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Abstract
We investigate the diversity in the sizes and average surface densities of the neutral atomic hydrogen (H I) gas discs in ∼280 nearby galaxies
detected by the Widefield ASKAP L-band Legacy All-sky Blind Survey (WALLABY). We combine the uniformly observed, interferometric
H I data from pilot observations of the Hydra cluster and NGC 4636 group fields with photometry measured from ultraviolet, optical,
and near-infrared imaging surveys to investigate the interplay between stellar structure, star formation, and H I structural parameters. We
quantify the H I structure by the size of the H I relative to the optical disc and the average H I surface density measured using effective and
isodensity radii. For galaxies resolved by>1.3 beams, we find that galaxies with higher stellar masses and stellar surface densities tend to have
less extended H I discs and lower H I surface densities: the isodensity H I structural parameters show a weak negative dependence on stellar
mass and stellar mass surface density. These trends strengthen when we limit our sample to galaxies resolved by >2 beams. We find that
galaxies with higher H I surface densities and more extended H I discs tend to be more star forming: the isodensity H I structural parameters
have stronger correlations with star formation. Normalising the H I disc size by the optical effective radius (instead of the isophotal radius)
produces positive correlations with stellar masses and stellar surface densities and removes the correlations with star formation. This is due
to the effective and isodensity H I radii increasing with mass at similar rates while, in the optical, the effective radius increases slower than
the isophotal radius. Our results are in qualitative agreement with previous studies and demonstrate that with WALLABY we can begin to
bridge the gap between small galaxy samples with high spatial resolution H I data and large, statistical studies using spatially unresolved,
single-dish data.
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1. Introduction

Neutral atomic hydrogen (H I) plays an integral role in galaxy evo-
lution as it provides the raw material for future star formation
via conversion to molecular hydrogen (H2). The conversion from
atomic to molecular gas occurs once the atomic phase reaches
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sufficiently high densities (∼10M� pc−2, e.g. Martin & Kennicutt
2001; Bigiel et al. 2008; Leroy et al. 2008; Bigiel et al. 2010), hence
how the H I is distributed throughout a galaxy will affect its ability
to form H2 and ultimately stars (e.g. there is little star formation
observed beyond the optical disc where H I tends to be at low den-
sities, �2M� pc−2, e.g. Bigiel et al. 2010; Wang et al. 2014). This
highlights the importance of understanding the interplay between
the distribution of H I in galaxies and other galaxy quantities (e.g.
stellar structure and star formation) and in particular the H I that
is co-located with regions of star formation (i.e. within the optical
disc).

Measuring the size of a galaxy’s stellar, star forming or H I disc
is not a straightforward endeavour as there is no well defined edge
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to a galaxy. Deeper and more sensitive observations continue to
find emission from various galaxy components at increasing radii
(e.g. Meurer et al. 2018). As a result, astronomers have used a
variety of different definitions when measuring the size of galax-
ies (for discussion and comparison of different size definitions
see e.g. Cortese et al. 2012; Muñoz-Mateos et al. 2015; Sánchez
Almeida 2020; Trujillo, Chamba, & Knapen 2020). Two common
definitions of size used for optical images are the radius encom-
passing a fraction of the total light (e.g. 50% or 90%, R50 and R90,
respectively, e.g. de Vaucouleurs 1948) and the radius at which
the surface brightness reaches a set isophotal limit (e.g. 25 mag
arcsec−2, Riso, e.g. Redman 1936; Liller 1960). Each size defini-
tion has its advantages and disadvantages. The effective (50% total
light) radius is easy to measure and is less dependent on the depth
of the observations (e.g. Trujillo, Graham, & Caon 2001), however
it is very sensitive to the brightness distribution (e.g. the presence
of a bright bulge, Trujillo et al. 2020). The isophotal radius is insen-
sitive to the presence of a bulge and provides a better measure of
the total size of a disc galaxy, but has the drawback of being limited
by the observation depth (e.g. 23.5–26.5 mag arcsec−2, Holmberg
1958; Lauberts & Valentijn 1989; Hall et al. 2012). Isophotal radii
also produce a tighter stellar size–mass relation than effective radii
and better trace the total stellar mass (e.g. Saintonge & Spekkens
2011; Cortese et al. 2012; Muñoz-Mateos et al. 2015; Sánchez
Almeida 2020; Trujillo et al. 2020).

Unlike optical disc radii, which are frequently defined using
both isophotal and fraction of total light enclosed, H I discs
are normally defined using an isodensity radius measured at
1M� pc−2 (i.e. the typical H I column density sensitivity reached
in observations, e.g. Wang et al. 2016). Studies of spatially resolved
H I discs find a very tight relation between a galaxy’s H I mass,
MHI, and isodensity diameter, Diso,HI (e,g. Broeils & Rhee 1997;
Swaters et al. 2002; Wang et al. 2016; Rajohnson et al. 2022). Using
∼550 galaxies from a compilation of interferometric H I surveys,
Wang et al. (2016) derive a best fit H I size–mass relation of

log(Diso,HI/kpc)= 0.506 log (MHI/M�)− 3.293 (1)

with a scatter of σ = 0.06 dex. This relation holds over ∼5 dex
in H I mass and suggests that all galaxies (i.e. both low and high
mass) have almost identical H I radial surface density profiles (e.g.
Wang et al. 2016) and that the different galaxy types have similar
average H I surface densities (Broeils & Rhee 1997). Stevens et al.
(2019) used simulated, mock H I galaxies to show that this relation
is a product of the shape of H I radial surface density profiles,
which tend to follow an approximately exponential shape. Stevens
et al. (2019) also measured the H I size–mass relation using
effective radii for their mock galaxies and find that the scatter
of the relation increases relative to their isodensity size–mass
relation.

However, the assumed universality of H I surface density profile
shapes does not hold towards the centres of the radial H I distri-
bution. In The H I Nearby Galaxy Survey (THINGS, Walter et al.
2008), the radial H I surface densities within the central ∼6–12
kpc (∼0.5Riso) vary by∼1–10M� pc−2 in different galaxies (Leroy
et al. 2008; Bigiel et al. 2010). Similar variations in the central H I
radial surface density profiles are also found in the Bluedisk sur-
vey (Wang et al. 2014) and the Westerbork H I Survey of Spiral
and Irregular Galaxies (WHISP, Swaters et al. 2002). Variations
in the radial H I surface density profiles of galaxies are found to
correlate with various galaxy quantities including galaxy morpho-
logical type (e.g. Cayatte et al. 1994; Broeils & Rhee 1997), H2

and star formation rate surface densities (e.g. Leroy et al. 2008;
Bigiel et al. 2010), stellarmass andNUV− r colour (e.g.Wang et al.
2014). However, the interferometric surveys used in these studies
contain only modest sample sizes (e.g. THINGS: 23, Bluedisk: 50,
WHISP: 73).

Investigating how galaxy properties regulate the H I gas con-
tent using large galaxy samples has been limited to single-dish
surveys (e.g. the Arecibo Legacy Fast ALFA survey—ALFALFA,
Giovanelli et al. 2005, and the extended GALEX Arecibo SDSS
Survey—xGASS, Catinella et al. 2018; see Saintonge & Catinella
2022 for a review). Using xGASS, Catinella et al. (2018) find that
the total H I gas fraction is more strongly correlated with star for-
mation (e.g. specific star formation rate andNUV− r colour) than
with stellar mass and stellar mass surface density. However, study-
ing the total H I gas fraction does not provide information on
where the H I gas is located (e.g. within or beyond the optical disc).

Taking advantage of the tight relation between H I size and
mass, Wang et al. (2020) developed a method of estimating the
H I gas mass within the optical disc from spatially unresolved,
single-dish observations. Wang et al. (2020) find that the scatter
in the H I gas fraction scaling relations derived for H I detected
disc galaxies in xGASS decreases if the total H I mass is replaced
with the estimated H I mass within the optical disc. This result
was also found by Naluminsa, Elson, & Jarrett (2021) using a sam-
ple of 228 WHISP galaxies. Using the Wang et al. (2020) method,
Chen,Wang, & Kong (2022) find a stronger correlation between
the gas-phase metallicity and the H I mass within the optical
disc than with the total H I mass. Pan et al. (2021) also used the
tightness of the H I size-mass relation to estimate H I sizes from
integrated H I masses and find a weak trend of less extended H I
discs relative to their optical discs in more massive galaxies.

The previous works discussed here have taken one of two
avenues to investigate the spatial distribution of H I in galax-
ies. Many studies have looked at the spatial H I distribution in
detail for small samples of galaxies with spatially resolved H I data
(�10 beams along the galaxy’s major axis, e.g. Cayatte et al. 1994;
Broeils & Rhee 1997; Swaters et al. 2002; Noordermeer et al. 2005;
Leroy et al. 2008; Wang et al. 2013, 2014, 2016, 2017). A smaller
number have taken a statistical approach and estimated simple
quantities parameterising the H I distribution from large single-
dish surveys (e.g. Wang et al. 2020; Pan et al. 2021; Chen et al.
2022). Recent and upcoming surveys on new radio interferom-
eters such as the Australian Square Kilometre Array Pathfinder
(ASKAP, Johnston et al. 2008; Hotan et al. 2021), the Karoo
Array Telescope (MeerKAT, Jonas & MeerKAT Team 2016) and
the APERture Tile in Focus upgrade on theWesterbork Synthesis
Telescope (APERTIF, Verheijen et al. 2008; Adams et al. 2022)
will bridge this gap and enable direct measurements quantifying
the H I spatial distribution (i.e. the radial H I surface density
distribution) for statistically significant samples of galaxies.

The Widefield ASKAP L-band Legacy All-sky Blind Survey
(WALLABY, Koribalski et al. 2020) is one such survey provid-
ing this capability. WALLABY is currently underway on ASKAP
and will detect H I emission in ∼210 000 galaxies and spatially
resolve several thousand galaxies over ∼1.4π sr of the southern
sky out to z ∼ 0.1 (Westmeier et al. 2022). ASKAP has a 30-square-
degree instantaneous field of view and, for WALLABY, provides a
spatial and a spectral resolution of 30 arcsec and 4 km s−1, respec-
tively, and can reach a nominal sensitivity of 1.6 mJy per beam
per 4 km s−1 channel with a 16 h integration. The pilot survey
phase 1 of WALLABY has observed six 30-square-degree tiles.
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Table 1. Sky coverage and number of galaxies with resolved isodensity (Riso,HI,
ISO sample) and effective (R50,HI, EFF sample) radii in the Hydra and NGC 4636
fields.

RA (J2000) Dec (J2000) R> 30 arcsec R> 20 arcsec

[deg] [deg] Riso,HI R50,HI Riso,HI R50,HI

Hydra [150.75, 163.25] [−30.5,−24.5] 181 42 190 100

NGC 4636 [186.75, 193.00] [−4,+8] 85 41 91 64

Total 266 83 281 164

Sample ISO EFF

This includes two pairs of adjacent tiles, each covering 60 square
degrees, in the directions of the Hydra I cluster and the NGC 4636
galaxy group (Westmeier et al. 2022).

In this work, we investigate and quantify variations in the H I
radial surface density profiles of ∼280 nearby, gas-rich galaxies by
the average H I surface density and size of the H I disc and look
at how the structure of the stellar disc (quantified by stellar mass
and stellar mass surface density) and star formation affect these
quantities. In Section 2, we describe the data and derive the phys-
ical quantities we use for this work. We describe and characterise
our sample in Section 3 and present our results in Section 4. We
place our results in context with previous work and discuss pos-
sible physical drivers in Section 5. We summarise our conclusions
in Section 6. Throughout, we adopt optical velocities (cz) in the
heliocentric reference frame, the AB magnitude convention and
we assume a flat�CDM cosmology withH0 = 67.7 km s−1 Mpc−1

(Planck Collaboration et al. 2016).

2. Data

2.1. WALLABY

In this work, we use data from the first WALLABY pilot sur-
vey Public Data Release (PDR1,Westmeier et al. 2022) covering
two 60-square-degree fields in the directions of the Hydra cluster
and the NGC 4636 group. For details on the WALLABY obser-
vations and data processing see Westmeier et al. (2022). Source
catalogues of H I detections were produced for each field using the
Source Finding Application 2 (SoFiA2, Westmeier et al. 2021) and
released internally to the WALLABY team. We use H I detections
from the WALLABY PDR1 denoted Hydra TR2 and NGC 4636
TR1 (we list the sky coverage in Table 1). Hydra TR2 was produced
from blind source finding using a median-based approximation
of the root mean square (RMS) detection threshold of 3.5σRMS
(which is more robust against outliers than the RMS), where σRMS
is the RMS level of the H I spectral line cube (nominally σRMS = 1.6
mJy beam−1, but it varies spatially and spectrally, see Westmeier
et al. 2022). For NGC 4636 TR1, the source finding used optical
and H I position and redshift priors and a higher detection thresh-
old of 4σRMS due to artefacts and bright continuum residuals in the
H I spectral line cube, which made blind source finding impossible
(seeWestmeier et al. 2022 for full details on the source finding run
parameters and the WALLABY PDR1 source cataloguea).

aThe WALLABY PDR1 source catalogue and associated source data products (e.g.
integrated spectra and moment maps) are available through the CSIRO ASKAP
Science Data Archive (CASDA, Chapman 2015; Huynh et al. 2020) using the DOI
https://doi.org/10.25919/09yg-d529.

The final source catalogue contains a total of 414 detections
of H I emission in the two fields with integrated signal-to-noise
ratios SNR> 4. We note that not all these detections correspond
to individual, real sources as some artefacts remain in the cat-
alogue, SoFiA has detected multiple H I components for single
sources (i.e. equivalent to shredding in optical imaging) and some
detections contain multiple galaxies within a single H I enve-
lope (i.e. close interacting systems). We limit our sample to only
those H I detections with single optical counterparts with multi-
wavelength (ultraviolet, optical and near-infrared) coverage (N =
282, see Section 3).

We use the method described in Reynolds et al. (2022) to cal-
culate the H I mass and measure the H I radius. In summary,
we fit a 2-dimensional Gaussian to the SoFiA produced moment
0 map, which we use to define annuli within which we measure
the H I surface density and use to produce the radial H I sur-
face density profile. However, we make the following changes to
the published method. The majority of WALLABY sources are
detected due to spatially and spectrally smoothing the spectral line
cube at various scales with SoFiA to increase the cube SNR. As
a result, these sources may not be deconvolved as they are too
faint to be detected in individual channels during the deconvolu-
tion step of the ASKAPsoft processing pipeline (for further details
see Westmeier et al. 2022). This causes the majority of integrated
H I flux measurements to be underestimated, with fainter H I
detections being more severely affected. We apply the statistical
correction to the integrated fluxes proposed in Westmeier et al.
(2022) and presented in their equations 9 and 10. The correction
is <10% for fluxes >105 Jy Hz, but increases from ∼25% to ∼60%
as the measured flux decreases from ∼104.5 to ∼103 Jy Hz. We
also correct the radial surface brightness profiles measured from
the moment 0 maps by scaling the profiles by the ratio between
the measured and corrected integrated fluxes.

We then convert the profile from surface brightness to sur-
face density (e.g. Meyer et al. 2017) and measure the isodensity
radius at 1M� pc−2 (Riso,HI), and the half-mass (effective, R50,HI)
radius. We deconvolve these measured radii by the ASKAP syn-
thesised beam of∼30 arcsec to get the final Riso,HI and R50,HI values
(where we assume that the beam and H I disc can be approxi-
mated as Gaussians). We calculate the average H I surface density,
μHI, (hereafter referred to as the H I surface density) within both
the isodensity (μiso,HI) and effective (μ50,HI) radii by integrating
the H I flux in the moment 0 maps contained within elliptical
apertures with the semi-major axis defined by the H I radius and
dividing by the area of the aperture. We then convert to units of
surface density (M� pc−2). We correct all surface density mea-
surements that we describe above for inclination (i.e. deproject
to face-on). We determine the inclination from the ratio of the
minor to major axes of the 2-dimensional Gaussian fit to the H I
moment 0 map that we use to extract the radial surface density
profile (described in Reynolds et al. 2022).

Our calculated H I surface densities assume that the H I gas is
optically thin. If the gas is not optically thin, then the H I surface
densities will be underestimated when we correct for inclination.
However, we are also likely underestimating the inclination for
poorly resolved galaxies (i.e. <4 beams) due to the size of the
minor axis being comparable to that of the synthesised beam. This
introduces a bias towards lower inclinations for poorly resolved
galaxies, which reduces the effect from correcting for inclination
and counters the underestimate introduced by the assumption that
the gas is optically thin. We find that the measured inclination
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does not correlate with either μiso,HI or μ50,HI. We conclude that
the inclination correction does not introduce a systematic bias
in the H I surface densities. However, it likely contributes to the
scatter in the measured H I surface densities.

2.2. Ancillary data

We follow the method described in Reynolds et al. (2022) to
derive stellar masses (M∗) and optical sizes from PanSTARRS
(Chambers et al. 2016; Flewelling et al. 2016) g- and r-band images
and total star formation rates (SFRs) from GALEX (Martin et al.
2005; Morrissey et al. 2007) near-UV (NUV) and WISE (Wright
et al. 2010) W3-/W4-band magnitudes. However, we have made
the following changes to the measured PanSTARRS photometry
concerning local sky background removal.

Initially, we measure the photometry for the PanSTARRS r-
band image as described in Reynolds et al. (2022) in which the
centre, position angle and inclination angle of each isophotal
annulus are allowed to vary. We then fix the annulus centre, incli-
nation angle and position angle to the values for the 25 mag
arcsec−2 isophote from the initial measurement. This also provides
an initial estimate of the r-band radius, Rr,guess. We measure the
background at >1.5Rr,guess in five annuli of width 0.1Rr,guess and
take the average of these annuli as the mean background. We sub-
tract the mean background and remeasure the photometry using
annuli with the centre, inclination angle and position angle fixed.
We define the isophotal radius using the 25 mag arcsec−2 isophote
(Riso,r, i.e. the isophote we use to define the aperture for measuring
the total magnitude in the g- and r-bands). The local background
subtraction has only a minor effect on the measured total mag-
nitudes (∼0.01± 0.07 mag brighter). We measure the effective
radius (R50,r) at the point containing half the flux within the aper-
ture defined by the 26 mag arcsec−2 isophote (i.e. 1 mag fainter
than the surface brightness we use for the isophotal radius). We
alsomeasure the stellarmass surface density (μ∗) using the derived
stellar mass and effective r-band radius as

μ∗ =M∗/(2πR2
50,r), (2)

where R50,r is in units of kpc.

3. Sample selection and characterisation

Our goal is to measure the H I disc sizes and average surface den-
sities in WALLABY galaxies and how these properties relate to
stellar structure (which we characterise by the galaxies’ stellar mass
and stellar mass surface density) and star formation. To achieve
this, we require the H I detections to be of good quality and spa-
tially resolved (i.e. no artefacts in the sources) with single optical
counterparts (i.e. no closely interacting systems or multiple opti-
cal counterparts contained within a single H I detection) and have
multi-wavelength coverage in PanSTARRS g- and r-bands,GALEX
NUV-band andWISEW1 andW3/W4-bands. Of the original 414
WALLABY detections, 56 contain artefacts or are closely inter-
acting systems contained within a single H I envelope. A further
76 either have incomplete PanSTARRS coverage, are impacted by
foreground stars, are not detected in the PanSTARRS images or are
missing GALEX coverage.

These cuts result in a sample of 282 galaxies, of which 281 are
at least marginally resolved with deconvolved isodensity H I radii
Riso,HI > 20 arcsec (i.e. > 1.3 beams along the major axis). The
sample decreases to 164 galaxies with effective H I radii R50,HI > 20
arcsec. If we further restrict our sample to slightly better spatially

resolved galaxies with radii > 30 arcsec (i.e. > 2 beams along the
major axis), the sample reduces to 266 (83) with resolved isoden-
sity (effective) radii. We present results for the galaxy samples with
Riso,HI > 20 arcsec (N = 281 galaxies, hereafter referred to as the
ISO sample) and R50,HI > 20 arcsec (N = 164 galaxies, hereafter
referred to as the EFF sample) as these provide the best statistics,
most notably for galaxies with resolved effective radii (i.e. nearly
double the sample size, see Table 1). We find similar results if we
use the radii > 30 arcsec sample.

As a blind H I survey, the galaxy population that WALLABY
detects is inherently biased (i.e. with increasing distance only
larger and more gas-rich galaxies are easily detected). To put the
WALLABY detections into a broader context, we compare the H I
gas fraction (MHI/M∗) and specific star formation rate (sSFR) of
our sample with the xGASS (Catinella et al. 2018) representative
sample (left and right columns of Figure 1, respectively). Unlike
blind H I surveys, xGASS is not biased towards H I rich systems
as it is a stellar mass selected (109 <M∗/M� < 1011), gas fraction
limited (MHI/M∗ > 0.02–0.1) survey. We show the ISO and EFF
samples in the top and bottom rows, respectively. We distinguish
between galaxies detected in the Hydra and NGC 4636 fields (blue
and orange, respectively) as different source finding techniques
were applied to each field (Section 2.1 and Westmeier et al. 2022)
and the detected galaxies in each field are concentrated at different
distances (∼55 Mpc vs ∼20 Mpc, respectively).

At fixed stellar mass, the galaxies detected by WALLABY pre-
dominantly have H I gas fractions above the xGASS medians
(Catinella et al. 2018, magenta diamonds in the left panels of
Figure 1). This illustrates that the majority of the WALLABY
detections are gas-rich. Janowiecki et al. (2020) defined a star
forming main sequence (SFMS) and its 1σ scatter using xGASS,
which we overlay in the right panels of Figure 1 (magenta dashed
line and shaded region). For illustrative purposes, we extend the
SFMS down to M∗ = 107 M� (i.e. below the xGASS stellar mass
limit of M∗ = 109 M�), but only show the scatter for the xGASS
stellar mass range. WALLABY detects mostly star forming galax-
ies that predominantly lie either above or within the scatter of the
SFMS, with only a small population of galaxies with sSFR below
the 1σ scatter in the SFMS. For 83 galaxies in the ISO sample, the
derived sSFRs are classified as upper limits if they are not detected
(i.e. SNR< 5) in either the GALEX NUV-band or both the WISE
W3- andW4-band images (indicated by the down pointing arrows
in the right panels of Figure 1).

There is a population of galaxies from the NGC 4636 field
below M∗ � 1010 M� that are offset to lower gas fractions (∼0.5
dex lower), but no corresponding population of galaxies in the
Hydra field. Above M∗ � 1010 M�, there are ∼6 galaxies from the
Hydra field with similarly offset gas fractions. This is due to the
NGC 4636 field containing more nearby galaxies (i.e. <30 Mpc)
compared to the Hydra field (i.e. >35 Mpc) and the targeted
source finding strategy applied to theNGC 4636 field (Section 2.1).
Compared to the ISO sample, the EFF sample is slightly biased
towards galaxies with M∗ > 109 M� (i.e. for M∗ < 109 M� and
M∗ > 109 M�, ∼50% vs ∼65% of galaxies in our sample have
R50,HI > 20 arcsec, respectively).

4. Results

As we discuss in the introduction, many previous studies tar-
geted relatively small numbers of galaxies selected to have high
spatial resolution and were able to probe radial variations in the
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Figure 1. H I gas fraction (MHI/M∗, left column) and specific star formation rate (sSFR, right column) vs stellar mass (M∗) for galaxies with Riso,HI > 20 arcsec and with R50,HI > 20
arcsec (top and bottom rows, respectively). The Hydra and NGC 4636 field galaxies are indicated in blue and orange, respectively, and the grey points are the xGASS sample. The
magenta diamonds in the left column are the median gas fractions for xGASS from Catinella et al. (2018). In the left column, the total number of galaxies in the resolved sample is
indicated within brackets in the lower left corner. In the right column, the magenta dashed line and shaded region are the star forming main sequence (SFMS) and 1σ scatter in
the SFMS from Janowiecki et al. (2020); the down pointing arrows indicate galaxies with sSFR upper limits.

H I distribution in the galaxies’ inner regions (i.e. within the opti-
cal disc) with other galaxy properties on a galaxy-by-galaxy basis.
Unlike these data sets, our sample is limited to the galaxies that
we detect in the observed field, which includes a small fraction of
well-resolved galaxies (i.e. >4 beams along the major axis; ∼25%
and∼10% of galaxies’ isodensity and effective sizes are resolved by
>6 beams, respectively) and a large fraction of marginally resolved
galaxies (i.e. <4 beams along the major axis; ∼75% and ∼90%
of galaxies for the ISO and EFF samples, respectively). Due to
the poor resolution of the majority of our sample, we are unable
to probe radial variations in the H I on small scales. Instead, we
parameterise the H I spatial distribution using quantities that we
can measure for marginally resolved galaxies: the size of the H I
disc and the H I surface density within the H I disc.

We also investigate the effect of spatial resolution on the mea-
sured radii and surface densities by convolving the moment 0
maps of galaxies resolved by >2 beams to an equivalent resolu-
tion of 2 beams along the major axis. We find a difference smaller
than 10% between the structural parameters measured from the
two sets of maps (see Appendix A), confirming that the findings
presented below are not significantly affected by differences in
resolution within our sample.

4.1. Size–mass relations

Studies show that galaxies’ radial H I surface density profiles
normalised by the H I radius defined at 1M� pc−2, Riso,HI, are
approximately exponential in the outer disc (i.e. r� 0.5Riso,HI,
e.g. Swaters et al. 2002, Wang et al. 2016). At smaller radii (e.g.
�0.5Riso,HI), the radial H I surface density is found to vary by ∼1
dex from ∼1–10M� pc−2. In comparison with the H I, the stel-
lar mass surface density shows a larger variation (e.g. ∼2 dex,

Catinella et al. 2018), which is due to the presence or lack of a cen-
tral brightness concentration or bulge-like component. Variations
in the central surface brightness and internal extinction contribute
to the difference in slope and scatter in stellar size–mass rela-
tions derived using isophotal vs effective radii (e.g. Saintonge &
Spekkens 2011; Cortese et al. 2012; Muñoz-Mateos et al. 2015;
Trujillo et al. 2020; Sánchez Almeida 2020). Although galaxies do
not have similar central concentrations of H I, variations in the
inner H I surface density may produce differences between H I
size–mass relations derived from isodensity vs effective radii.

We plot the optical r-band and H I size–mass relations for
our EFF sample in Figure 2 (left and right panels of top row,
respectively). We plot both effective (light, unfilled circles) and
isophotal/isodensity (dark, filled circles) defined radii and fit lin-
ear least-square regressions to the size–mass relations. The best
fit parameters and 1σ scatter (dashed lines and shaded regions)
are listed in Table 2. The lower panels show the offsets from the
corresponding size–mass relations in the top row. The stellar and
isodensity H I relations are consistent within uncertainties if we
use the ISO sample.

Focusing first on the stellar size–mass relation (top left panel),
we find that isophotal sizes produce a steeper and less scattered
relation than effective sizes (a= 0.31 vs 0.23 and σ = 0.12 vs 0.17,
respectively). The bottom left panel shows that individual galaxies
scatter significantly around both relations (i.e. ∼0.4 dex and ∼0.5
dex for isophotal and effective radii, respectively). The differing
slopes and scatters that we measure for the isophotal and effective
stellar size–mass relations are consistent with the literature (e.g.
Muñoz-Mateos et al. 2015; Cortese et al. 2012; Trujillo et al. 2020;
Sánchez Almeida 2020).

Our results for the stellar relations indicate that effective radii
increase more slowly than isophotal radii with increasing stellar
mass and that the isophotal size is a better tracer for a galaxy’s
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Figure 2. Top: Size–mass relations for r-band/stellar (left) and H I (right) discs. The isophotal/isodensity radii are plotted as filled, dark circles and the effective radii as unfilled,
light circles. The dashed lines and shaded regions show the linear least-square regression best fit relations and the 1σ scatter for each radius definition. The dashedmagenta line
in the top right panel is the best fit H I size–mass relation fromWang et al. (2016). Bottom: Residual vertical offsets of galaxies from the best fit size–mass relations.

total stellar mass. Both of these effects are a result of the sen-
sitivity of effective radii to central stellar concentrations, which
are more prominent in higher mass galaxies. In our galaxy sam-
ple, the central surface brightnesses of the r-band radial profiles
span ∼19–25 mag arcsec−2 (a factor of ∼250). We note that our
sample contains predominantly late-type galaxies, few of which
are likely to contain a true bulge component (i.e. using R90,r/R50,r
as a proxy for the bulge-to-total ratio, ∼85% of our sample has
R90,r/R50,r < 2.5 which is consistent with being disc-dominated
systems, e.g. Ferreras et al. 2005). The majority of galaxies with
R90,r/R50,r > 2.5 haveM∗ > 109 M�.

Moving to the H I size–mass relations (top right panel of
Figure 2), we find that isodensity sizes produce a shallower and
less scattered relation than effective sizes (a= 0.51 vs 0.55 and
σ = 0.04 vs 0.09, respectively). The bottom right panel highlights
the tightness of both H I relations with few galaxies scattering
by more than 0.1–0.2 dex. Our isodensity H I size–mass rela-
tion agrees well with the Wang et al. (2016) relation (magenta
line in the top right panel; aW16 = 0.506, bW16 = 3.594).b However,
our relation is tighter (σ = 0.04 vs 0.06), which may be due
to the uniform WALLABY sample compared to the compila-
tion of interferometric H I surveys used by Wang et al. (2016).
A similar increase in scatter for the effective vs isodensity H I
size–mass relation is also found in simulations (Stevens et al.
2019).

The steeper effective H I size–mass relation indicates that,
unlike the stellar equivalent, H I effective radii grow faster than
isodensity radii with increasing mass. The difference in slopes
is small, but significant (i.e. ∼4 times the uncertainty in the

bNote that the Wang et al. (2016) relation uses the H I diameter and we have scaled the
bW16 value to account for our use of the H I radius (i.e. subtracting log (2)).

measured slopes, Table 2). Similar to the results for the stellar com-
ponent, isodensity H I radii better trace the total H I mass than
effective radii. However, effective H I radius is still a fairly good
tracer as the scatter is less than that for either stellar size–mass rela-
tions. The smaller differences between the H I size–mass relations
compared to the stellar relations discussed above are likely due to
the the exponential shape of the outer H I profiles and the lower
dynamic range of the central H I surface densities (i.e. spanning
∼1 dex).

We conclude that the increased scatter in the effective H I size–
mass relation is due to variations in the H I spatial distribution in
the central regions (i.e. within the effective radius) of galaxies (e.g.
illustrated for early- vs late-type galaxies by Wang et al. 2016 in
their figure 2).

In the following sections, we investigate variations in the size
of the H I disc normalised to the optical r-band disc size, RHI/Rr,
and the H I surface density, μHI, for both the isodensity and effec-
tive radii.We investigate how these quantities correlate with stellar
mass, stellar mass surface density, sSFR, NUV− r colour and the
offset from the star forming main sequence (� SFMS) defined
using xGASS by Janowiecki et al. (2020), shown in the right pan-
els of Figure 1 by the dashed magenta line, to identify possible
drivers responsible for producing differences in the H I spatial
distributions.

4.2. The normalised HI disc size

Beyond the effective radius, H I radial profiles are approximately
exponential. We probe the outer part of the radial H I profile using
the size of the H I disc relative to the optical disc, which pro-
vides a measure of the size of the H I gas reservoir. H I beyond
the optical disc will not directly impact the inner star-forming
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Table 2. Parameters of the linear least-square regression best fit size–mass
relations of the form log (y/kpc)= a log (x/M�)− b. The scatter in the relations
and Pearson correlation coefficients are given by σ and ρ, respectively.

x y a b σ ρ

M∗ Riso,r 0.31± 0.01 1.94± 0.09 0.12 0.92

R50,r 0.23± 0.02 1.58± 0.14 0.17 0.78

MHI Riso,HI 0.51± 0.01 3.58± 0.05 0.04 0.99

R50,HI 0.55± 0.01 4.19± 0.11 0.09 0.97

disc, but provides a reservoir that has the potential to be funnelled
towards the galaxy centre for future star formation (e.g. Schmidt
et al. 2016). We normalise the H I radius by the equivalent r-band
radius (i.e. isodensity H I by isophotal r-band, Riso,HI/Riso,r, and
effective H I by effective r-band, R50,HI/R50,r).

In Figure 3, we show how Riso,HI/Riso,r varies as a function of
M∗, μ∗ and sSFR (top row, panels a–c, respectively) for the ISO
sample. To guide the reader’s eye, we plot medians with error bars
indicating the 20th and 80th percentiles as black squares (all bins
contain >5 galaxies). We quantify the level of correlation between
each pair of quantities using the Pearson correlation coefficient
(ρ), which we show in the upper right corner of each panel and
list in the first row of Table 3. The significance of the correlations
is indicated by the p-values (in brackets), where the correlation
is deemed significant if the p-value is <0.05. We note that the
Pearson correlations are calculated on the data directly, not from
the medians. Although we do not plot Riso,HI/Riso,r as a function of
NUV− r colour and� SFMS, we include the Pearson correlations
in Table 3. We indicate galaxies with upper limit derived SFRs by
the left pointing arrows in panel c. A large fraction of our sample is
marginally resolved, whichmay bias our results by over-estimating
the H I sizes. We indicate spatially resolved galaxies with radii > 2
beams in progressively darker shades of blue (galaxies with radii
< 2 beams are in grey). There is no apparent correlation between
the derived galaxy quantities and either poorly or well resolved
galaxies and we conclude that spatial resolution is not introducing
artificial correlations.

The normalised isodensity H I radius correlates weakly with
the stellar properties: M∗ and μ∗ (ρ = −0.26 and −0.23, panels a
and b). Galaxies with higher stellar masses and/or higher stellar
surface densities tend to have marginally less extended H I discs
for their optical sizes. The correlations are stronger between
Riso,HI/Riso,r and sSFR (ρ = 0.45, panel c). The NUV− r colour
and � SFMS also show stronger correlations with Riso,HI/Riso,r
(see Table 3). These correlations indicate that galaxies with more
extended H I reservoirs (relative to their stellar discs) tend to be
more star forming. The weaker correlation with � SFMS com-
pared to sSFR indicates that the correlation between Riso,HI/Riso,r
and M∗ contributes to the strong correlation with sSFR as sSFR
has a weak dependence on stellar mass (e.g. Figure 1). However,
the weakened correlation with � SFMS may also be due to the
bias of our galaxy sample toward star forming galaxies on or
above the SFMS (i.e. we have poor statistics below the SFMS, see
Section 3).

Switching to the EFF sample, we find that the correlations
are sensitive to the chosen radius. The second and third row
of Figure 3 show the correlations for the isodensity and effec-
tive normalised radii, respectively, measured for the same galaxies

(see also Table 3). R50,HI/R50,r shows positive correlations withM∗
and μ∗ (opposite to Riso,HI/Riso,r), no significant correlations with
sSFR or NUV− r colour and a weaker positive correlation with
� SFMS. The change in the correlations is not due to the smaller
EFF sample size as the correlations with Riso,HI/Riso,r show only
small changes for the EFF sample (panels d–f of Figure 3 and
second row of Table 3). We note that some of the correlation
between R50,HI/R50,r and μ∗ (Equation (2)) is due to the axes being
correlated.

This raises the question of what causes the correlations to invert
(M∗ and μ∗) or be removed (star formation) between isoden-
sity/isophotal and effective radii measured in the H I and r-band.
As discussed in Section 4.1, galaxies’ effective H I and r-band
radii increase at different rates with H I/stellar mass relative to
their isodensity/isophotal radii (Figure 2, Table 2). As a result, the
effective size relative to the isodensity/isophotal size of the H I/r-
band disc changes with mass. The difference between R50,HI and
Riso,HI (�RHI) atMHI = 108 vs 1010 M� is �RHI = 0.29 vs 0.21 dex,
respectively. In contrast, in the r-band, the relative difference is
�Rr = 0.28 vs 0.44 dex (at M∗ = 108 vs 1010 M�, respectively).
We conclude that the switch from normalising by the isophotal
to effective r-band radius is responsible for the inverted/removed
correlations with R50,HI/R50,r. Galaxies with higher stellar masses,
which tend to have higher μ∗ and lower levels of star formation
(Figure 1), have larger R50,HI/R50,r than Riso,HI/Riso,r.

4.3. The HI surface density

The trends that we find with the normalised H I disc size in
Section 4.2 depend on the choice of isophotal or effective r-band
radius, which are linked toM∗ andμ∗. To remove this dependence
and investigate the interplay between H I structure and galaxy
properties directly, wemeasure the H I surface density,μHI, within
apertures defined by the effective and isodensity radii. Similarly to
Riso,HI/Riso,r, we investigate the variation in the isodensityμiso,HI as
a function ofM∗,μ∗ and sSFR in panels a–c of Figure 4 for the ISO
sample. We show the Pearson correlation coefficients in the upper
right corner of each panel of Figure 4 and list them in the fourth
row of Table 3.

We find that galaxies with M∗ > 109 M� and/or μ∗ >

107 M� kpc−2 tend to have marginally lower H I surface densities
(i.e. where the median μiso,HI values decrease in panels a and b;
ρ = −0.37 and −0.32, respectively), while there is no trend with
μiso,HI for galaxies with lower stellar masses and mass surface den-
sities. Galaxies with higher levels of star formation have higher H I
surface densities and these correlations strengthen if we only con-
sider galaxies within ±0.5 dex above/below the SFMS (ρ = 0.37,
−0.35 and 0.26 for sSFR, NUV− r colour and � SFMS, respec-
tively). Star formation shows weaker correlation with μiso,HI than
with Riso,HI/Riso,r.

A possible explanation for the weak correlations of M∗, μ∗
and sSFR with μiso,HI is that this averages the H I surface den-
sity over the entire H I disc, which is not well matched to
the optical/star-forming disc (i.e. 〈Riso,HI/Riso,r〉 = 2.1). Hence, we
expect to find stronger correlations within the effective radius for
μ50,HI, whichmore closely traces the H I within the optical disc (i.e.
〈R50,HI/Riso,r〉 = 1.2) and is co-located with recent star formation.
We measure the correlations with the effective μ50,HI for the EFF
sample (panels g–i of Figure 4). Although we find stronger corre-
lations between μ50,HI and the five galaxy properties (see the sixth
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 3. The H I radius normalised by the r-band radius (RHI/Rr) plotted against stellarmass (M∗), stellarmass surface density (μ∗) and specific star formation rate (sSFR; columns
from left to right, respectively). The top row shows the normalised isodensity H I disc size (Riso,HI/Riso,r) for the ISO sample. The middle row shows Riso,HI/Riso,r for the EFF sample.
The bottom row shows the normalised effective H I disc size (R50,HI/R50,r) for the EFF sample. The corresponding Pearson correlation coefficients (top right corner of each panel)
are tabulated in the first three rows of Table 3. The symbols are coloured by the radius expressed in terms of the number of beams (e.g. Riso,HI = 60 arcsec is 2 beams). The black
squares show binnedmedians with the error bars showing the 20th and 80th percentiles (all bins contain> 5 galaxies). In the right column (sSFR), we indicate galaxies whose sSFRs
are upper limits by left pointing arrows.

row of Table 3), we find similarly strengthened correlations with
the isodensity μiso,HI for the EFF sample (panels d–f of Figure 4
and the fifth row of Table 3). Comparing the lower two rows
also highlights that μ50,HI has nearly twice the dynamic range of
μiso,HI (i.e. μ50,HI,max � 10 vs μiso,HI,max � 5M� pc−2). The reduced
dynamic range of μiso,HI is due to the exponential decline of the
radial profile beyond r� R50,HI.

The strengthened μiso,HI correlations for the EFF sample sug-
gest that galaxies with poor spatial resolution (i.e. R50,HI < 20
arcsec) are responsible for weakening the correlations in the ISO
sample. This also explains the stronger correlations that we find
above M∗ > 109 M� and μ∗ > 107 M� kpc−2 in the ISO sample.
A larger fraction of these more massive galaxies are resolved by
>4 beams (e.g. ∼5% vs ∼30% of galaxies with M∗ < 109 M� and
M∗ > 109 M�, respectively). Hence, compared to the normalised
H I disc size, correlations with the H I surface density are more
sensitive to the spatial resolution of the observations (i.e. μHI is
less well constrained in marginally resolved sources).

5. Discussion

Our results show that galaxies with more extended H I discs rela-
tive to their isophotal optical discs and higher H I surface densities
(measured within the isodensity H I radius) tend to be more star
forming. We find weaker correlations with stellar masses and stel-
lar mass surface densities, which shows that galaxies with higher
M∗ and/or μ∗ tend to have less extended H I discs and lower H I
surface densities. Limiting our sample to better spatially resolved
galaxies strengthens the correlations with the H I surface density
and we find similar results if we measure the H I surface density
within the effective H I radius. We find that normalising the H I
disc radius by the optical effective radius inverts or removes cor-
relations compared to using the optical isophotal radius: galaxies
with higher M∗ and/or μ∗ tend to have more extended H I discs
and there are no correlations with star formation.

There are different possible pathways to introduce the diversity
in the inner H I surface densities and the relative sizes of the H I
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Table 3. Pearson correlation coefficients, ρ, and p-values (in brackets) for the isodensity and effective RHI/Rr and μHI as functions of M∗, μ∗, sSFR, NUV− r
colour and� SFMS (See Figures 3 and 4). The number of galaxies used to measure the Pearson correlations is given by N.

Sample N M∗ μ∗ sSFR NUV− r � SFMS

Riso,HI/Riso,r ISO 281 −0.26 (<0.01) −0.23 (<0.01) 0.45 (<0.01) −0.45 (<0.01) 0.30 (<0.01)

Riso,HI/Riso,r EFF 164 −0.26 (<0.01) −0.20 (<0.01) 0.46 (<0.01) −0.50 (<0.01) 0.36 (<0.01)

R50,HI/R50,r EFF 164 0.20 (<0.01) 0.39 (<0.01) 0.10 (0.26) 0.06 (0.42) 0.20 (0.01)

μiso,HI ISO 281 −0.24 (<0.01) −0.20 (<0.01) 0.33 (<0.01) −0.31 (<0.01) 0.18 (<0.01)

μiso,HI EFF 164 −0.32 (<0.01) −0.28 (<0.01) 0.48 (<0.01) −0.44 (<0.01) 0.30 (<0.01)

μ50,HI EFF 164 −0.36 (<0.01) −0.29 (<0.01) 0.50 (<0.01) −0.44 (<0.01) 0.30 (<0.01)

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 4. Similarly to Figure 3, we now plot the isodensity and effective H I surface densities (μiso,HI andμ50,HI) on the y-axis and the corresponding Pearson correlation coefficients
are tabulated in the last three rows of Table 3.

discs that we find. Variations may be due to physical processes act-
ing within a galaxy (e.g. conversion fromH I to H2 and subsequent
star formation, inflow of gas towards the inner star forming disc,
ejection of gas by internal feedback), interactions between galax-
ies and the environment (e.g galaxy mergers, Toomre & Toomre
1972; tidal stripping, Gunn & Gott 1972; or ram pressure strip-
ping, Moore et al. 1996, 1999; see also Cortese, Catinella, & Smith
2021 for a recent review) or may be encoded into the galaxy as it

forms (i.e. during the initial collapse of gas to form a disc if the gas
is more evenly distributed or centrally concentrated). We discuss
physical processes that may be responsible for the correlations that
we find and how our results compare to previous work.

Several studies in the literature find links between variations
of galaxies’ H I radial profiles and stellar structure quantified by
morphological type (e.g. Broeils & Rhee 1997; Cayatte et al. 1994;
Swaters et al. 2002; Noordermeer et al. 2005) and stellar properties
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(e.g. Wang et al. 2013, 2014). In particular, Wang et al. (2013) find
stronger negative correlations between Riso,HI/Riso,r andM∗ andμ∗
(ρ = −0.44 and −0.31, respectively) in the Bluedisk galaxy sample
(driven by low gas fraction galaxies), than we find in this work.
Our results indicate that galaxies’ stellar structure (i.e. M∗ and
μ∗; traced by emission in the g- and r-band) plays a smaller role
in regulating how H I is distributed than suggested by previous
studies.

Contributing to our differing results are the observation bias to
preferentially detect gas-rich galaxies (Section 3 and Figure 1) and
the limited spatial resolution. Compared to previous work, which
used high spatial resolution observations, ∼75% of our galaxies
are marginally resolved (e.g.�10 vs <4 beams across the H I disc,
respectively). Hence, we are insensitive to the impact from the
centre of the stellar/star-forming disc in our poorly resolved galax-
ies. Our results are similar to the findings based on estimated μHI
within the optical disc (R90) and Riso,HI/Riso,r for xGASS disc galax-
ies (i.e. no spatial information is present in their H I data) from
Wang et al. (2020) and Pan et al. (2021), respectively.

As expected, our results show that the H I structural parame-
ters are more sensitive to the star formation quantities sSFR and
NUV− r colour than to M∗ and μ∗, since H I is the raw fuel
for future star formation and H I and SFR surface densities are
found to be correlated (e.g. Bigiel et al. 2010; Wang et al. 2017).
Wang et al. (2014) find similar results in the Bluedisk survey with
larger differences in the median H I surface density profiles within
∼0.5Riso,HI as a function of star forming properties than with M∗
and μ∗. The correlations that we find with � SFMS are weaker
than with sSFR andNUV− r colour (i.e. when controlling for stel-
lar mass), but are in general agreement with the results of Wang
et al. (2020).

We find that the H I structural parameters show a weaker
dependence on the stellar and star formation quantities (M∗,
μ∗, sSFR and NUV− r) than the H I gas fraction (MHI/M∗)
for a control xGASS sample (ρ = −0.83, −0.73, 0.69 and −0.78,
respectively, where we have taken a subsample from xGASS with
MHI/M∗ above the xGASS medians and sSFR > 2σ below the
xGASS SFMS from Janowiecki et al. 2020, i.e. galaxies compara-
ble to our WALLABY sample). We find that the median MHI/M∗
decreases by ∼1 dex across 2 dex in stellar mass from M∗ = 109–
1011 M�. In contrast, over∼3 dex fromM∗ = 108–1011 M�,μiso,HI
and Riso,HI/Riso,r both vary by ∼0.2 dex. This indicates that, while
the relative amount of H I decreases as M∗ and μ∗ increase and
the level of star formation decreases, the H I surface density and
the H I disc size relative to that of the optical disc vary little for the
average galaxy. However, the scatter (∼0.1 dex) in the H I struc-
tural parameters indicates that there is significant galaxy-to-galaxy
variation in μiso,HI and Riso,HI/Riso,r. Some of this scatter is due to
effects of low spatial resolution for many galaxies in our sample
(Section 2.1), however there are physical mechanisms that are also
likely contributing, which we discuss below.

Our sample contains galaxies in a range of environments: field
galaxies and galaxies in and around the Hydra cluster and NGC
4636 galaxy group. Reynolds et al. (2022) show that, compared to
field galaxies, Hydra cluster members have smaller normalised H I
discs (i.e. median H I to optical r-band diameter ratios of 3.5 vs
1.9) and conclude that this H I disc truncation is likely due to ram
pressure stripping, which Wang et al. (2021) identify as impacting
many galaxies detected byWALLABY in theHydra cluster. Hence,
some of the scatter present in Riso,HI/Riso,r is due to environmen-
tal processes (e.g. ram pressure stripping, which is also observed

in group environments, Rasmussen et al. 2006; Westmeier, Braun,
& Koribalski 2011; Rasmussen et al. 2012; Cortese et al. 2021).
The scatter in μiso,HI is similar to that of Riso,HI/Riso,r (∼0.1 dex).
Ram pressure stripping likely has less impact on μiso,HI and con-
tributes less to the observed scatter as H I is preferentially stripped
from a galaxy’s outskirts and, for the galaxy sample detected by
WALLABY, does not impact star formation or H I within the opti-
cal disc (e.g. as shown by Reynolds et al. 2022). Hence ram pressure
stripping is likely to be a second-order effect. Galaxy mergers and
tidal stripping are unlikely to affect many galaxies in our sample as
we see no obvious signs of disturbances in the optical images and
we exclude systems with multiple optical counterparts contained
within the H I envelope of each detection (Section 3).

H I does not form stars directly, but via conversion toH2, which
likely contributes to several of our results. Assuming no interac-
tions, mergers or gas replenishment, the conversion of H I to H2
in the galaxies’ inner regions has little effect on Riso,HI/Riso,r, which
can explain the stronger correlations that we find with Riso,HI/Riso,r
compared to μHI with star formation. The stellar disc grows and
the H I surface density decreases as the gas is consumed, which
leads to lowering the level of star formation. If there is no further
accretion of H I, then the relative size of the H I disc decreases.

The conversion of H I to H2 likely has a greater impact on our
results with the H I surface density as μHI provides an incom-
plete picture of the gas within the disc (e.g. Lee et al. 2022 detect
CO, a proxy for H2, in a sample of 10 galaxies in the NGC 4636
group above M∗ > 109 M�). To first order, below M∗ < 109.5 M�
and μ∗ < 107.5 M� kpc−2 we find that μHI does not correlate with
either M∗ or μ∗. However, the significant scatter in μiso,HI and
μ50,HI (0.1 and 0.2 dex, respectively) shows that μHI is not con-
stant and the conversion of H I to H2 likely plays a role, but future
studies are needed.

We find more significant trends of decreasing μiso,HI and μ50,HI
at higher stellar masses. This may be due to higher stellar mass
surface densities as we find similar decreases in μiso,HI and μ50,HI
for galaxies with high μ∗. The change in μiso,HI and μ50,HI may
also provide some information on quenching mechanisms acting
in these higher mass galaxies (e.g. stellar winds, supernova feed-
back, H I remaining stable against fragmentation and collapse into
H2, low star formation efficiency and/or gas removal by stripping
by the environment; see review by Cortese et al. 2021). Our anal-
ysis shows how there is more diversity in the H I properties than
what may have been thought. The full WALLABY survey will pro-
vide further insights into what physical processes are affecting the
H I surface density.

6. Conclusions

We have investigated how variations in H I structural parameters
of nearby galaxies correlate withM∗, μ∗ and properties measuring
star formation using uniformly measured, spatially resolved H I
data from WALLABY and multi-wavelength imaging data from
PanSTARRS, GALEX, and WISE. We quantify the H I structure
using the H I surface density, μHI, and H I disc size normalised by
the optical disc, RHI/Rr, measured using effective and isodensity
(at 1 M� pc−2) H I radii. Our main results are as follows:

• The H I size–mass relations derived using isodensity and
effective radii have similar slopes, which indicates that
both radii increase at a similar rate with the H I mass.
However, the effective size–mass relation has a larger
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scatter than the isodensity relation, which we attribute to
variations in the inner H I surface density (e.g. within the
effective radius, μ50,HI ∼ 1–10 M� pc−2).

• Galaxies with higher stellar masses and stellar surface den-
sities tend to have lower H I surface densities and less
extended H I discs relative to their optical extent. We find
weak correlations between the isodensity H I quantities
(μiso,HI and Riso,HI/Riso,r) and stellar quantities (M∗ and
μ∗). This may indicate that these stellar structure quanti-
ties play a minor role in regulating the H I surface density
and disc extent. However, the majority of our sample is
marginally resolved, which limits our ability to probe H I
located within the stellar disc and contributes to weaken-
ing the correlations. We find stronger correlations if we
limit our sample to galaxies with M∗ > 109 M� and μ∗ >

107 M� kpc−2, which includes a higher fraction of galaxies
spatially resolved by >4 beams.

• Galaxies with higher levels of star formation (higher sSFR,
lower NUV− r colour and above the main sequence) tend
to have more extended H I discs and higher μiso,HI: the
isodensity μiso,HI and Riso,HI/Riso,r are more strongly cor-
related with the star-forming quantities (sSFR, NUV− r
colour, � SFMS).

• The two H I structural parameters have significant scatter,
which highlights the diversity of the H I properties when
controlling for M∗, μ∗ or star formation. Limited spatial
resolution is partially responsible, but environmental pro-
cesses (e.g. ram pressure stripping) and the conversion
from H I to H2 likely also contribute to observed scatter.

• Care must be taken when defining the optical radius as it
affects the correlations with the normalised H I disc size.
The negative correlations with M∗ and μ∗ using isopho-
tal radii become positive and the correlations with sSFR
and NUV− r colour using isophotal radii are removed
if the H I radius is normalised by the effective r-band
radius. This is due to the growth of the effective optical
and H I radii relative to the isophotal/isodensity radii in
more massive galaxies.

Our results show qualitative agreement with previous studies
that used either smaller galaxy samples of spatially resolved H I
observations or estimated H I sizes and average surface densi-
ties from single-dish observations and the H I mass–size relation.
This work, although limited in spatial resolution, is the first step
in providing large, statistical samples of galaxies with spatially
resolved H I from which H I surface densities and disc sizes can
be directly measured and compared with other galaxy quantities.
With the full WALLABY survey due to start in late 2022, the num-
ber of galaxies detected by WALLABY will begin to grow rapidly
and WALLABY will produce truly statistically significant galaxy
samples with spatially resolved H I data.
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Appendix A. Beam Resolution

As discussed in Section 3, the majority of our galaxy sample is
poorly resolved, with a spatial resolution of <2 beams along the
semi-major axis. We investigate how the spatial resolution affects
the measured isodensity and effective radii and average surface
densities by convolving the moment 0 maps of galaxies resolved
by >2 beams to a spatial resolution equivalent to 2 beams. We
achieve this by scaling the ASKAP 30 arcsec synthesised beam by
the number of beams by which each galaxy’s isodensity and effec-
tive radii are resolved, and then convolving the moment 0 map
with a 2 dimensional Gaussian with a standard deviation set by
this scaled synthesised beam. We then follow the exact same pro-
cedure described in Section 2.1 and in Reynolds et al. (2022) to
measure isodensity (effective) radii and surface densities from the
moment 0 maps convolved to a spatial resolution of 2 beams along
the isodensity (effective) diameter.

In Figure A1 we compare the radii measured from these low
resolution maps with their original values, and colour the points
by the inclination angle measured from the full resolution maps.
In both ISO (left) and EFF (right) cases, the data points scatter
around the 1 to 1 relation (black dashed line) but tend to lie slightly
above it, indicating that radii measured from low resolution maps
are somewhat larger. This is a result of the convolution smooth-
ing out and extending the H I emission in the maps to larger radii.
Correspondingly, we find that the surface densities measured from
the low resolution maps slightly decrease (marginally more so
for the ISO surface densities). These differences are quantified in
Table A1, where we tabulate the medians, 20th and 80th percentiles
of the ratios between the radii and surface densities measured from
the low and full resolution maps. In all cases, the quantities mea-
sured from the low resolutionmoment 0maps are within 5–10% of
their original values. Hence, we conclude that the poorly resolved
(<2 beams) galaxies in our sample have marginally larger radii
and lower surface densities than would be measured from higher
resolution observations.
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Figure A1. The ISO (left) and EFF (right) radii measured from moment 0 maps convolved to a resolution of 2 beams along the major axis are plotted against the radii measured
from the full resolution moment 0 maps. The black dash line indicates the 1 to 1 line. The colour bar indicates the inclination of each galaxy as measured from the full resolution
moment 0 maps.

Table A1.Median, 20th and 80th percentiles for the distributions in
ratios of measured radii and surface densities measured from low
and full resolution moment 0 maps.

Median 20th 80th

Riso,HI,LowRes/Riso,HI 1.04 0.98 1.09

R50,HI,LowRes/R50,HI 1.06 1.02 1.10

μiso,HI,LowRes/μiso,HI 0.95 0.88 1.02

μ50,HI,LowRes/μ50,HI 0.98 0.96 1.00

Appendix B. Supplementary Data

We provide a supplementary table in FITS format containing all
measured and derived galaxy properties that we use in this work.
We show the first 10 rows of this file in Table B1 with descriptions
of the table columns provided here.

• Name: WALLABY source detection name
• Team Release: Internal WALLABY team release identifier
• DL: Luminosity distance (Mpc)
• log (MHI): Base-10 logarithm of the H I mass (M�)
• R50,HI: Effective H I radius (kpc)
• Riso,HI: 1 M� pc−2 isodensity H I radius (kpc)
• μ50,HI: H I surface density measured within the effective

H I radius (M� pc−2)
• μiso,HI: H I surface density measured within the isodensity

H I radius (M� pc−2)
• log (M∗): Base-10 logarithm of the stellar mass (M�)
• R50,r: Effective r-band radius (kpc)
• Riso,r: 25 mag arcsec−2 isophotal r-band radius (kpc)
• log (μ∗): Base-10 logarithm of the stellar mass surface

density (M� kpc−2)
• log (sSFR): Base-10 logarithm of the specific star forma-

tion rate (yr−1)
• NUV− r: NUV− r colour (mag)

• � SFMS: Offset from the star forming main sequence
defined from xGASS by Janowiecki et al. (2020) (dex)

• flagSFR: Flag indicating if the sSFR is an upper limit. For
galaxies detected in both GALEX and WISE: flagSFR = 0.
For galaxies non-detected (i.e. SNR< 5) in either GALEX
or WISE (i.e. derived sSFR is an upper limit): flagSFR = 1.
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Table B1. The measured and derived properties for H I detected galaxies. The full table is available as supplementary material.

Name Team DL log (MHI) R50,HI Riso,HI μ50,HI μiso,HI log (M∗) R50,r Riso,r log (μ∗) log (sSFR) NUV− r � SFMS

WALLABY Release [Mpc] [M�] [kpc] [kpc] [M� pc−2] [M� pc−2] [M�] [kpc] [kpc] [M� kpc−2] [yr−1] [mag] [dex] flagSFR
J100342-270137 Hydra TR2 14.17 9.37 11.35 16.25 2.9 2.25 8.47 2.73 6.41 6.8 0.82 −9.33 0.31 0

J100351-263707 Hydra TR2 12.93 8.6 2.29 4.98 9.86 3.97 7.17 0.85 1.51 6.51 0.47 −8.85 0.34 1

J100351-273417 Hydra TR2 41.52 9.84 17.56 26.62 3.54 2.4 10.35 6.87 15.63 7.88 2.24 −10.09 0.2 0

J100634-295615 Hydra TR2 16.53 8.85 2.84 6.26 12.44 4.86 8.87 0.96 2.93 8.1 1.33 −8.96 0.82 0

J100656-251731 Hydra TR2 43.04 9.01 5.36 10.28 4.5 2.7 8.57 3.39 6.24 6.71 1.28 −9.52 0.16 0

J100707-262300 Hydra TR2 127.37 10.02 15.94 32.89 5.41 2.86 10.14 4.36 13.39 8.06 2.02 −9.76 0.45 0

J100713-262336 Hydra TR2 68.69 9.5 9.28 17.7 4.79 2.82 8.74 2.74 6.35 7.07 0.9 −9.55 0.18 1

J100720-262426 Hydra TR2 254.82 10.25 20.26 43.27 4.31 2.57 10.24 10.35 24.28 7.41 2.25 −9.94 0.31 0

J100752-250626 Hydra TR2 303.6 10.42 20.31 49.66 5.39 3.02 10.31 8.76 23.35 7.63 1.76 −9.8 0.48 0

J100808-260942 Hydra TR2 45.8 9.1 4.83 10.6 6.4 3.38 8.57 2.93 5.56 6.84 1.61 −9.67 0.0 1
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