalized to R H I , for
he SIMBA -25 (red) and SIMBA -100 (blue) samples. To investigate if
ny differences between the median profiles of the two samples is
 result of their different H I mass ranges, we also show the median
adial profile of SIMBA -25 galaxies with M H I ≥ 10 9 . 5 M �, where the
wo samples o v erlap. F or an observational comparison, we include
he median radial profile of a subsample of galaxies from Wang et al.
 2016 ) that are resolved by ≥ 3 beams across the major axis (see
heir fig. 2 for the H I surv e ys used to compile the sample). For all
amples, the median values are computed in bins of 0 . 1 × R/R H I .
he data for the high- H I mass SIMBA -25 subsample and SIMBA -100
ave been slightly offset horizontally for visualization purposes. The 
rror bars and shaded area indicate the interquartile range (i.e. the 
egion between the 25th and 75th percentiles) of each sample. 

Qualitatively, the median profiles of SIMBA -25 and SIMBA -100 
alaxies broadly agree with the median profile from observed data 
n terms of their shapes, but there are apparent differences between 
he simulated and observed samples in the innermost regions of 
he H I discs. SIMBA -100 galaxies have systematically higher central 
 I surface densities than observed in the local Universe, with a

teeper decline in surface density beyond R H I . Galaxies from SIMBA -
5 also display slightly higher central H I surface densities in the inner
 T  
egions ( R � 0 . 5 R H I ), but the median profile falls within the overlap
f the interquartile ranges of the radial profiles from SIMBA -25 and the
bservational sample, and largely agrees with observations at larger 
adii ( R � R H I ). While the median radial profile of the high- H I mass
IMBA -25 subsample has marginally higher H I surface densities than
hat of the full SIMBA -25 sample, the profiles are generally consistent.
o we ver, despite having similar H I mass ranges, the median profiles
f the high- H I mass SIMBA -25 subsample and SIMBA -100 are still
ffset from each other, indicating that the difference in the H I mass
anges of SIMBA -25 and SIMBA -100 is not the primary cause of the
ffsets between the two simulated samples. 
The observed differences between the median profiles of the 

IMBA -25 and SIMBA -100 samples are possibly due to the difference
n the numerical resolutions of the two volumes. As mentioned, 
IMBA incorporates a self-shielding approximation from Rahmati 
t al. ( 2013 ) that depends on the local gas density in order to
ompute the H I fractions. It is likely that the higher particle numbers
or galaxies in SIMBA -25 relative to galaxies of similar H I mass in
IMBA -100 results in more self-shielding in the former volume, and
hus more H I in the outskirts of the H I discs. 

We now focus on investigating the H I size–mass relation for
IMBA -25 and SIMBA -100. We correct the measured H I diameters
or beam smearing effects using 

 H I = 

√ 

D 

2 
H I , 0 − b maj × b min , (6) 

here D H I , 0 ( ≡ 2 R H I ) is the uncorrected H I diameter, and b maj 

nd b min are the major and minor axes of the beam, respectively.
he corrected H I diameters are used to construct the H I size–mass
MNRAS 540, 3047–3068 (2025) 
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M

Figure 3. Median azimuthally averaged H I surface density profiles for 
galaxies from SIMBA -25, the high- H I mass ( M H I ≥ 10 9 . 5 M �) subsample 
of SIMBA -25, and SIMBA -100 (colour-coded as indicated in the legend). The 
median radial profiles for the high- H I mass SIMBA -25 subsample and SIMBA - 
100 have been slightly offset horizontally for easier viewing. The solid line 
shows the median radial profile for a combined sample of resolved galaxies 
from Wang et al. ( 2016 , we refer the reader to their paper for further details 
on the H I surv e ys used to compile the sample). The error bars and the shaded 
region indicate the interquartile range of the three samples. 
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Figure 4. The H I size–mass relation for SIMBA -25 and SIMBA -100 galaxies, 
following the same colour coding as in Fig. 1 . The solid line indicates the best 
fit from Wang et al. ( 2016 ), with the 1 σ and 3 σ scatter of the observational 
fit shown by the dark and light shaded regions. The dotted and dashed lines 
represent the best fitting linear relations for SIMBA -25 and SIMBA -100 galaxies, 
respectiv ely. F or all fits shown, the slope and intercept are given in the legend. 
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elation, which is shown in Fig. 4 along with the individual data points
f each sample. The red dotted and blue dashed lines correspond to
he best linear fits to the SIMBA -25 and SIMBA -100 data, respectively,
ith the fit parameters quoted in the figure legend. The solid grey line

hows the best fit from Wang et al. ( 2016 ) for comparison, with the
ark and light grey shaded regions representing the 1 σ and 3 σ scatter
f their fit. Overall, both SIMBA samples reproduce the observed H I

ize–mass relation reasonably well and the majority of galaxies lie
ithin 3 σ of the relation. The SIMBA -25 sample produces a slope

hat is slightly shallower than observed (0.464 compared to 0.506 in
ang et al. 2016 , i.e. an ∼8 per cent difference), resulting in galaxies

hat have marginally smaller H I discs than expected at the high- H I

ass end ( M H I ≥ 10 9 . 5 M �). The SIMBA -100 sample matches the
bserved slope remarkably well to within 1 per cent, but the H I discs
f these galaxies are also smaller than e xpected giv en their H I masses.
t is not surprising that the H I discs in SIMBA -100 are generally
ore compact than observ ed, giv en the median radial profile of the

IMBA -100 sample shown in Fig. 3 . Nevertheless, the offset between
he observed relation from Wang et al. ( 2016 ) and that obtained
or SIMBA -100 is relatively small ( < 0 . 1 dex at M H I = 10 10 M �).
espite the differences in the best linear fits obtained for SIMBA -
5 and SIMBA -100, we find that when only fitting the SIMBA -25
alaxies with M H I ≥ 10 9 . 5 M �, the slope and intercept measured are
onsistent with those of SIMBA -100 within the uncertainties. 

We find that the rms scatter around the relation is 0.06 and 0.05
ex for SIMBA -25 and SIMBA -100, respectively, which is comparable
o the observed scatter of ∼0.06 dex from Wang et al. ( 2016 ). In
ection 5.1.1 , we further discuss the H I size–mass relations of the
IMBA samples in the context of a new study by Wang et al. ( 2024 ),
NRAS 540, 3047–3068 (2025) 
ho find a slightly shallower relation when using new single-dish
ata combined with archi v al H I observations. 

 M E T H O D O L O G Y  

.1 Quantitati v e asymmetry measures 

 number of methods exist to quantify irregular gas distributions.
ere, we focus on the quantitative parameters used in this work to

haracterize asymmetries in the global H I profiles and the moment-0
aps of galaxies. 

.1.1 Spectral asymmetries 

ne of the most widely used methods of quantifying asymmetries in
he global H I profiles of galaxies was first proposed by Haynes et al.
 1998 ). In this method, the spectral asymmetry is calculated using
he ratio of areas under the profile at velocities less than, and greater
han, the systemic velocity ( v sys ): 

 1 D = 

S 
H 

S 
L 

= 

∫ v h 
v sys 

S v d v ∫ v sys 

v l 
S v d v 

, (7) 

here S = 

∫ 
S v d v is the integrated flux density contained within the

pecified velocity bounds and v l ( v h ) corresponds to the lower (upper)
elocity measured at either 20 per cent or 50 per cent of the peak flux
ensity. In the literature, the final spectral asymmetry measure, A 1 D ,
s typically expressed as a number greater than 1, and so the inverse
atio S 

L 
/S 

H 
is used instead if S 

H 
/S 

L 
< 1. With this definition, a

alue of 1 implies a perfectly symmetric global H I profile and larger
alues indicate a departure from symmetry. 

We opt to use the equi v alent definition used in Matthews et al.
 1998 ), which expresses the spectral asymmetry as a value between
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 and 1 by considering the relative flux in the two halves of the
rofile: 

 flux = 

| S 
H 

− S 
L 
| 

S 
H 

+ S 
L 

= 

∣∣∣ ∫ v h 
v sys 

S v d v −
∫ v sys 

v l 
S v d v 

∣∣∣∫ v h 
v l 

S v d v 
. (8) 

We use v l, 20 and v h, 20 as the velocity limits to ensure that we
apture as much of the global profile as possible in the asymmetry
easurement and to be consistent with previous studies (e.g. Espada 

t al. 2011 ; Deg et al. 2020 ; Watts et al. 2020a ). The profile is
inearly interpolated to determine v l, 20 and v h, 20 since the limits may 
all within a velocity channel. For double-horned profiles, each peak 
nd its velocity bounds are determined separately by searching for 
ocal maxima to the left and right of the central velocity of the data
ube (as an initial estimate of v sys ). If the global profile crosses the
0 per cent flux level at multiple velocities to the left (or right) of
 sys , the innermost crossing is taken as the velocity limit. We then
efine v sys to be the midpoint of the velocity width at the 20 per cent
ux level, i.e. v sys = ( v l, 20 + v h, 20 ) / 2. The minimum number of gas
lements required for the construction of the mock data cubes ensures
hat particle shot noise does not impact the peak flux measurements 
n double-horned profiles. 

.1.2 Morphological asymmetries 

he subject of characterizing spectral asymmetries in H I has been 
nvestigated in greater depth than that of 2D morphological asym- 

etries due to the availability of data. The number of global H I

rofiles, which can be obtained using single-dish radio telescopes, 
reatly exceeds the number of spatially resolved H I maps, which 
equire observations with radio interferometers. As such, a number 
f early studies investigating H I asymmetries in spatially resolved 
ata adopted methods that were first introduced in optical studies. 
ne such example is the 2D rotational asymmetry parameter. First 

ntroduced in Schade et al. ( 1995 ) and revisited in Conselice,
ershady & Jangren ( 2000 ), the parameter is expressed as 

 = 

∑ 

i,j | I ( i, j ) − I 180 ( i, j ) | 
2 

∑ 

i,j | I ( i, j ) | , (9) 

here I ( i, j ) is the pixel flux value in the galaxy image, and I 180 ( i, j )
s the pixel flux value in the galaxy image rotated 180 ◦ about a
pecified rotation point. This statistic has been frequently used to 
tudy disturbed optical morphologies (e.g. Conselice 2003 ; Lotz et al. 
004 ; Bluck et al. 2012 ; Abruzzo et al. 2018 ; Bignone et al. 2020 ;
horp et al. 2021 ) and has more recently been extended to H I studies

e.g. Holwerda et al. 2011a , b ; Giese et al. 2016 ; Reynolds et al.
020 ). Possible values of A range from 0 to 1, where 0 indicates a
erfectly symmetric distribution. 
Due to the fact that A is, by definition, a flux-weighted mea-

urement, the parameter is often dominated by asymmetric features 
n the bright central regions of a galaxy. Fainter features on the
utskirts of galaxies, such as tidal tails, tend to hav e ne gligible
ontributions when calculating A due to their low surface brightness. 
his is because the current formulation of A normalizes the difference 
etween the original image and its rotated counterpart by the sum
f the flux in the original image. For this reason, Lelli et al. ( 2014 )
ntroduced a new statistic that is more sensitive to the outer regions
f the galaxy, given by: 

 mod = 

1 

N 

N ∑ 

i,j 

| I ( i, j ) − I 180 ( i, j ) | 
| I ( i, j ) + I 180 ( i, j ) | , (10) 
here N is the total number of non-zero pixels in the additive
mage. With this formulation, the contribution of low column 
ensity asymmetries is upweighted because the residual image is 
ow normalized to the local flux density. The modified asymmetry 
arameter, hereafter A mod , has been shown to reliably quantify the 
symmetry in the outskirts of the H I disc where the effects of
xternal mechanisms are likely to be observed (e.g. Bilimogga et al.
022 ; Deb, Verheijen & van der Hulst 2023 ; Roberts et al. 2023 ).
hroughout this work, we use A mod to quantify the morphological 
 I asymmetries and use the centre of the moment-0 map (i.e. the
inimum of the galaxy’s gravitational potential) as the point around 
hich we rotate the map. It is worth noting that our choice of rotation

entre will lead to large A mod values if there is a significant offset
etween the galaxy’s H I disc and its potential minimum. 

Bilimogga et al. ( 2022 ) investigated the impact of various observa-
ional effects, such as the spatial resolution, signal-to-noise ratio, and 
olumn density threshold implemented when measuring A mod from 

ock H I observations. They found that the majority of A mod values
easured using a column density threshold of 5 × 10 19 cm 

−2 are
ithin ±0 . 1 of their intrinsic A mod v alue irrespecti ve of the spatial

esolution. Although we are sensitive to lower column densities in 
ur samples, we adopt the proposed threshold of 5 × 10 19 cm 

−2 

ecause the 3 σ column density sensitivity of the MDS is ∼ 6 × 10 19 

m 

−2 o v er 25 km s −1 and we will not reco v er the H I emission below
his limit in the observations. The values of all pixels below the
olumn density threshold are set to zero in the moment-0 maps when
omputing A mod . No cuts based on signal-to-noise ratio are necessary 
ince our simulated moment-0 maps are noise-free. In Section 3.2 ,
e examine the effect of resolution on A mod in greater detail. 

.2 The effect of resolution on spatially resolved asymmetries 

umerous studies have explored how spatial resolution impacts 
orphological asymmetry parameters, both in simulated (Giese et al. 

016 ; Thorp et al. 2021 ; Bilimogga et al. 2022 ; Deg et al. 2023 ) and
bservational (Reynolds et al. 2020 ; Roberts et al. 2023 ) data, and
ave found that degrading the resolution of an observation leads 
o a decrease in the measured asymmetry due to the ‘smoothing’
ut of asymmetric features. Although high-resolution interferometric 
bservations are desired for studying the detailed H I morphologies of
alaxies, it is also common practice to smooth observations to larger
eam sizes to impro v e the signal-to-noise ratio and probe the lower
olumn density outskirts of the H I discs. Additionally, the majority of
patially resolved H I detections from ongoing and future untargeted 
 I surv e ys will be marginally resolved ( ≤ 3 beams across the major

xis). It is crucial to strike a balance between determining a minimum
esolution threshold that is not so strict that it significantly reduces
ne’s sample size, while ensuring that galaxies are sufficiently well 
esolved such that the measured asymmetry is still representative of 
he intrinsic asymmetry. As such, the minimum resolution thresholds 
dopted in the studies mentioned abo v e are somewhat subjective and
ary across the studies. 

We approach the subject of resolution effects from a slightly 
ifferent angle, by examining whether the differences in spatial 
esolution across a sample can result in a biased relationship between
 I mass and A mod . Glowacki et al. ( 2022 ) observed a weak trend of
ecreasing spectral asymmetry with increasing H I mass, but this has
ot been investigated with morphological asymmetry measurements. 
o quantify how well resolved a galaxy is, we sum up the total number
f pix els abo v e 5 × 10 19 cm 

−2 in the moment-0 map, and divide by
he number of pixels in the 15 arcsec circular beam to get the number
f beams in the area of the galaxy, N beams . We use this approach
MNRAS 540, 3047–3068 (2025) 



3056 N. A. N. Hank et al. 

M

Figure 5. Scatter plot of morphological asymmetry ( A mod ) as a function of H I mass for SIMBA -25 (left) and SIMBA -100 (right) galaxies. Here, A mod is calculated 
using the 15 arcsec × 15 arcsec resolution moment-0 maps with an applied column density threshold of 5 × 10 19 cm 

−2 . The colour of individual data points 
shows the number of beams in the area of the galaxy. The large circle markers indicate the mean A mod value in bins of increasing H I mass, with the bin widths 
shown by the horizontal error bars. The vertical error bars show the standard error on the mean (1 σ/ 

√ 

N ), where σ is the standard deviation and N is the number 
of galaxies in the bin. The shaded regions show the interquartile (25th–75th percentile) range. 

i  

t  

e  

m
 

(  

a  

s  

b  

a  

o  

e  

t  

h
 

i  

i  

t  

m  

<  

1  

t  

p  

S  

s
 

a  

s  

H  

t  

r  

m  

I  

a  

m  

r  

fi  

t  

b
 

w  

m  

1  

a
1  

e  

b  

r  

a  

i  

r  

b  

N  

b  

s  

r  

a
 

w  

4 We tested whether downsampling the pixels (by increasing their size) in the 
smoothed data affects the Amod values and found no systematic difference, 
despite slightly increased scatter at low Amod values. 
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nstead of calculating the number of beams across the major axis
o account for the fact that a face-on galaxy has more resolution
lements in its area than an edge-on galaxy with the same measured
ajor axis. 
In Fig. 5 , we show A mod as a function of H I mass for the SIMBA -25

left panel) and SIMBA -100 (right panel) galaxies. The data points
re colour-coded by N beams calculated at 15 arcsec resolution. Each
ample is divided into five bins of increasing H I mass, with varying
in widths to ensure that each bin in the respective sample has
pproximately the same number of galaxies. The mean A mod value
f each bin is illustrated by the black circle markers, with the vertical
rror bars and shaded regions representing the standard error on
he mean (1 σ/ 

√ 

N ) and the interquartile range, respectively. The
orizontal error bars represent the bin widths. 
Despite considerable scatter within each bin, shown by the spread

n the individual data points as well as the interquartile range, it
s evident that A mod , when measured at a fixed resolution, tends
o increase with increasing H I mass. A Spearman rank test of H I

ass and A mod gives a correlation coefficient of r s = 0 . 46 ( p-value
 0 . 001) for SIMBA -25 and r s = 0 . 25 ( p-value < 0 . 001) for SIMBA -

00, suggesting a weak but statistically significant correlation. This
rend is less pronounced in the SIMBA -100 sample, which could be
artly due to the compactness of the H I discs in the sample (see
ection 2.5 ) as well as the fact that the SIMBA -100 sample spans a
maller H I mass range than the SIMBA -25 sample. 

From the colour gradient observed in both panels of Fig. 5 , it is
pparent that more massive H I discs are more resolved. This is not
urprising since we have shown that both SIMBA samples adhere to the
 I size–mass relation. Ho we ver, this raises the question of whether

he positive relation between H I mass and A mod is a consequence of
esolution. The median N beams of galaxies in the lowest and highest
ass bins of the SIMBA -25 sample are ∼9.5 and ∼104.4, respectively.
NRAS 540, 3047–3068 (2025) 
n the case of SIMBA -100, the median N beams of galaxies in the lowest
nd highest mass bins are ∼37.4 and ∼159.1, respectively. This
eans that the highest H I mass galaxies can be 4–11 times more

esolved than the lowest H I mass galaxies. Furthermore, we do not
nd any galaxies in the SIMBA -100 sample with A mod ≤ 0 . 2, and

hose galaxies with low A mod values in the SIMBA -25 sample tend to
e resolved by less than ∼25 beams. 
To assess the dependence of this observed trend on resolution,

e reduce the number of resolution elements across the moment-0
aps by smoothing to larger circular beam sizes of 30, 45, 60, 90, and

20 arcsec. We calculate N beams at each resolution in the same manner
s before, by summing the pixels in the moment-0 map abo v e 5 ×
0 19 cm 

−2 and dividing by the pixel area of the beam. Throughout this
 x ercise, the pix el size is fix ed at 5 arcsec × 5 arcsec. 4 Although we
ecome more sensitive to lower column densities when degrading the
esolution, we maintain the same column density threshold to ensure
 consistent comparison. We identify the resolution at which a galaxy
s resolved by approximately 10 beams and recalculate A mod at this
esolution. This is done instead of enforcing that a galaxy be resolved
y at least 10 beams, as the latter results in a broader distribution of
 beams for both samples. With this approach, all galaxies are resolved

y at least five beams, but no more than 15 beams. In Appendix A , we
how the moment-0 maps of a few galaxies, at the initial 15 arcsec
esolution and smoothed to the resolution at which N beams ≈ 10,
long with their global H I profiles. 

Fig. 6 shows A mod as a function of H I mass for both samples
hen N beams has been standardized. The colour gradient observed in
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Figure 6. Same as in Fig. 5 , except A mod is calculated using the resolution at which a galaxy is resolved by approximately 10 beams in its area. The colour of 
individual data points shows the number of beams in the area of the galaxy at the resolution used when calculating A mod . 
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ig. 5 is largely absent in Fig. 6 as galaxies now have similar N beams 

y construction. There is a small vertical band of galaxies with 
 beams ≥ 12 around M H I ≈ 10 9 M � in the SIMBA -25 sample, but 

hese galaxies have a range of A mod values and are not preferentially 
ore asymmetric despite being marginally more resolv ed. De grading 

he resolution of the moment-0 maps results in a clear shift towards
o wer A mod v alues at higher H I masses in both samples. The low A mod 

floor’ of the SIMBA -100 sample that is present at A mod ≈ 0 . 2 in the
ight panel of Fig. 5 is not observed in Fig. 6 and a larger fraction
f galaxies from both samples populate the low A mod region of the 
gure. Reassuringly, we still observe highly asymmetric galaxies 
 A mod ≥ 0 . 6) in both samples, which gives us confidence that the
alaxies are sufficiently resolved and that asymmetric features have 
ot been completely washed out by degrading the resolution. 
There is no discernible trend between A mod and H I mass in the

IMBA -100 sample when galaxies are resolved by approximately the 
ame number of beams. We find that the trend persists in the SIMBA -
5 sample according to the Spearman rank test ( r s = 0 . 15, p-value
 0 . 001), but it is considerably weaker than previously observed,

ndicating that the previous trend between A mod and H I mass was 
xaggerated due to the effect of resolution. If we only consider the H I

ass range 10 9 . 5 M � ≤ M H I ≤ 10 10 . 5 M �, where the two samples 
 v erlap, we find no correlation between A mod and H I mass in the
IMBA -25 sample ( r s = 0 . 03, p-value = 0 . 67). This suggests that
he conflicting results between the two samples is due to the limited
 I mass range of the SIMBA -100 sample. 
Overall, these findings demonstrate that resolution effects can still 

ersist if only a minimum resolution threshold is applied, and that 
ailing to account for these effects can produce misleading results. If a 
ample spans a large H I mass range, one must either bin galaxies into
ifferent groups based on N beams or H I mass to compare A mod values
n a fair and consistent manner, or degrade the resolution of galaxies
s has been done in this work. We opt for this approach because it
llows us to utilize the full sample when investigating correlations 
etween A mod and other galaxy properties. In the remainder of this 
ork, we use the A mod values measured at the resolution at which
 beams ≈ 10. 

 PHYSI CAL  D R I V E R S  O F  H  I ASYMMETRY  

s previously mentioned, disturbances in the H I reservoirs of 
alaxies can be caused by various physical processes that lead to
he depletion or replenishment of a galaxy’s H I content. A number
f studies utilizing cosmological simulations have focused on the 
ependence of environment on spectral asymmetries (e.g. Watts et al. 
020b ; Manuwal et al. 2022 ) and have found that while satellite
alaxies, as a population, are typically more asymmetric than central 
alaxies, environmental processes are not the sole driver of the 
bserved asymmetries in the global H I profiles. 
We take advantage of the ability to trace a galaxy’s recent

ynamical history in the simulations to investigate galaxy–galaxy 
nteractions and mergers as the possible origins of H I asymmetries in
ur samples. We consider a total of 11 snapshots between the redshift
ange 0 . 0167 ≤ z ≤ 0 . 192, corresponding to a period of ∼2.2 Gyr.
revious estimates of the observability time-scales of tidal features 
nd disturbed morphologies range from ∼ 0 . 2 −2 Gyr, where the
ime-scale depends on the mass ratio, gas fractions, and relative 
rientations of the interacting galaxies (e.g. Lotz et al. 2010a , b ;
olwerda et al. 2011c ; Whitney et al. 2021 ). Thus, we do not expect

hat any signatures of an interaction or merger that took place beyond
 ∼ 0 . 2 will be sustained until z = 0 . 0167, because a galaxy will
ikely have had enough time to regularize its H I disc over multiple
evolutions. 

We use CAESAR to track the galaxies in our two samples across
he snapshots of interest. For each target galaxy in the z = 0 . 0167
napshot, its most massive progenitor in the previous snapshots is 
dentified as the galaxy that contains the most shared star particle
Ds. For each snapshot, we then obtain the stellar mass, H I mass
nd baryonic mass ( M baryon = M � + 1.33 M H I ) of the target galaxy
MNRAS 540, 3047–3068 (2025) 
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Figure 7. Comparison between the cumulative histograms of the spectral 
asymmetry ( A flux , top) and morphological asymmetry ( A mod , bottom) for 
galaxies that have undergone a merger (mass ratios > 1:20) within the 
last ∼2.2 Gyr (solid lines), galaxies that hav e e xperienced an interaction 
(dashed lines) and galaxies that have remained relatively isolated (dotted 
lines) within the same time period. In both panels, the refined isolated 
cate gory’s cumulativ e histogram is shown by the dash–dotted histogram. 
The results of the two-sample KS tests comparing the isolated, interacted 
and merged categories to the refined isolated category are given in both 
panels. 

4
d

I  

a  

i  

g  

o  

A  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/540/4/3047/8152805 by guest on 22 June 2025
o determine its mass growth history, as well as the 3D separations
 r sep ) between the target galaxy and its neighbouring galaxies. 

To identify galaxies that have undergone a merger within the
pecified time period, we compute the fractional variation in a
alaxy’s stellar and baryonic mass using 

 = 

M t − M t−1 

M t−1 
, (11) 

here M t is the galaxy’s mass at a given snapshot and M t−1 is its mass
t the previous snapshot. We define a merger as a fractional increase
n the stellar and baryonic mass ( R � and R baryon , respectively) of

5 per cent. Our reason for considering R � in addition to R baryon 

s to reduce misidentifications at the low-mass end, where H I -rich
warf galaxies may experience large jumps in their baryonic mass
ue to gas inflows and be incorrectly identified as mergers. Following
 similar approach as Rodr ́ıguez Montero et al. ( 2019 ), we estimate
he fractional stellar mass increase that can be attributed to star
ormation ( R SF ) using the SFRs provided in the CAESAR catalogues
nd the time difference between the two snapshots where the mass
ncrease occurs, and require that R � − R SF ≥ 5 per cent to ensure
hat the observed stellar mass increase cannot be explained solely
y enhanced star formation. Lastly, we require that prior to the
arget galaxy’s mass increase, the closest neighbouring galaxy must
ave r sep ≤ 50 kpc, and that the baryonic mass ratio between the
eighbouring and the target galaxy ( M baryon ratio) be ≥ 5 per cent. 
For recent close encounters, we also consider interactions between

alaxies with M baryon ratio ≥ 5 per cent, but adopt a minimum r sep of
00 kpc. Although interaction-driven effects such as enhanced star
ormation have been observed in close galaxy pairs with projected
eparations of ∼150 kpc, a stellar mass ratio ≥ 10 per cent is typically
sed in the existing literature (e.g. Patton et al. 2013 ; Moreno et al.
021 ). We opt for 100 kpc as a compromise for the lower M baryon 

atio adopted in this work, which is chosen to be consistent with how
ergers are identified. 
With these criteria, we identify 136 galaxies (78 and 58 from

IMB A -25 and SIMB A -100, respectiv ely) that hav e undergone a
erger, 189 galaxies (106 and 83) that have had a close interaction,

nd 832 galaxies (329 and 503) that have remained relatively isolated
 v er the preceding ∼2.2 Gyr. For simplicity, we hereafter refer to
hese categories as merged, interacted, and isolated, respectively.
ased on our criteria, it is possible that galaxies in the isolated
ategory may have experienced interactions with neighbouring
alaxies that meet the minimum r sep condition but not the M baryon 

atio condition, or vice versa. To examine if these selection criteria
mpact our results, we define a refined isolated category consisting of
alaxies that have had no neighbouring galaxy (regardless of mass)
ithin 100 kpc and no significant neighbouring galaxy (with M baryon 

atio ≥ 5 per cent) within 500 kpc o v er the considered time period.
he unmasked moment-0 maps of the refined isolated galaxies were
lso visually inspected to ensure the absence of extraneous H I

mission. Of the 832 isolated galaxies, 306 galaxies (94 and 212)
elong to the refined isolated category. 
For the remainder of this work, we have combined the samples

rom SIMBA -25 and SIMBA -100 to increase the number of galaxies
er category for better statistics, and to enable us to investigate trends
etween H I asymmetry and baryonic mass. In the following three
ections, we study the distributions of the asymmetry parameters for
he three categories, how H I spectral and morphological asymmetries
ompare, and whether H I asymmetry is correlated with baryonic
ass. 
NRAS 540, 3047–3068 (2025) 
.1 The relationship between H I symmetry and recent 
ynamical history 

n Fig. 7 , we show the cumulative distributions of A flux (top panel)
nd A mod (bottom) for galaxies in the isolated, refined isolated,
nteracted, and merged categories (grey dotted, blue dash–dotted,
reen dashed, and orange solid histograms, respectiv ely). F or ease
f comparison, we provide the median and interquartile range of
 flux and A mod for each category in Table 1 . Before comparing the
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Table 1. The median ( P 50 ) and interquartile range ( P 75 − P 25 ) of A mod and 
A flux measured for the different categories. 

Aflux Amod 
P 50 P 75 − P 25 P 50 P 75 − P 25 

Refined 0.065 0.092 0.289 0.212 
Isolated 0.067 0.097 0.307 0.217 
Interacted 0.082 0.088 0.364 0.266 
Merged 0.106 0.126 0.471 0.265 
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Table 2. Comparison of the relative fractions of galaxies with A flux values 
abo v e a certain threshold in each category. 

N A flux > 0 . 12 A flux > 0 . 16 
(per cent) (per cent) 

Refined 306 26 ± 3 14 ± 2 
Isolated 832 28 ± 2 15 ± 1 
Interacted 189 33 ± 4 17 ± 3 
Merged 136 46 ± 7 29 ± 5 
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umulative distributions of different categories, it is important to note 
he differences in the range of values of A flux and A mod . Although 
oth asymmetry parameters can theoretically have a maximum value 
f 1, we do not measure an A flux value > 0 . 6 in our sample, while
 mod co v ers a slightly larger range of values from 0 − 0 . 9. It is

lso apparent that the distributions of A flux and A mod are different. 
he cumulative distributions of A flux for all categories are positively 
kewed, indicating that a relatively large fraction of galaxies have 
ow spectral asymmetry and a small fraction of galaxies have high 
pectral asymmetry, whereas the A mod distributions are generally 
roader and do not exhibit the same behaviour. The interquartile 
ange of A flux for all categories is also smaller than that of A mod by a
actor of ∼ 2 − 3, confirming the larger spread in A mod compared to 
 flux . 
Starting with the A flux distributions of the different categories, we 

nd that merged galaxies have the highest mean asymmetry, followed 
y interacted galaxies, with refined isolated galaxies having the low- 
st mean asymmetry and smallest standard deviation (Table 1 ). This
rend is emphasized in the figure, where the cumulative histogram of
he merged category has a shallower slope and a lower cumulative 
raction than that of the refined isolated category at a given A flux 

alue, confirming that the merged category is, on average, more 
symmetric. The differences between the cumulative histograms of 
he refined isolated and interacted categories are subtle and only 
ecome apparent at A flux > 0 . 2, where the interacted category has an
xtended tail towards high A flux values. We observe a changeover at 
 flux ≈ 0 . 32, where the interacted category has a lower cumulative 

raction than the merged category at high A flux v alues. Ho we ver, this
hangeo v er occurs at a cumulative fraction of ∼0.95, indicating that
he interacted category is only more asymmetric than the merged 
ategory for a small fraction ( < 5 per cent) of the most asymmetric
lobal H I profiles. We find that the isolated category is only slightly
ore asymmetric than the refined isolated category, but has a 

omparable standard deviation and slightly smaller standard error 
n the mean due to the larger sample size. 
As mentioned previously, it has become common practice to 

haracterize the pre v alence of spectral asymmetries in a sample 
y determining the fraction of galaxies with measured asymmetry 
alues abo v e a certain threshold. Recent studies utilizing the A 1 D 

ndex from Haynes et al. ( 1998 ) adopted threshold values of 1.26
nd 1.39, corresponding to deviations greater than 2 σ and 3 σ
rom the mean of the asymmetry distribution of isolated AMIGA 

alaxies as determined by Espada et al. ( 2011 ). It is possible to
et the equi v alent thresholds expressed as a number between 0
nd 1 using the conversion A flux = ( A 1 D − 1) / ( A 1 D + 1), which
ives us limits of A flux > 0 . 12 and > 0 . 16. We use these values
o calculate the relative fractions of asymmetric global H I profiles in
he different categories and estimate the uncertainties in the fractions 
sing Poisson error propagation. The results are quoted in Table 2 .
he asymmetric fractions of galaxies with A flux > 0 . 12 ( > 0 . 16)

n the refined isolated, isolated, interacted, and merged categories 
re 26 per cent (14 per cent), 28 per cent (15 per cent), 33 per cent
17 per cent), and 46 per cent (29 per cent), respectively. Isolated
alaxies ha ve comparable, b ut slightly higher, asymmetric fractions 
o the refined isolated galaxies. In contrast, the merged category has
ignificantly higher fractions than both isolated categories, and the 
nteracted category has asymmetric fractions that are consistent with 
oth isolated categories, within the uncertainties. We compare these 
esults with the existing literature in Section 5.1.2 . 

The differences between the categories become even more pro- 
ounced when considering the cumulative distributions of A mod . At 
o w A mod v alues, the interacted category’s cumulative histogram 

s narro wly of fset from both isolated categories and has a similar
lope, before diverging at A mod ≈ 0 . 3. In comparison, the merged
ate gory’s cumulativ e histogram is more clearly separated and sys-
ematically offset towards higher asymmetry than both the isolated 
nd interacted categories. Again, the cumulative histograms of the 
solated and refined isolated categories are marginally offset from 

ach other. 
To quantify the differences between the categories’ distributions 

f A flux and A mod , we perform two-sample Kolmogoro v–Smirno v 
KS) tests comparing the isolated, interacted, and merged categories 
o the refined isolated category, with the results quoted in the panels
f Fig. 7 . Despite the small offsets observed between the cumulative
istributions of the isolated and refined isolated cate gories, giv en the
-values we cannot reject the null hypothesis that they have the same
istribution. We also perform KS tests between the refined isolated 
ategory and the residual subset of the isolated category, and still
btain p-values > 0 . 1. These results suggest that including galaxies
hat have had close encounters with companion galaxies below our 
pecified baryonic mass threshold, or encounters with more massive 
alaxies beyond r sep ≥ 100 kpc, has a negligible impact on the A flux 

nd A mod distributions of galaxies in the isolated category. To avoid 
edundancy, the remaining results do not include the refined isolated 
ategory since the category’s asymmetry distributions are statistically 
ndistinguishable from that of the isolated category, and the latter has
 larger sample size. 

We find that the distributions of A mod and A flux of merged galaxies 
re statistically different from those of the isolated galaxies. For 
oth the interacted and merged categories, the KS test statistic D 

eturned for A mod is greater than that for A flux , confirming that there
s a larger distinction between the A mod distributions of different 
ategories than there is for the A flux distributions. Furthermore, 
hile the A mod distribution of interacted galaxies is statistically 
ifferent to that of the isolated category, this is not the case for
 flux . Therefore, it seems that the H I morphologies of the interacted
alaxies are typically more asymmetric than the H I morphologies 
f the isolated galaxies, but their global H I profiles do not show
he same clear differences. Similarly, we also find a statistically 
ignificant difference between the A mod distributions of the interacted 
nd merged categories ( p-value < 0 . 001), but no strong difference
etween their A flux distributions ( p-value = 0 . 03). 
MNRAS 540, 3047–3068 (2025) 
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Figure 8. Left: spectral asymmetry ( A flux ) plotted against morphological asymmetry ( A mod ) for the isolated (circles), interacting (triangles), and merged 
(squares) galaxies in our sample. The Spearman correlation coefficient and associated p-value using the full sample are quoted in the panel. Right: the 
moment-0 maps (top and middle rows) and global H I profiles (bottom) of four galaxies located in different regions of the left panel. The moment-0 
maps are shown at 15 arcsec resolution (top row) and the resolution at which N beams ≈ 10 (middle). Each panel showing the moment-0 maps is 200 kpc 
across and centred on the potential minimum of the galaxy, which is shown by a cross marker. The dash–dotted, solid, and dotted contours are at 
column densities of 1 , 5 , and 12 . 5 × 10 19 cm 

−2 . In the bottom row, the vertical dashed lines represent v l, 20 and v h, 20 , and the dotted line represents v sys . 
Galaxies A (ID: 40) and C (ID: 1997) are from SIMBA -25 and galaxies B (ID: 3435) and D (ID: 34668) are from SIMBA -100. The logarithm of the H I 

mass and the category of each galaxy are given in the top panels. The measured A mod and A flux values are quoted in the top-right corner of the relevant 
panel. 
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.2 Comparison between asymmetry measures 

e turn to a direct comparison of A flux and A mod on a galaxy-by-
alaxy basis to investigate the differences in the distributions of the
wo parameters in more detail and explore the correlation between the
arameters. Because the majority of H I detections from upcoming
 I surv e ys will be spatially unresolv ed but spectrally resolv ed,
nderstanding whether a correlation exists between spectral and
orphological asymmetries will enable us to determine if a galaxy’s

lobal H I profile can be used to infer the state of its underlying H I

isc. Recent studies by Reynolds et al. ( 2020 ) and Bilimogga et al.
 2022 ) hav e e xamined the correlations between various spectral and
orphological H I asymmetries and produced conflicting results. The

ension between these studies’ findings could be due to numerous
actors, such as the parameters used to quantify the asymmetries, the
ifferences in the mass ranges of the samples and the relatively small
 N < 200) sample sizes, as well as the treatment of observational
ffects. 

The left panel of Fig. 8 shows A flux against A mod for isolated,
nteracted, and merged galaxies (grey circle, green triangle, and
range square markers, respectiv ely). F or comparison, the right half
f Fig. 8 shows the moment-0 maps and global H I profiles of four
alaxies located in different regions of the scatter plot (see the
gure caption for more details). While the merged and interacted
ategories were previously found to have higher mean asymmetries
han the isolated category, this does not translate to any category
ccupying a specific region of the figure as there is considerable
 v erlap between the three categories at v arious v alues of A flux and
NRAS 540, 3047–3068 (2025) 
 mod . Remarkably, there are still isolated galaxies with high A flux 

nd/or high A mod values. We discuss possible explanations for this
n Section 5.1.2 . 

It is not surprising that the majority of galaxies from all three
ategories fall below A flux = 0 . 16, given the results in Table 2 .
o we ver, it is apparent that these galaxies with lo w A flux v alues can

till have a large range of A mod values. On the other hand, the majority
f galaxies with high A flux values > 0 . 3 tend to have high A mod values
 0 . 6. This suggests that galaxies with highly asymmetric global
 I profiles are likely to have disturbed H I discs, but a symmetric
lobal profile is not necessarily indicative of a symmetric H I disc.
ecause the shape of a galaxy’s global H I profile is dependent on
oth the kinematics of the galaxy and the total mass distribution of
 I , it is possible that distortions in both properties may conspire to
roduce a symmetric global H I profile. Furthermore, the shape of the
lobal H I profile is also affected by viewing angle and inclination,
hich will in turn affect the measured asymmetry (e.g. Deg et al.
020 ). It is also apparent that the top-left region of the left panel of
ig. 8 , where galaxies with low A mod and high A flux values would
eside, is virtually empty compared to the other regions of the figure.
n general, galaxies with low A mod values tend to have relatively
ymmetric global H I profiles, indicating that these galaxies must
lso have fairly regular kinematics. A Spearman rank test performed
sing the full sample gives a correlation coefficient of r s = 0 . 40
 p-value < 0 . 001), indicating a weak, but statistically significant,
orrelation between A flux and A mod . We compare these results with
reviously published studies in Section 5.1.2 . 
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.3 The relationship between H I symmetry and baryonic mass 

aving analysed the cumulative distributions of A mod and A flux for 
ur sample, along with the correlation between the two asymmetry 
arameters, we now explore possible trends between H I asymmetry 
nd baryonic mass. Previous studies have investigated correlations 
etween H I spectral asymmetry and stellar mass (as a proxy for halo
ass), albeit with inconclusive results on whether a mass dependence 
 xists (e.g. Re ynolds et al. 2020 ; Watts et al. 2020a ; Glowacki et al.
022 ; Manuwal et al. 2022 ). We instead use the baryonic mass since
t includes the gas mass, which is an important consideration for low-

ass dwarf galaxies that are typically gas-dominated. Furthermore, 
t has been well established that a galaxy’s baryonic mass and its
otal dynamical mass are closely correlated, as demonstrated by the 
aryonic Tully–Fisher relation (e.g. McGaugh et al. 2000 ; Verheijen 
001 ; Ponomare v a et al. 2021 ; Gogate et al. 2023 ). 
Fig. 9 shows A flux (top row) and A mod (bottom) as a function of

aryonic mass, adopting the same marker and colour scheme used 
n Fig. 8 for the three categories. To tease out any trends that may
e hidden by the large scatter in the left panels, the right panels
isplay the median asymmetries of each category in bins of baryonic 
ass, with varying bin widths to ensure that the total number of

alaxies per bin remains approximately constant. The vertical error 
ars and shaded regions depict the standard error on the median and
he interquartile range, respectively. 

From the left panels and our sample’s baryonic mass distribution 
top-right panel of Fig. 2 ), it is evident that the sample suffers from
ncompleteness at the low-mass end where there are only galaxies 
rom the SIMBA -25 sample. We fit a single Schechter ( 1976 ) function
o SIMBA -25’s baryonic mass function (BMF, see Appendix B ) and
nd that the sample is complete down to M baryon ≈ 10 9 . 5 M �, before
eviating ( ≥ 0 . 25 dex) from the best-fitting Schechter function. Since 
t is unclear how incompleteness at the low-mass end may impact the
eliability of an y observ ed trends between H I asymmetry and bary-
nic mass in this mass regime, only galaxies with M baryon ≥ 10 9 . 5 M �
re considered when plotting the median trends. We discuss possible 
easons for the apparent absence of highly asymmetric galaxies in 
he low baryonic mass regime in Section 5.2 . 

As can be seen from the top-right panel of Fig. 9 , merged galaxies
ave the highest median A flux values in all mass bins, while interacted 
alaxies have comparable or marginally higher median A flux values 
han isolated galaxies, supporting the results from Section 4.1 . 
o we ver, we find no trend between A flux and baryonic mass for

n y cate gory. In contrast, the bottom-right panel of Fig. 9 shows a
lear inverse trend of decreasing A mod with increasing baryonic mass 
or the interacted and merged categories. There are hints of an inverse
orrelation between A mod and baryonic mass for the isolated category, 
ut the trend is much flatter than the trends observed for the interacted
nd merged categories. These results suggest that larger galaxies with 
eeper potential wells, and thus greater gravitational restoring forces, 
end to be relatively more symmetric, while the H I discs of lower

ass galaxies are more susceptible to being distorted by galaxy–
alaxy interactions and mergers. We discuss the differences in trends 
or A flux and A mod and the implications for upcoming H I surv e ys in
ection 5.3 . 

 DISCUSSION  

n the following sections, we place the findings presented in this work
nto the broader context of the existing literature, provide possible 
xplanations for unusual results, and discuss implications for future 
ork. 
.1 Comparison with previous work 

.1.1 The H I size–mass relation 

s outlined in Section 2.5 , we find that the H I size–mass relations for
ur SIMBA -25 and SIMBA -100 samples broadly match the observed
elation from Wang et al. ( 2016 ), but galaxies with M H I � 10 9 . 5 M �
end to fall below the relation. Despite masking the data cubes, we are
till sensitive to H I emission down to ∼3 × 10 18 cm 

−2 (i.e. an order
f magnitude lower than the 3 σ column density sensitivity of most
ompleted interferometric H I surv e ys). Coupled with the fact that
he data cubes are noise-free, this means that our H I measurements
nclude faint H I emission that would typically be missed in real
nterferometric observations. Furthermore, the inclusion of faint H I 

as a larger impact on the measured H I mass than R H I , since the latter
s by definition measured at the radius where � H I = 1 M � pc −2 ,
hich corresponds to a column density of ∼1 . 249 × 10 20 cm 

−2 . 
More recently, Wang et al. ( 2024 ) have combined single-dish data

rom the Five-hundred-metre Aperture Spherical radio Telescope and 
he Green Bank Telescope with archi v al interferometric data from
he Very Large Array to reco v er missing H I flux from the latter due to
he lack of short baseline spacings. With updated H I measurements
or 13 galaxies, they find that the galaxies shift rightwards by varying
mounts in the H I size–mass plane (see their fig. 8), resulting in a
lightly shallower relation and more galaxies that lie ≥ 1 σ below 

he previously established relation from Wang et al. ( 2016 ). While
 larger sample is needed to determine whether the H I size–mass
elation is indeed shallower, these results tentatively suggest that 
IMBA ’s relation agrees more with observations that include the 
iffuse H I component. 

.1.2 The relative fractions of asymmetric galaxies 

s already mentioned, various studies have compared the pre v alence 
f asymmetric global H I profiles in different galaxy populations in an
ffort to infer the probable external mechanisms responsible for the 
bserved asymmetries. Our result of a higher fraction of galaxies with 
 flux > 0 . 12 in the merged category relative to the isolated category

46 per cent versus 28 per cent, see Table 2 ) qualitatively supports
he findings of Bok et al. ( 2019 ), but is in conflict with Zuo et al.
 2022 ), who found no significant difference in the levels of spectral
symmetry between their merger and control samples. It should 
e noted that Zuo et al. ( 2022 ) use the curve of growth approach
ntroduced in Yu et al. ( 2020 ), as well as different velocity limits,
o quantify spectral asymmetries. Furthermore, the experimental 
amples of both studies consist of galaxies in different merging stages
nd their control samples have different selection criteria, making a 
irect comparison between our results and theirs difficult. 
Another point of tension between our results and the literature 

s the relatively high fraction of asymmetric global H I profiles in
ur isolated cate gory. F or e xample, Espada et al. ( 2011 ) found that
nly 2 per cent of their isolated AMIGA sample exceeded their 3 σ
hreshold, whereas 15 per cent of galaxies in our isolated category
re found to have A flux > 0 . 16. Espada et al. ( 2011 ) do not mention
he mass range of their sample, but the lack of a correlation between
 flux and baryonic mass presented in this work suggests that this 

s not the main reason for any discrepancy between our results and
heirs. Ho we ver, one possible reason could again be the absence of
oise in our data cubes. While it has been shown that noise will
rtificially inflate spectral asymmetries in low signal-to-noise data 
e.g. Deg et al. 2020 ; Watts et al. 2020a ; Bilimogga et al. 2022 ), it
ould also lead to a decrease in the measured asymmetry if one half
MNRAS 540, 3047–3068 (2025) 
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Figure 9. H I spectral asymmetry ( A flux , top) and morphological asymmetry ( A mod , bottom) as a function of baryonic mass. The left panels show the individual 
data points from the isolated (circles), interacted (triangles), and merged (squares) categories. In the right panels, the markers indicate the median H I asymmetry 
of each category in bins of increasing baryonic mass, with the bin widths shown by the horizontal error bars. The vertical error bars and shaded regions show the 
standard error on the median and the interquartile (25th–75th percentile) range, respectively. Galaxies that lie in the hatched region (with M baryon < 10 9 . 5 M �) 
are excluded from the binned median trends. The number of galaxies in each category is quoted per bin. 
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f a very lopsided global H I profile has flux density values that are
omparable to the noise level of an observation. Similarly to what
as noted by Watts et al. ( 2020b , see their figs 10 and 11), we find
 number of asymmetric global H I profiles in the isolated category
here one half of the profile consists entirely of faint emission. An

xample of this is shown in the bottom-right panel of the third row
f Fig. 8 . If a gi ven observ ation is not sensitive enough to detect
he low flux density half of such a global profile, this could lead to
NRAS 540, 3047–3068 (2025) 
n underestimation of the intrinsic spectral asymmetry as the profile
 ould lik ely be mischaracterized as a single-peaked profile. It is also
orth noting that the AMIGA data were taken with large single-dish

elescopes with relatively small primary beams, thereby suppressing
he sensitivity to any asymmetries present in the H I disc outskirts of
he targeted galaxies. 

With respect to H I morphological asymmetries, spatially asym-
etric, dif fuse, lo w column density H I could also exist below the
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olumn density sensitivity of interferometric observations, leading to 
 lower rate of morphological asymmetries measured in observational 
ata. The presence of this diffuse H I in our simulated isolated
alaxies could be due to the accretion of cold gas from the cosmic
eb or feedback-driven outflows, as Manuwal et al. ( 2022 ) found

hat EAGLE galaxies with asymmetric global profiles are subject to 
tronger outflows and more elevated accretion rates than those with 
ymmetric global profiles. On the other hand, it is possible that SIMBA

nd other cosmological simulations may o v erproduce the amount of
iffuse H I in galaxies, and that this results in more asymmetric
 I distributions, since the diffuse H I is more easily disturbed by

nternal and external mechanisms. Ho we ver, deeper H I observations 
or a statistical sample are crucial to determine if the excess diffuse
 I predicted by simulations is in fact present but hidden in the
oise of current observations, or if there is further tension between 
imulations and observations (see e.g. Marasco et al. 2025 ). 

.1.3 The correlation between H I spectral and morphological 
symmetry 

ur result of a weak correlation is broadly in agreement with the
ndings of Reynolds et al. ( 2020 ), but is in conflict with those of
ilimogga et al. ( 2022 ), who found no correlation between A flux and
 mod for their sample of EAGLE galaxies. Since our mock samples 
ere generated in similar manners and we adopt the same rotation 

entre and column density threshold used in Bilimogga et al. ( 2022 )
hen calculating A mod , it is unclear why our results disagree. One 
ossible reason for this tension could be that we measure A mod at 
he resolution at which N beams ≈ 10, whereas they measure A mod at a 
xed spatial resolution of 56 arcsec (corresponding to a physical scale 
f ∼4.62 kpc at the distance of 17 Mpc). To test this, we recalculate
he Spearman rank test using the A mod values calculated at a fixed 
patial resolution of 15 arcsec, which corresponds to a physical scale 
f ∼5.22 kpc, and obtain a marginally weaker correlation coefficient 
f r s = 0 . 34 ( p-value < 0 . 001). Thus, our resolution approach in this
ork has a slight impact on the correlation coefficient measured, but 

s likely not the reason for the discrepancy between our results and
hose of Bilimogga et al. ( 2022 ). Another reason could be that the
if ferences in ho w v arious feedback mechanisms are implemented 
n SIMBA and EAGLE lead to o v erall different spatial distributions of
 I in the simulations. Ho we ver , a full in vestigation into the cause of

his conflict is beyond the scope of this study. 

.2 On the absence of asymmetric galaxies at low baryonic 
asses 

hile investigating the relationship between H I asymmetry and 
aryonic mass in Section 4.3 , we noted the apparent lack of highly
symmetric galaxies below the sample’s mass completeness limit of 
 baryon ≈ 10 9 . 5 M �. This is some what counter-intuiti ve since low- 
ass galaxies are expected to host more asymmetric H I discs due to

heir shallower potential wells. A number of studies have observed 
hat highly asymmetric galaxies tend to have lower H I gas fractions
ompared to their symmetric counterparts (e.g. Watts et al. 2020a ; 
lowacki et al. 2022 ). With this in mind, we checked whether low-
ass galaxies below the completeness limit are preferentially more 
 I -rich than the rest of the sample as a possible explanation and

ound that this is not the case. 
We suspect that the absence of high H I asymmetries at the low-
ass end is largely a consequence of the H I mass cuts imposed

uring our sample selection. As mentioned in Section 2.2 , we applied
he same H I mass cuts to both the expected H I mass provided
y CAESAR and the H I mass that is confined to the star-forming
egion of the galaxy, to ensure that the inner parts of the H I

iscs were sufficiently well-resolved. Thus, it seems plausible that 
alaxies with H I masses close to the H I mass threshold may have
runcated, relatively symmetric H I discs with the vast majority of
he H I centrally concentrated within the stellar disc. Additionally, 
he incompleteness of the sample with respect to the BMF, which
ikely impacts the sampling of galaxies from the different categories, 
lso hinders our ability to make any firm conclusions on the trends
bserved below the completeness limit. 

.3 Implications for future studies 

hroughout Section 4 , we observed a more distinct separation be-
ween the distributions of A mod for galaxies with different dynamical 
istories compared to A flux , which systematically underestimated 
he degree of asymmetry in the galaxies’ H I discs. As previously
tated, the shape of a galaxy’s global H I profile is a convolution of
he galaxy’s kinematics and the spatial distribution of its H I disc,
eaning that the profile’s shape (and thus the measured A flux value) 

an vary significantly depending on the galaxy’s inclination and how 

n asymmetric feature is oriented relative to the line of sight (e.g.
anuwal et al. 2022 ; Deg et al. 2023 ). It is also worth noting that A flux 

ill not adequately characterize asymmetries in a global profile if 
aid asymmetries, such as variations in the slopes of the profile edges,
o not result in differences in the areas of the two profile halves. Thus,
n the context of ongoing and future untargeted H I surveys where
he majority of direct detections will be spatially unresolved, these 
esults suggest that A flux should be considered a lower limit on the
ntrinsic H I asymmetry, provided that the data used are of sufficient
uality in terms of their signal-to-noise ratio and spectral resolution 
see e.g. Deg et al. 2020 ; Watts et al. 2020a ). In particular, it must be
mphasized that a low A flux value cannot be used to infer that an H I

isc is undisturbed. 
Regarding future studies with access to large samples of spatially 

esolved H I observations, we have shown that failing to account for
ifferences in spatial resolution can introduce unexpected biases. To 
airly compare galaxies within a surv e y spanning a wide range of
 I masses, it is important to match the relative spatial resolution

cross the sample when calculating morphological asymmetries. 
lternatively, another approach would be to group galaxies into 

ubcategories based on their spatial resolution to a v oid reducing the
esolution of the entire sample to that of the least spatially resolved
alaxy. Ho we ver, with the second approach, there is the risk of
urther dividing what may already be a limited sample. We have also
emonstrated that baryonic mass is another crucial factor to consider 
hen comparing the H I morphological asymmetries obtained from 

ata sets across different surv e ys. If one wishes to investigate the
rends between H I asymmetries and environment, care must be taken
o match samples in terms of their masses. 

Lastly, it is important to acknowledge that while A mod is generally 
etter at characterizing disturbed H I morphologies, the o v erlap of
ifferent categories at various A mod values indicates that A mod on 
ts own is insufficient to deduce the most probable mechanism 

esponsible for the observed H I asymmetry of a galaxy. As such,
pplying a threshold in A mod would not result in a clear separation
etween our galaxy categories. Ho we ver, incorporating an analysis 
f the H I kinematics could assist in the interpretation of H I asymme-
ries. F or e xample, Serra et al. ( 2024 ) recently presented a detailed
nvestigation of dwarf galaxy NGC 1427A in the Fornax cluster, in
hich they convincingly argue that the complex H I morphology and
MNRAS 540, 3047–3068 (2025) 



3064 N. A. N. Hank et al. 

M

k  

b  

m  

o  

f

6

W  

r  

a  

a  

H  

p  

i  

a  

r  

i  

p  

t  

c  

a  

fi

 

t  

s  

a  

i  

d  

2
 

w  

s  

w  

s  

b  

m  

t
 

t  

i  

i
 

a  

d  

o  

a  

a  

c  

a  

t
 

e  

g  

a  

a
a  

o

 

s  

o  

i  

n  

a  

T  

e  

i  

h  

o

A

T  

a  

A  

t
 

o
B  

S  

M  

t  

(  

C  

f  

(  

t
 

(  

W  

t  

R  

c  

a  

T  

(  

(  

e  

D  

a  

A

D

T  

a  

u  

t

R

A
A  

A
A  

A  

A  

A  

A

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/540/4/3047/8152805 by guest on 22 June 2025
inematics of the system results from ram pressure being e x erted
y the intracluster medium in the aftermath of a tidal interaction (or
erger) between two galaxies. Such an analysis is beyond the scope

f this study, but it is a compelling direction worth pursuing in our
uture work with the MDS. 

 C O N C L U S I O N S  

e have used the SIMBA cosmological simulations to investigate the
elationship between the recent dynamical histories and H I spectral
nd morphological asymmetries of ∼1100 spatially resolved galaxies
t low redshift. We created synthetic H I data cubes designed to match
 I observations from the MDS to enable the extraction of H I data
roducts in an observational manner, and quantified asymmetries
n the global H I profiles and moment-0 maps using the flux ratio
symmetry ( A flux ) and the modified asymmetry parameter ( A mod ),
espectively. We placed galaxies into three main categories (isolated,
nteracted, or merged) based on their dynamical histories o v er the
receding ∼2 Gyr, and defined a refined isolated category to check
he robustness of our results for the isolated category. We then
ompared the H I asymmetry distributions of the various categories
nd explored trends between asymmetry and baryonic mass. Our
ndings are summarized as follows: 

(i) Galaxies from SIMBA follow the observed H I size–mass rela-
ion from Wang et al. ( 2016 ) relatively well, but tend to have slightly
maller H I diameters at M H I � 10 9 . 5 M �. This likely owes to the
bsence of noise in the mock data cubes, which can have a larger
mpact on the measured H I mass than the H I diameter when more
iffuse H I is reco v ered in the disc outskirts (see e.g. Wang et al.
024 ). 
(ii) A spurious trend between H I mass and A mod is introduced

hen measuring A mod at a fixed resolution, which is largely a
econdary effect of the H I size–mass relation. This trend disappears
hen A mod is measured using the moment-0 map smoothed to the

patial resolution at which a galaxy is resolved by approximately 10
eams in its area. This highlights that the relative spatial resolution
ust be taken into account when comparing A mod values in a sample

hat spans a wide range of H I masses. 
(iii) The cumulative distributions for both A flux and A mod show

hat the refined isolated and isolated categories are statistically
ndistinguishable from one another, indicating that our results are
nsensitive to the chosen isolation selection criteria. 

(iv) Galaxies in the interacted category are, on average, more
symmetric than galaxies in the isolated category, but a systematic
ifference between the two categories’ asymmetry distributions is
nly found with A mod and not A flux . Galaxies in the merged category
re generally even more asymmetric, with statistically different
symmetry distributions compared to both the isolated and interacted
ategories. These results suggest that galaxy mergers and interactions
re likely responsible for the higher mean asymmetries observed in
hese categories. 

(v) For the interacted and merged categories, an inverse correlation
xists between baryonic mass and A mod , suggesting that massive
alaxies are typically more symmetric, whereas lower mass galaxies
re more prone to having their H I discs distorted from interactions
nd mergers. This trend is not seen between baryonic mass and A flux 

nd is likely due to A flux underestimating the degree of asymmetry
f a galaxy’s H I disc compared to A mod . 

Overall, these results showcase the importance of spatially re-
olved H I observations and the need for caution when relying solely
n the global H I profiles of galaxies to study H I asymmetries
NRAS 540, 3047–3068 (2025) 
n relation to other galaxy properties. Looking to the future, a
atural progression of this work will be to incorporate kinematic
symmetries and expand our analysis to observations from the MDS.
his is a rich data set with H I detections across a range of cosmic
nvironments, from voids to filaments and clusters, allowing us to
nvestigate the average gas content of various galaxy populations and
o w dif ferent environmental mechanisms impact the H I reservoirs
f galaxies. 
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Figure A1. Moment-0 maps (top and middle rows) and global H I profiles (bottom row) of five galaxies in our sample. See the text of Appendix A for more 
details. 
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PPEN D IX  B:  D ETERMINING  T H E  

NCOM P LETEN ESS  AT  LOW  BA R  Y  O N I C  

ASSES  

ne way to assess the incompleteness of a sample is to fit a model
unction to the data and establish where the fit deviates significantly. 
umerous studies (see e.g. Salucci & Persic 1999 ; Bell et al. 2003 ;
apastergis et al. 2012 ; Eckert et al. 2016 ) have shown that the BMF

s well described by a single Schechter function, given by 

( M baryon ) = ln (10) φ∗

(
M baryon 

M 

∗

)( α+ 1) 

exp 

(−M baryon 

M 

∗

)
, (B1) 

here M 

∗ is the characteristic ‘knee’ mass abo v e which the number
f galaxies declines exponentially, α sets the slope of the power law 

t the low-mass end, and φ∗ is the normalization constant. 
We use the SIMBA -25 sample to determine the completeness limit, 

ince the incompleteness is most apparent at the low-mass end of the
aryonic mass distribution, where there are only galaxies from this 
ample. Additionally, attempting to fit the entire sample introduces 
omplications because the two samples are taken from different 
olumes. 

A non-linear least-squares fitting routine is used to fit equation 
 B1 ) to the mid- to high-mass end of SIMBA -25’s BMF, and the
ncertainties are computed from the covariance matrix. The best- 
tting Schechter function and the 3 σ uncertainty of the fit are
hown in Fig. B1 as the black dotted line and grey shaded region,
espectiv ely. F or transparenc y, we include the parameters of the best
t in the figure, but stress that we are not attempting to compare

he results of the fit to those found in the literature. We estimate the
aryonic mass completeness limit to be M baryon = 10 9 . 5 M � as the
MF and the best Schechter fit are in broad agreement down to this
ass, before the data diverge by more than 0.25 dex from the fit

shown by the hatched region in the figure). 
MNRAS 540, 3047–3068 (2025) 
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Figure B1. The BMF of the SIMBA -25 sample (closed circle markers). The 
open square symbols represent the data points used to fit the single Schechter 
function. The parameters of the best fit, which is shown by the dotted line, are 
quoted in the top panel. The shaded region shows the 3 σ uncertainty of the 
fit. The histogram of the baryonic mass distribution is shown in the bottom 

panel. The hatched region indicates where the sample is incomplete. 
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