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ABSTRACT

We present a detailed study of the stellar mass vs. specific angular momentum (AM) relation (Fall relation) for a representative
sample of 564 nearby galaxies in the eXtended GALEXArecibo SDSS Survey (xGASS). We focus on the dependence of the Fall
relation’s slope on galaxy type and the galaxy properties regulating its scatter. Stellar specific AM is determined by combining
single-dish Hi velocity widths and stellar mass profiles for all Hi detections in the xGASS sample. At fixed morphology (or
bulge-to-total ratio), we find that the power law slope of the Fall relation is consistent with 2/3. However, when all galaxy types are
combined, we recover a much shallower slope of ∼0.47. We show that this is a consequence of the change in galaxy morphology
as a function of mass, highlighting that caution should be taken when using the slope of the Fall relation to constrain galaxy
formation models without taking sample selection into account. We quantify the Fall relations scatter and show that Hi gas
fraction is the strongest correlated parameter for low stellar masses (Spearman correlation: dB = 0.61), while the bulge-to-total
ratio becomes slightly more dominant at higher masses (dB = −0.29). Intriguingly, when only the disc components of galaxies
are considered, Hi gas fraction remains the strongest correlated parameter with the scatter of the relation (regardless of disc
stellar mass). Our work provides one of the best characterisations of the Fall relation for a representative sample of galaxies in
the local Universe.
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1 INTRODUCTION

According to our current understanding of galaxy formation and
evolution, angular momentum (AM) is one of the most fundamental
galaxy properties, as it is linked to their growth (e.g. Peebles 1969;
Fall & Efstathiou 1980; Dalcanton et al. 1997; Mo et al. 1998). The
formation of galaxies through hierarchical merging (Peebles 1969;
White & Frenk 1991) links the AM per unit mass (or specific AM, 9)
of a dark matter halo to its mass, with the relationship being a power-
law with an exponent of 2/3. Consequently, if the AM of the halo is
transferred, for example, to the stellar component of galaxies and at
least partially retained, the exponent of the power-law relationship
between stellar specific AM ( 9★) and stellar mass ("★) can give
information about a galaxy’s connection to its halo and its formation/
evolutionary path. Fall (1983) first looked at the relationship between
9★ and "★, and found that different morphological types followed
parallel relationships with slope 2/3 (which is what is expected for
cold dark matter haloes). Due to this seminal work, the stellar mass
- specific AM relation is often referred to as the Fall relation.
Despite the importance of AM in galaxy evolution studies and the

pioneering work by Fall (1983), it has only been in the last decade
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that observational works have started investigating the Fall relation
in more detail. This is due to recent improvements in both optical
and radio instruments, which are allowing kinematic properties to be
measured for large samples. However, despite these improvements,
the largest samples published so far are still limited to a few hun-
dred galaxies (e.g. Romanowsky & Fall 2012; Posti et al. 2018b;
Mancera Piña et al. 2021a,b), which is considerably less than the
thousands of galaxies used to investigate other scaling relations such
as the mass-size relation (e.g. Lange et al. 2015). Therefore, a com-
prehensive characterisation of the slope and scatter of the Fall relation
is yet to be completed.

While most recent works claim to find a slope consistent with 2/3
(e.g. Fall 1983; Romanowsky & Fall 2012; Obreschkow & Glaze-
brook 2014; Cortese et al. 2016; Sweet et al. 2018; Mancera Piña
et al. 2021b), the actual slopes range from ∼ 0.52 to ∼ 0.80. This is
likely due to differences between the samples, with some focused on
either disc-dominated galaxies (e.g. Lapi et al. 2018; Mancera Piña
et al. 2021a; Stone et al. 2021; Mancera Piña et al. 2021b) or limited
to the very inner parts of galaxies (Cortese et al. 2016). Arguably, the
most accurate Fall relation to date, for local galaxies, is the work of
Posti et al. (2018b) who found a slope of 0.55. However, despite their
sample spanning a wide morphology range (i.e., from Irregular to
S0s), they are still limited to small number statistics, with their sam-
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ple only consisting of 92 galaxies. This is due to a lack of resolved
Hi maps for large samples of nearby galaxies.
Intriguingly, a slope of ∼ 2/3 is also seen in studies of higher

redshift samples (e.g. Burkert et al. 2016; Swinbank et al. 2017;
Harrison et al. 2017; Sweet et al. 2019; Marasco et al. 2019; Tiley
et al. 2021). Again, these samples tend to be biased towards star-
forming populations and it is still unclear if the slope remains the
same for a representative sample of the entire galaxy population.
In parallel, theoretical studies have improved in the last few years
and now show general agreement with observations, both for the
simulated local Universe (e.g. Teklu et al. 2015; Genel et al. 2015;
Lagos et al. 2017; El-Badry et al. 2018; Wang et al. 2019) and
higher redshifts (e.g. Marshall et al. 2019). However, the lack of
large representative samples has so far limited such comparisons.
In addition to the slope, the scatter of the Fall relation can provide

key insights into the assembly history of galaxies. Unfortunately,
most recent investigations into the primary drivers of the scatter in
the Fall relation are limited and often not based on quantitative analy-
sis. Previous studies in the literature tend to focus on the morphology
(e.g. Romanowsky & Fall 2012; Obreschkow & Glazebrook 2014;
Cortese et al. 2016; Sweet et al. 2018; Fall & Romanowsky 2018)
or atomic gas content (e.g. Mancera Piña et al. 2021a,b) when de-
scribing scatter, although, as most galaxy properties are correlated,
it is difficult to determine the primary source of scatter in the Fall
relation. This is demonstrated further by theoretical works that have
shown trends between the scatter in the Fall relation and quantities
such as neutral gas fraction (e.g. Lagos et al. 2017; Stevens et al.
2018), circularity (e.g. Teklu et al. 2015) and spin parameter (e.g.
Lagos et al. 2017). Despite all of this, the literature is yet to converge
on what is the dominant driver of scatter in the Fall relation, and to
what degree the scatter can be explained by this property.
For significant progress to be made in this field, detailed studies of

the Fall relation with consistent measures of bulge-to-total ratios, gas
content and star formation activity are needed for large samples (i.e.,
several hundreds of galaxies) that span a wide range of morphologies
(from pure discs to early-type systems). Only with this will we be
able to simultaneously quantify the slope of the Fall relation and the
primary driver(s) of its scatter. To reach these goals, thiswork uses the
eXtended GALEX Arecibo SDSS Survey (xGASS; Catinella et al.
2018). As we show, this is a powerful survey to study this relation,
as it has a wide variety of morphologies and the deepest integrated
Hi observations in the local Universe, to date. Our analysis will be
achieved by combining Hi widths from spatially-unresolved spectra
and 2D stellar mass distributions of galaxies from accurate structural
decompositions.
The paper is organised as follows. Section 2 describes the xGASS

sample and where we obtained our measurements from. Section 3
explains howwe determine all the parameters needed for determining
the specific AM (i.e., stellar mass profiles, total stellar mass & rota-
tional velocity), as well as showing the Tully-Fisher and mass-size
relations. In Section 4 we present our results for the slope and scatter
of the Fall relation. In Section 5 we discuss the implications of our
results and how they compare with previous work, and in Section 6
we summarise and conclude. All cosmology dependent calculations
use �0 = 70 km s−1 Mpc−1, Ω" = 0.3, ΩΛ = 0.7.

2 THE xGASS SAMPLE

xGASS (Catinella et al. 2010, 2018) is a stellar-mass selected sample
of 1179 galaxies. They were selected from the Sloan Digital Sky
Survey, Data Release 6 (SDSSDR6; Adelman-McCarthy et al. 2008)

spectroscopic catalogue with GALaxy Evolution eXplorer (GALEX;
Martin et al. 2005) observations available, across a stellar mass of
9 < log"★/M� < 11.5 and redshift range 0.01 < I < 0.05. For
xGASS, there was a flat stellar mass distribution imposed, translating
to more massive galaxies than would be expected from a volume-
limited sample. Hi velocity widths andmasses were determined from
observations with the 305m Arecibo single-dish radio telescope.
Each object was observed until Hi was detected or a gas-fraction
limit of 2% to 10% was reached (depending on stellar mass). A low
gas fraction detection threshold provides a sample that is not biased
to Hi rich galaxies, making xGASS the local Universe sample with
the most sensitive Hi observations available.

The suitably named “representative sample” used for this work is
publicly available1. For more details on xGASS see Catinella et al.
(2010, 2018).

Cook et al. (2019) produced a catalogue of 2D bulge-disc decom-
position of xGASS. They used the 2D Bayesian light profile fitting
code ProFit (Robotham et al. 2017) to fit double- and single- Sérsic
profiles (Sérsic 1963) in SDSS 6- A- and 8-band images. ProFit uses
a robust Markov chain Monte Carlo optimisation algorithm to fit
the galaxies. The double-component profiles assume a Sérsic bulge
component and a “near" exponential disc (i.e., forcing the disc to
have a Sérsic index of 0.5 ≤ = ≤ 1.5). Out of the 1073 galaxies for
which ProFit was able to determine physically meaningful fits, 347
were considered well modelled by a single-Sérsic component, while
726 required the use of a double-component fit. We utilise these fits
to reconstruct Sérsic profiles for each xGASS galaxy. For a detailed
description of the full methodology, see Cook et al. (2019).

Global star formation rates (SFRs) are taken from Janowiecki
et al. (2017) and have been obtained by combining GALEX near-
ultraviolet and WISE (Wright et al. 2010) mid-infrared photometry.

3 METHODOLOGY

In this section, we describe howwe obtain all the necessary quantities
to calculate the specific AM and the selection cuts applied to our
sample.

3.1 Stellar Mass Surface Density Profiles

To create stellar mass profiles, we use the results of the Cook et al.
(2019) fits. These profiles are assumed to have a Sérsic shape (Sérsic
1963, see also Graham & Driver 2005 for an extensive discussion
on the Sérsic formalism). We reconstruct magnitude profiles, `('),
using Sérsic indices in 6, A and 8 bands for both the total galaxy
(bulge + disc Sérsic profiles) and just isolating the disc component
(if a disc component has been assigned). These can then be converted
to a stellar mass profile using the Zibetti et al. (2009) light-to-mass
conversion with A band magnitude and 6 − 8 colour as follows,

log10 Σ★(') = 0.883 − 0.4`A (') + 1.157(`6 (') − `8 (')). (1)

We choose to use the modelled Sérsic profile fits rather than the
images, as it gives us the flexibility to look at the disc separately
when calculating specific AM, as well as automatically taking into
account the filter-dependent point spread functions (PSF).

We assume the maximum radius of these profiles to be 10'4 (here
'4 refers to the half-light radius in the r-band from Cook et al. 2019),
to be consistent with our calculated 9★ (described in Section 3.3).

1 xgass.icrar.org/data.html
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This means that for most of the galaxies, we are extrapolating the
mass profiles beyond where there are data to constrain the fits. For
single band magnitudes, this extrapolation does not cause any signif-
icant systematic uncertainties. However, when these are converted to
colour gradients (`6 (') − `8 (')), which are needed for the light-to-
mass conversion, the extrapolation may produce unphysical profiles.
This allows the colour profiles to considerably affect the stellar mass
profile. To resolve this, following on from Szomoru et al. (2012), we
fix the colour profiles to be constant for radii larger than 'RMS, the
radius where `A drops below the RMS noise level of the background
sky. On average, the RMS noise level corresponds to a surface bright-
ness of 24.3 mag/arcsec2 in A-band. This is a conservative approach
that stops our mass profiles from becoming unphysical at large radii
and achieves similar results as using a single band profile to convert
to a stellar mass. The results presented in this work are not dependent
on the mass-to-light conversion we assume. We tested this by assum-
ing a single r-band light profile as a proxy of the mass distribution
and found that our results did not change (for further justification see
Appendix A). Total stellar masses are determined by integrating the
stellar mass surface density profile out to 10'4.

3.2 Rotational Velocities

Ideally, to determine specific AM in addition to stellar mass surface
density profiles, we need to know the galaxy rotation curve. Due
to the lack of resolved Hi observations for a statistically significant
sample, we assume a flat rotation curve, where we calculate the
rotational velocity from the width of the Hi emission line measured
at half the maximum flux (,50) from Catinella et al. (2018). This
has been corrected for instrumental and redshift broadening. We
exclude all galaxies that have their Hi detection flagged as confused
or possibly confused (i.e., where there are multiple sources within
the beam contributing to the Hi emission). Hi velocity widths have
been converted into rotational velocities correcting for inclination.
We use the minor-to-major axial ratio estimated from the Cook et al.
(2019) fits to optical photometry of the disc components in the A band,
assuming an intrinsic axial ratio of 0.2.When a galaxy is close to face-
on this inclination correction is very large and often unconstrained,
due to the uncertainty in the minor-to-major axial ratio. Therefore, an
inclination cut needs to be applied to exclude very face-on galaxies
from the sample. Previous literature use an inclination of roughly
40 (e.g. Catinella et al. 2012) to 50 degrees (e.g. Reyes et al. 2011).
Here, we investigate the scatter of the Tully-Fisher relation (Tully &
Fisher 1977) in our sample to identify the optimal cut that removes the
majority of the outliers while also keeping the bulk of our population.
The stellar-mass Tully-Fisher relation is an intrinsically tight rela-

tionship between the rotational velocity and stellar mass of a galaxy
(McGaugh et al. 2000). The left panel of Figure 1 shows the rota-
tional velocities against the total stellar mass of our sample before
an inclination cut has been applied. There are some galaxies with
unphysically high rotational velocities. These are mostly face-on and
simply demonstrate that the optical axis ratio is not a good proxy for
inclination in these systems.
By testing inclination cuts (between 10 and 50 degrees), we found

that excluding all galaxies with inclinations less than 30 degrees
was able to remove all of the outlier galaxies with unphysically
high inclination-corrected velocities. Higher inclination cuts prefer-
entially removed galaxies from along the Tully-Fisher relation, so we
decided against this. This cuts an isotropic sample by exactly half.
The Tully-Fisher relation with an inclination cut of 30 degrees is
shown in the right panel of Figure 1. Combining our two selection
cuts (8 > 30◦ and Hi detected) reduces our sample to 564 galaxies.
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Figure 1. Tully-Fisher relation for the full xGASS sample (left) and after an
inclination cut of 30◦ (right). Points are coloured by the inclination. Black
lines show the best fit linear relationship using the Bayesian fitting toolhyper-
fit (Robotham & Obreschkow 2015). The 3f vertical scatter from the best
fit relation is shown in grey. The best fitting relation from Reyes et al. (2011)
is shown as a black dashed line

.

There are still roughly 10 galaxies that are outliers at low rotation
velocities (i.e., further than 3 standard deviations away from the best
fit Tully-Fisher relation), which have all been visually inspected. We
did not find any obvious major issues with either the Hi profile or
the inclination. Therefore, these galaxies were not excluded from the
sample to keep our selection simple. We note that their inclusion
does not affect the core results of this work (they do not affect the
slope or scatter of the Fall relation).

We include a comparison of our Tully-Fisher relation to the work
of Reyes et al. (2011) shown as a black dashed line in Figure 1.
They used long-slit HU spectroscopic observations of 189 galaxies
to determine +80 (the rotational velocity at the radius containing 80
percent of the 8-band galaxy light). The kinematic properties of our
sample are consistent with measurements from previously observed
local galaxies.

3.3 Stellar Specific Angular Momentum

The stellar specific AM ( 9★) of a galaxy is calculated as follows,

9★ =

∫ 'max
0 + (')Σ★(')'2 3'∫ 'max
0 Σ★(')' 3'

, (2)

where + (') is the rotation curve of the galaxy, Σ★(') is the radial
stellar mass surface density profile and 'max is the radius that we
define to be the outermost point of the galaxy. We determine 9★
for both the total galaxy (bulge + disc component) and just the disc
component. As the surface density profiles are not strictly Sérsic
once the bulge and disc profiles have been combined and converted
to a stellar mass, the integrals in Equation 2 must be calculated
numerically.
'max is assumed to be 10'4 for all galaxies. This is to ensure

that the specific AM converges for bulge-dominated galaxies. We
tested using smaller 'max values and found that the maximum dif-
ference between 9★ for 'max = 3'4 and = 10'4 is 0.39 dex, for
a bulge-dominated galaxy. This highlights the importance of using
a large 'max for bulge-dominated galaxies to ensure that 9★ is not
underestimated. However, this assumption is less important for the
disc-dominated galaxies,with themajority of pure discs galaxies (i.e.,
galaxies with no bulge component) converging by 3'4. This leads to
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the median difference of 0.03 dex between 9★ for 'max = 3'4 and
= 10'4. As will be discussed in Section 4.1, this assumption does
not change our key results of this work.
As mentioned in the previous section, we set the velocity profile

to be a constant velocity for all radii, with the normalisation of this
equal to the Hi velocity width determined in Section 3.2. This is
based on three key assumptions; firstly, that the rotation curve is flat,
secondly, that the bulge is co-rotating with the disc, and lastly, that
the stars co-rotate with the Hi. To test the first assumption, we ana-
lytically calculated the difference in 9★ between a flat rotation curve
and the luminosity-dependent template rotation curves presented in
Catinella et al. (2006). We test these templates on a wide range of
stellar masses and find the most extreme case are low mass dwarf
galaxies (i.e., "★ ≈ 109M�), where the systematic offset in 9★ is a
maximum of ∼ 0.08 dex. The second assumption is explored in more
detail in Appendix B. To summarise, Equation 2 assumes the whole
galaxy is rotating, which for pure disc galaxies, is correct. However,
for galaxies with a considerable bulge component, this could signif-
icantly overestimate 9★. As we do not have resolved kinematics, the
only other assumption we can make is that the bulge has zero net
rotation, which we calculate approximately in Equation B3. For our
sample, the mean difference between assuming a rotation-supported
bulge and a dispersion supported bulge is 0.06 dex. This is to be
expected as most of the AM is located at large galacto-centric radii,
so the contribution from the bulge does not have a large impact on the
global AM. As this assumption only introduces a minor difference,
we assume the bulge to be rotating from here onwards, unless other-
wise specified. The third assumption (i.e. gas and stars co-rotating) is
commonly made in the literature, especially in semi-analytic models
(e.g. Lagos et al. 2017). While it is well known that cold gas has
more rapidly rising rotation curves than stars due to asymmetric drift
(e.g. Martinsson et al. 2013), this effect is small and negligible in the
context of assuming a constant rotation velocity.

3.4 Selection Biases and Potential Impact on Our Study

The original xGASS sample has 1179 galaxies and is representative
of the local galaxy population with a flat stellar mass distribution
imposed between 109M� and 1011.5M� (see Catinella et al. 2018
for more details). However, due to the need of measuring reliable
rotational velocities, our final sample is reduced to roughly half of
the xGASS sample (564 galaxies). To test if this sample is still “rep-
resentative”, we use the mass-size relation to quantify any additional
biases introduced by our selection. This is primarily because, from
a physical point of view, the mass-size relation is linked to the Fall
relation and can provide us with some insights into how our selection
may affect it.
Figure 2 shows the mass-size relation, where in the top panel size

refers to the A-band half-light radius (determined from the ProFit
fits of Cook et al. 2019) and in the middle panel the size is instead
the half-mass radius. Stellar masses were calculated as described in
Section 3.2. Half-mass radii were calculated from the stellar mass
surface density profiles (using the profiles described in Section 3.2
that are extrapolated to 10'4). These were converted to cumulative
profiles and the radius enclosing half the total mass was defined as
the half-mass radius.
In Figure 2, we compare the mass-size relation for the full xGASS

sample and the sample used in this work. Red circles show the galax-
ies in our selected sample, while grey crosses show the galaxies
which were in the full xGASS sample but not used in this work. The
median of these two samples is shown as thick red and black lines
for our selected sample and the full xGASS sample respectively. The
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Figure 2. Mass-size relation comparing the full xGASS sample (black) to
our selected sample (red). In the top panel, the size of the galaxy is given by
the A -band half-light radius, while the middle panel has the size as the half-
mass radius. Binned medians are shown as thick dark lines with the lighter
shaded region surrounding them showing the error on the median (values
of the median are shown in Table C1 and C2). The bottom panel shows the
histogram of stellar masses in the full xGASS sample (grey) and our selected
sample (red). In the top panel, we compare our data to the best fit relations
in Lange et al. (2015) for their star forming population (blue) and passive
population (brown).

median stellar mass and '4 are calculated in evenly spaced stellar
mass bins of width 0.2 dex. Only bins containing 20 galaxies or more
are shown. The error on these medians (i.e., 1.253f/

√
#) is shown

as the lighter shaded regions.
The comparison between all xGASS galaxies and those in our se-

lected sample shows that the distribution of galaxies does not change
considerably, with the binned medians for both samples being sim-
ilar. There are a few minor differences between the two samples.
First, our selected sample does not have as many high mass and pure
bulges as the full sample, due to these galaxies not being detected
in Hi. Second, our sample has galaxies that are larger in radius on
average than the full xGASS sample, as shown by the offset between
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the medians. The maximum offset between these medians is ∼ 0.1
dex in radius at fixed stellar mass. Again, this is because passive
galaxies, which are unlikely to be detected in Hi, are generally more
compact at fixed mass than star-forming systems (Shen et al. 2003).
Lastly, the shape of the median relations varies marginally between
the two samples. The medians of both samples follow roughly a dou-
ble power-law shape, but the full sample has a turning point at lower
stellar masses than our sample, (especially for the half-mass radius).
Apart from these minor differences, the removal of galaxies by our
selection is fairly uniform for all stellar masses, as can be seen in the
histogram in the bottom panel of Figure 2.
In the top panel of Figure 2, we compare our mass-size relations

to the work of Lange et al. (2015). They used the Galaxy And Mass
Assembly (GAMA; Liske et al. 2015) data to determine mass-size
relations for nearby galaxies (I < 0.1) with stellar masses between
109M� and 1011M� . Here we are showing their relations for an
r-band half-light radius, where they have split their sample into two
populations; star forming population (D− A < 1.5) and passive popu-
lation (D−A > 1.5). This shows that the sample used in this work is in
the same regime as Lange et al. (2015), with our sample closely fol-
lowing the star forming relation at low stellar masses (up to roughly
109.7M�). At higher stellar masses ("★ > 1010M�), the full xGASS
sample is consistent with the passive relation, while the sample used
in this work lies between the star forming and passive relations. This
confirms that the A-band half-light radii used in this work are broadly
consistent with previous work.
Overall, it appears that our sample has a similar distribution in the

mass-size plane as the full xGASS sample and, therefore, we do not
anticipate our selection to bias our results considerably.

4 RESULTS

We begin exploring the relationship between the stellar mass and
stellar specific AM of our sample by looking at the slope of the rela-
tion for the galaxy as a whole (bulge and disc components combined)
and as well as isolating the disc component. We then move on to ex-
plore how the scatter in this relation is related to parameters often
associated with morphology.

4.1 Slope of the Fall Relation

4.1.1 Global Fall Relation

In Figure 3 we show the global Fall relation. In other words, we
show the stellar mass and stellar specific AM of the bulge and disc
components combined for the 564 galaxies in our sample.
In appendix B we show the equivalent plot assuming the bulge

is not rotating, and what effect this assumption has on our results.
In summary, we find no qualitative difference when changing this
assumption.
It is clear that the galaxies in this plane follow a strong positive

trend. We fit these data with the following power-law,

log10 ( 9★/[kpc km s−1]) = U (log10 (M★/M�) − 10) + V, (3)

using the Bayesian fitting tool hyper-fit (Robotham & Obreschkow
2015). In this equation, U is the slope of the Fall relation and has
a value of U = 0.47 ± 0.02 for the global relation. The best fitting
parameters are shown in Table 1. We chose to offset our mass values
to 1010M� to reduce the covariance between U and V.

The running median is shown as a thick black line and includes 40
galaxies per mass bin, and the error on these medians is shown as the
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Figure 3. Fall relation for the global stellar component (disc and bulge) of
xGASS galaxies. The best fit linear relation is shown as a thin solid black
line, with a slope of 0.47± 0.02. The vertical scatter is 0.22 dex and is shown
as the black dashed lines. The running median with 40 galaxies per mass
bin is shown as the thick black line (values shown in Table C3). The error
on the median (1.253f/

√
# ) represents the thickness of the line. A linear

relationship fit with the slope fixed to 2/3 is shown as a purple dashed line.
The Fall relation of spiral galaxies from Posti et al. (2018b) is shown as the
blue line.

thickness of the line (values of the median are given in Table C3).
This running median follows the best fit power-law well. The data are
approximately normally distributed around a power-law, as shown by
the fact that the median stays well within a standard deviation of the
hyper-fit solution at all stellar masses. In addition to the best fit
power law, in Figure 3 we also show a best fit to our data obtained by
forcing the slope to be 2/3 (purple dashed line), for comparison.

There is an error of 0.15 dex in "★ which is due to the error
associated with the luminosity to mass conversion we assume from
Zibetti et al. (2009). The error associated with 9★ will be dominated
by the error on the rotational velocity, which we determine from the
error on the measurement of,50 (Catinella et al. 2018) corrected for
inclination. This error varies for every galaxy with the median error
being 0.01 dex and the maximum error being 0.35 dex. However, as
these errors likely do not encapsulate all of the uncertainties of these
values, and the true error (including measurement and methodology
errors) are hard to quantify, we feel these errors are only lower limits.
Due to the uncertainty in our errors, we only calculate measured
standard deviations of our relations (rather than intrinsic). However,
as we will show in Section 4.2, the scatter has a significant intrinsic
component that correlates with other galaxy properties and therefore,
cannot be caused by statistical measurement errors alone.

If we assume that 'max is 3'4 (rather than 10'4 like is shown in
Figure 3), then the slope of our relation becomes slightly shallower
(U = 0.43±0.02). This is because the largest bulge-dominated galax-
ies have their 9★ underestimated when a smaller 'max is assumed
which drags down the best fit relation at high stellar masses. How-
ever, as the slopes of the 9★('max = 3'4) and 9★('max = 10'4)
relations are consistent within error, this assumption does not affect
the key results of this work.

We have also included a comparison with the best fitting relation
from Posti et al. (2018b). The authors used resolved Hi rotation

MNRAS 000, 1–13 (2021)



6 J. A. Hardwick et al.

Global; All Global; All Disc Component; All Global; B/T > 0.4 Global; B/T > 0.4
Bulge Rotating Bulge Not Rotating - Bulge Rotating Bulge Not Rotating

Fig. 3 Fig. B1 Fig. 4 Fig. 5 Fig. 5

N 564 559 559 100 95
U 0.47 ± 0.02 0.44 ± 0.02 0.60 ± 0.02 0.69 ± 0.05 0.75 ± 0.07
V 2.71 ± 0.01 2.68 ± 0.01 2.84 ± 0.01 2.49 ± 0.03 2.29 ± 0.05

fvertical 0.22 ± 0.01 0.25 ± 0.01 0.23 ± 0.01 0.20 ± 0.02 0.26 ± 0.03

Table 1. Parameters found from fitting Equation 3 using hyper-fit for different versions of the Fall relation. N is the number of galaxies included in the fit, U is
the slope of the power law, V is the value of the relation at "★ = 1010M� , and fvertical is the standard deviation in the vertical direction. These errors are the
formal uncertainties on the optimised parameters and are likely an underestimate of the true error.

curves from the SPARC sample to determine the specific AM of 92
nearby spiral galaxies (from S0 to Irregulars). They found a slope of
U = 0.55± 0.02, which is steeper than ours at a 2.8 sigma level. This
is likely due to our sample including more early-type discs at high
stellar masses. The stellar mass range with the closest agreement is
log10 ("★/M�) ≤ 10.2. In this range, the majority of our sample
is pure discs or have a dominant disc component. We also note that
showing just the best fitting relation of Posti et al. (2018b), rather than
their individual data points, accentuates the discrepancy between our
samples, as the majority of their data points lie below their best fitting
relation for "★ & 1010M� . We find a measured vertical scatter of
0.22 dex which is larger than what was found in Posti et al. (2018b) of
0.19, suggesting that we are spanning a wider range of morphology
at fixed mass.
We propose that the variation in morphology between Posti et al.

(2018b) and our work is causing the discrepancies noted above. To
test this and better understandmorphological trends in this parameter
space, we isolate just the disc component to determine a disc only
Fall relation.

4.1.2 Disc Component Fall Relation

The Fall relation for just the disc component is plotted in Figure 4
(559 galaxies), with symbols and lines being the same as in Figure
3. The slope of the best fit relation is U = 0.60 ± 0.02 (for all the
parameters of the best fit, see Table 1). The median (thick black line,
values given in Table C4) agrees well with the best fit line for all
stellar masses greater than ∼ 109.6M� .

The slope of the disc component Fall relation is in agreement
with the Posti et al. (2018b) equivalent relation which has a slope
of U = 0.59 ± 0.02 (blue solid line in Figure 4). Not only is the
slope of our relation in good agreement with Posti et al. (2018b),
but the normalisation of our relations are also consistent, with just
a minor offset of less than 0.1 dex. This is an encouraging result for
our methodology, as their kinematics were obtained using resolved
maps, while our work assumed an unresolved constant rotation curve.
A relation with a slope fixed of 2/3 for the disc components is shown
as a purple dashed line in Figure 4. This is also in close agreement
to the best fit Fall relation.
As a steeper slope is recovered when just discs are considered,

it then follows naturally to ask what relation is obtained when just
galaxies with a significant bulge component are plotted on this rela-
tion.

4.1.3 Galaxies with a Large Bulge Component

In Figure 5 we show the Fall relation when just galaxies with a large
bulge component are considered. Here we define this to be galaxies
with a bulge-to-total ratio (B/T) greater than 0.4 (100 galaxies).
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Figure 4. Fall relation for the disc stellar component of the galaxy. Symbols
and lines are the same as in Figure 3. The best fit linear relation has a slope of
0.60 ± 0.02 and vertical scatter of 0.23 dex. The disc only Fall relation from
Posti et al. (2018b) is now the blue line.

Despite these galaxies having a significant bulge component, they
still lie on a "★ − 9★ relation with a slope of U = 0.69 ± 0.05
(thin black line). Even if we assume the bulge components to be not
rotating, the slope remains consistent with ∼2/3 (U = 0.75 ± 0.07;
red solid line) with the normalisation moving towards lower 9★. This
should not come as a surprise, as all galaxies in this sub-sample still
have a significant disc component (i.e., average B/T of 0.55). Indeed,
by construction, our sample misses the pure bulge population.

When we compare Figure 3 with Figures 4 and 5, we find that
the relationship between specific AM and "★ changes depending
on whether galaxies are binned by morphology or not. Discs are
consistent with the relation expected for ΛCDM haloes, as are the
B/T > 0.4 galaxies. Whereas, the whole relation has a significantly
shallower slope. Therefore, it appears that the slope of the relation
depends on the morphological mix of the sample used. However,
to fully understand the origin of these different slopes, a further
investigation into what drives the scatter of the Fall relation is needed.

4.2 Scatter in the Fall Relation

4.2.1 Scatter of the Global Fall Relation

In this section, we look at the connection between the scatter of the
Fall relation and three key galaxy properties: bulge-to-total ratio,
atomic gas fraction and specific star formation rate. In the top row of
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Figure 5. Fall relation for 100 galaxies that have B/T > 0.4. The best fit
linear relation has a slope of 0.69 ± 0.05 and vertical scatter of 0.20 dex. For
comparison, we show the equivalent relation if we calculate the specific AM
by assuming that the bulge is not rotating (red solid line). This has a slope of
0.75 ± 0.07.

Figure 6 we show the relationship between the scatter of the global
Fall relation and these three parameters. The y-axis shows the vertical
offset of each galaxy’s specific AM from that predicted by the best
fitting Fall relation at a given stellar mass. Each panel has a black line
showing the running median surrounded by a grey shaded region for
the error on the median. Points are colour-coded by the stellar mass
of the galaxy. We tested our results also by measuring the offset from
the median value (instead of the best fit) and our conclusions do not
qualitatively change.
The top-left panel of Figure 6 plots the offset of 9★ against B/T.

215 galaxies (out of a total 564 galaxies) are classified as pure discs
with no bulge component detected (B/T = 0) and this is seen as a
band of points in the left of the panel. As these galaxies have a large
spread of offset values, a separate median and error on the median of
these galaxies are calculated and shown as a single point and error
bar. From the colour coding, it is apparent that the majority of these
galaxies have stellar masses "★ . 1010M� . The rest of the galaxies
are showing a moderate negative correlation in the scatter of the
relation with B/T (shown by the Spearman coefficient; ds, printed in
the bottom right of the panel).
To further investigate the possible mass dependence of the relation

between scatter and B/T, in the middle and bottom rows of Figure
6 we show two separate stellar mass bins, and look at the scatter
correlation independently. Now only galaxies with a stellar mass less
than 1010.25M� are shown in the middle row, while galaxies more
massive than this are shown in the bottom row.We chose to divide our
sample at this stellarmass as this is where our sample transitions from
being dominated by pure disk galaxies, to galaxies with a substantial
bulge. When we plot B/T as a function of stellar mass, our sample
has two distinct populations; i.e., the median of B/T in bins of stellar
mass is 〈B/T〉 = 0.00+0.05−0.00 for log10 ("★/"�) < 10.1 and 〈B/T〉 =
0.30±0.02 for log10 ("★/"�) > 10.4. The midpoint between these
two regions is "★ = 1010.25"� . We tested varying this transition
mass slightly, and it does not impact our results.
For log10 ("★/M�) < 10.25, there is a strong negative correlation

between the scatter of the Fall relation and B/T. For higher masses

there is a moderate negative correlation between scatter and B/T.
As with the top-left panel a correlation cannot be determined for
galaxies with B/T = 0, so these correlations only include galaxies
with B/T > 0.

The middle-top panel of Figure 6 shows the relationship between
9★ offset and Hi gas mass fraction; Hi GF ≡ log10 ("�� /"★).
This shows a strong positive trend between the scatter of the Fall
relation and Hi gas fraction, particularly for log10 ("�� /"★) > −1
(dB = 0.50). The dependence of the scatter on gas fraction is driven
primarily by low-mass galaxies. The central panel shows low-mass
galaxies have a very strong positive correlation between scatter and
Hi GF, while higher mass galaxies have a weaker correlation that is
slightly less than the correlation with B/T.

Lastly, the right-top panel of Figure 6 shows the specific star
formation rate (sSFR) against the scatter of the Fall relation. This
parameter has the weakest correlation with the scatter out of the
three parameters shown but is still statistically significant (i.e., p-
value � 0.01). When split up by stellar mass in the right-middle/
bottom panels, sSFR is still the weakest correlated parameter with
scatter; with a weak correlation for the low stellar mass bin and no
statistically significant correlation found for the high stellar mass
bin. It is likely that the relationship between sSFR and scatter is a
secondary effect due to the relationship between Hi GF and scatter
and the well known relationship between Hi GF and sSFR (e.g.
Huang et al. 2012; Catinella et al. 2018).

Overall, the top row of Figure 6 shows that the strongest correlation
with scatter in the global Fall relation is Hi gas fraction, out of the
parameters we tested. When separated by stellar mass (middle and
bottom rows) the trend with Hi gas fraction and scatter becomes
stronger at low stellar masses, while at high stellar masses B/T has a
slightly stronger correlation with the scatter than Hi gas fraction.

4.2.2 Scatter of the Disc Fall Relation

The 1f vertical scatter of the global Fall relation (Figure 3,fvertical =
0.22±0.01) is very similar to that of the disc component Fall relation
(Figure 4, fvertical = 0.23 ± 0.01). This suggests that both relations
could have their scatter driven by a similar quantity. To investigate
this we show in Figure 7 the relationship between the vertical offset
of specific AM of the disc component from that predicted by the
disc-only Fall relation and the same three parameters tested in the
previous section (B/T, Hi gas fraction & sSFR). Symbols and lines
are the same as in Figure 6. As with the previous section, the top row
includes all disc stellar masses and the middle and bottom row are
separated into two disc stellar mass bins; log10 ("★,�/M�) < 10
and log10 ("★,�/M�) ≥ 10. This threshold was determined in a
similar way to our cut in total stellar mass from the previous section
(i.e., galaxies with log10 ("★,�/M�) < 10 have a 〈B/T〉 = 0, while
larger galaxies have a 〈B/T〉 = 0.21).

In the left column, B/T is plotted against the offset of 9★. In
contrast to the global Fall relation, all disc masses combined (top-
left panel) show a very weak correlation with B/T and the scatter
(which is only marginally significant statistically, p-value = 0.01).
For low stellar masses (middle-left panel) there is no statistically
significant correlation. However, for higher stellar masses, there is a
weak correlation, which (unlike the global Fall relation) is a positive
correlation. In other words, for high B/T, the disc component specific
AM is slightly greater (on average) than the best fitting Fall relation.
This is an intriguing finding, which we will investigate further in an
upcoming work.

In the middle column we show the scatter against the Hi mass-
to-disc stellar mass ratio ("�� /"★,�). For all disc stellar masses,
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Figure 6. The scatter of the global Fall relation, quantified as the difference between our measurement of the specific AM and what the fit predicts for the same
stellar mass. This is shown against the bulge-to-total ratio (left column), Hi gas fraction (middle column) and specific star formation rate (right column). Points
are colour-coded by the galaxy’s stellar mass. The top row shows all stellar masses together, the middle row is all galaxies with "★ < 1010.25 and the bottom
row is "★ ≥ 1010.25. The running median is shown by a thin black line, with the error on the median as a grey shaded region. Spearman coefficients (dB) for
each panel (excluding galaxies with B/T = 0 for the left column) are shown in the bottom right, along with the number of galaxies used in the calculation (N).
The text is shown in red if the correlation is not statistically significant (i.e., the probability that there is no correlation between the two quantities; p-value, is
greater than 0.05).

there is a strong trend between this parameter and the 9★ offset, which
remains strong when split into stellar mass bins.

Lastly, the right column shows the SFR divided by disc stellar
mass against the scatter of the disc Fall relation. There is a weak
correlation between these two quantities, for all masses combined/
low-mass discs and no trend for high stellar masses (which is only
marginally significant statistically, p-value = 0.04).

Overall, Figure 7 shows that the strongest correlation with scatter
for the disc component Fall relation is again Hi gas fraction (the same
as the global Fall relation). However, contrary to the global relation,
Hi gas fraction is also most correlated at high masses.

5 DISCUSSION

5.1 Shape of the Fall Relation

When considering our results holistically, it appears that the intrin-
sic relationship between stellar mass and stellar specific AM is a
power-law with an exponent of 2/3, with offset parallel relationships
for varying morphologies. Both disc components and galaxies with
significant bulges lie on parallel Fall relations having slopes close
to 2/3, when considered separately. Coincidentally, a slope of 2/3
is consistent with the value predicted by theory for dark matter ha-
los. However, when considering our whole sample naively in Figure
3, we recover a slope much shallower than 2/3. Due to the mass-
morphology relation (e.g. Calvi et al. 2012), a representative sample
will span different morphologies at different masses. Specifically, the
low mass end is always dominated by discs, whereas the high mass
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Figure 7. This is is the same as Figure 6, but showing the scatter from the disc component Fall relation.

end by galaxies with significant bulge components. Therefore, the ex-
act slope of the relation will always depend on themorphological mix
of the sample used at fixed mass. The inclusion of bulge-dominated
galaxies in our sample reduced themedian specific AM at high stellar
masses, making the slope shallower.

This also means that it is difficult to make direct comparisons
between our global Fall relation (Figure 3) and previous literature.
There have been many works that have determined a global Fall
relation, but these are either biased to late-types or have different
distributions of morphologies than our sample. For example, Lapi
et al. (2018), Mancera Piña et al. (2021a) and Stone et al. (2021)
selected their samples to be only disc galaxies, so these cannot be
easily compared to our work. This is also true when observational
results are compared to simulations. The key here is not only to sam-
ple the entire parameter space (e.g., morphology), but to make sure
that the way this space is sampled is representative. Even when con-
sidering samples including early-type discs, differences can still be
present. For example, Posti et al. (2018b) took advantage of a sample
of spiral galaxies that range in Hubble type from S0 to Irregulars,
but found a slope of U = 0.55 ± 0.02, which is steeper than ours.

This is also the case for Sweet et al. (2018), who found a slope of
U = 0.56±0.06. This is because, compared to these samples, xGASS
has a higher fraction of large bulge-dominated galaxies. Our global
Fall relation is the shallowest in the literature, although, note that the
difference is only marginally significant, (up to 1.1 sigma level for
8.5 ≤ log10 ("★/M�) ≤ 11.5).

It is much easier to compare our results to previous literature when
galaxies are separated bymorphological type, which for our sample is
determined using B/T. For both Romanowsky&Fall (2012) and Posti
et al. (2018b), our disc component Fall relations slope agrees within
error (U = 0.61±0.04 and U = 0.58±0.02 respectively).We note that
our sample has an increase in sample size of more than a factor of 6.
The only difference between our Fall relation and previous work is an
increase in vertical scatter of our relation (in our workfvertical = 0.23
compared to fvertical = 0.17 in both Romanowsky & Fall 2012 and
Posti et al. 2018b), which we attribute to the increased range in gas
content of these galaxies. Moving to the B/T > 0.4 sub-sample, our
slope also agrees with what Romanowsky & Fall (2012) found for
their earlier type systems, regardless of whether we compare with
the relations they obtained for elliptical (U = 0.60± 0.09), lenticular
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(U = 0.80 ± 0.14) or Sa-Sab galaxies (U = 0.64 ± 0.07). Therefore,
we can conclude that our work agrees well at fixed morphology.
It is important to note that, while we treat the Fall relation as a

linear one, our results do not automatically exclude the presence of a
curvature at high stellar masses. Theoretically, a curvature in the Fall
relation could be linked to howAM is exchanged between darkmatter
haloes and their galaxies (e.g. Romanowsky & Fall 2012; Posti et al.
2018a). However, no work to date has found strong evidence for such
a curvature (e.g. Romanowsky & Fall 2012; Posti et al. 2018a). This
is primarily due to the lack of large number statistics across the entire
Hubble sequence, above stellar masses of ∼ 1010.5M� . While our
median trends may suggest a bending, we note that this could again
be due to just variations in morphological types sampled at different
stellar masses. Clear evidence for an intrinsic curvature requires it to
be present at fixed morphology and at high masses, something that
is still challenging with current samples. Thus, we advise caution
interpreting any curvature as meaningful without separating galaxies
by morphology (or gas fraction) first.
In this work, we have presented the best quantification of the Fall

relation for a representative sample of nearby galaxies. Combining
this work with theoretical simulations has the potential to give in-
formation about galaxy formation and evolution, and how these pro-
cesses are linked to angular momentum. However, this comparison is
not trivial and is beyond the scope of this work. This is because most
simulation studies have focused their research on comparing their
results to observations, rather than a quantitative analysis similar to
what is presented in this work (e.g. Lagos et al. 2017; Stevens et al.
2018). Specifically, their analyses are focused on sub-samples that
have been selected by morphology (or similar parameter) to show
agreement with a slope of 2/3, instead of studying a representative
sample and then determining a slope. Nevertheless, interesting re-
sults from some recent hydrodynamical simulations have challenged
the theory that baryons retain a fixed fraction of angular momentum
of dark matter (e.g. Jiang et al. 2019). If these results persist in future
studies, then it suggests that the slope of the Fall relation is related
to how baryons settle in a disk and galaxies grow, rather than giv-
ing information about the exchange of AM between dark matter and
baryons.

5.2 Scatter of the Fall Relation

The relationship between B/T and the scatter of the global Fall re-
lation is quantified in Figure 6, which shows a moderate correlation
with the vertical 9★ offset from the best fit relation and bulge frac-
tion. Qualitatively this result agrees with previous works (e.g. Ro-
manowsky & Fall 2012; Obreschkow & Glazebrook 2014; Cortese
et al. 2016; Posti et al. 2018b; Sweet et al. 2018), which found that
galaxy’s offset distance from the best fitting relation were related
to their morphology. It is unclear from our analysis if this depen-
dence varies significantly as a function of stellar mass. Despite this
correlation, our work suggests that this is likely a secondary effect,
with the strongest trend found with atomic hydrogen gas fraction.
Specifically, gas fraction appears to be able to account for most of
the scatter in the disc component Fall relation, as well as the lowmass
regime ("★ < 1010.25"�) of the global Fall relation. We believe
that this correlation is closely linked to the relationship between Hi
gas content and galaxy stability found by Obreschkow et al. (2016),
and reflects theoretical expectations for a tight connection between
disc AM and gas fraction (e.g. Mo et al. 1998; Boissier & Prant-
zos 2000). Obreschkow et al. (2016) introduced a tight relationship
between the @ stability parameter (@ ≡ 9f/�") and the fraction
of atomic gas and noted that, as the stability of a galactic disc in-

creases, so does its Hi reservoir. This appears to qualitatively agree
with our results, which show an increase in 9★ as Hi gas fraction
increases, (see Mancera Piña et al. 2021b for an opposite view on
the subject). For the global Fall relation, at high stellar masses (and
by extension predominantly low Hi gas fractions) the scatter is only
moderately correlated with Hi gas fraction and B/T becomes slightly
more dominant.

The dependence onHi gas fraction in the scatter of the Fall relation
has also been noted by Mancera Piña et al. (2021a) and quantified in
Mancera Piña et al. (2021b). They noted that galaxies with higher gas
fractions also had a larger 9★ (at fixed stellar mass). They determined
this by fitting their galaxies with a 3D plane ( 9★, "★ and HI GF)
and found that including gas fraction as a third parameter reduced
the intrinsic scatter of their relation. When this is projected into a 2D
plane ( 9★, "★), they find approximately parallel relations for bins of
HI gas fractionwith slope∼2/3. A similar concept was also illustrated
in Huang et al. (2012) using unresolved Arecibo Legacy Fast ALFA
Survey data (ALFALFA, Giovanelli et al. 2005), which shows that
at fixed stellar mass, an increase in Hi gas fraction is correlated with
an increase in galaxy spin (_).

As with the slope of the Fall relation, it is difficult to make direct
comparisons with theoretical works when considering the drivers of
the scatter in the relation and our work. This is due to the lack of
accurate quantification of the dependence of the scatter on galaxy
parameters. However, our results are qualitatively similar to current
results from state-of-the-art semi-analytic, hydrodynamical cosmo-
logical and high-resolution zoom simulations, which have also found
a relationship between scatter and atomic gas fraction (e.g. Lagos
et al. 2017; Stevens et al. 2018; Wang et al. 2019). Therefore, our
work provides the best way for future testing of the drivers of the Fall
relation scatter in simulations.

Overall, increased number statistics at high stellar masses will
help in determining whether gas fraction is driving the scatter of the
Fall relation for massive systems, as our results provide tantalising
evidence for a potential change in the physical driver of the Fall
relation between dwarf and giant galaxies.

6 SUMMARY & CONCLUSIONS

In this work we used unresolved Hi velocity widths from the xGASS
sample to determine the specific AM of 564 nearby galaxies. We
demonstrated that this is a suitable method for determining 9★ as (for
fixed morphology) our results agree with previous works that use
resolved kinematics. A summary of the main results of this work are
as follows:

(i) For a fixed bulge-to-total ratio, the relationship between stellar
specific AM and stellar mass follows a power-law with an exponent
of ∼ 2/3, with offset relationships for varying morphologies.

(ii) The morphological spread of galaxies at fixed stellar mass
will affect the slope obtained for an entire sample. Caution should
be taken when interpreting the exact slope of the Fall relation from
a physical point of view without taking this into consideration. Due
to the variation of morphology across stellar mass, when our entire
sample is combined and a relationship is fit, it has a slope of 0.47,
(this is much shallower than the intrinsic slope of 2/3). This is the
shallowest slope in the literature to date.

(iii) We conducted one of the most in depth studies of the Fall
relation scatter and find that the strongest correlated parameter with
scatter is Hi gas fraction (out of the parameters tested in this work).
We hypothesise that this is likely due to the relationship between Hi
gas fraction and the stability of a galaxy’s gaseous disc.
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In conclusion, our work provides one of the most detailed quantifi-
cations to date of the Fall relation and its scatter, confirming the tight
physical connection between AM and gas content in nearby galaxies.
Intriguingly, while our work strengthens previous results focused on
pure disc galaxies, it highlights how more work is needed to fully
understand the physics regulating the link between AM and mass at
high stellar masses, and whether or not gas content is still dominant.
Hopefully, large Integral Field Spectroscopy (e.g., MaNGA, Bundy
et al. 2015; SAMI, Croom et al. 2021) and Hi surveys (e.g., WAL-
LABY, Koribalski et al. 2020) of the local Universe will soon boost
number statistics allowing us to further improve our knowledge in
this field.

ACKNOWLEDGEMENTS

We thank the anonymous referee for their comments which improved
the clarity of ourmanuscript.We thankAlfred Tiley for useful discus-
sions. JAH and LC acknowledge support by the Australian Research
Council (FT180100066). Parts of this research were conducted by
the Australian Research Council Centre of Excellence for All Sky
Astrophysics in 3 Dimensions (ASTRO 3D), through project number
CE170100013. DO is a recipient of an Australian Research Council
Future Fellowship (FT190100083), funded by the Australian Gov-
ernment.

DATA AVAILABILITY

The xGASS data used in this work is publicly available at xgass.
icrar.org/data.html. Bulge-to-disc decompositions from Cook
et al. (2019), and specific AMmeasurements calculated for this work
are available upon request to the authors.

REFERENCES

Adelman-McCarthy J. K., et al., 2008, The Astrophysical Journal Supplement
Series, 175, 297

Boissier S., Prantzos N., 2000, Monthly Notices of the Royal Astronomical
Society, 312, 398

Bundy K., et al., 2015, The Astrophysical Journal, 798, 7
Burkert A., et al., 2016, The Astrophysical Journal, 826, 214
Calvi R., Poggianti B. M., Fasano G., Vulcani B., 2012, Monthly Notices of

the Royal Astronomical Society, 419, L14
Catinella B., Giovanelli R., Haynes M. P., 2006, The Astrophysical Journal,

640, 751
Catinella B., et al., 2010,Monthly Notices of the Royal Astronomical Society,

403, 683
Catinella B., et al., 2012,Monthly Notices of the Royal Astronomical Society,

420, 1959
Catinella B., et al., 2018,Monthly Notices of the Royal Astronomical Society,

476, 875
CookR. H.W., Cortese L., Catinella B., RobothamA., 2019,MonthlyNotices

of the Royal Astronomical Society, 490, 4060
Cortese L., et al., 2016, Monthly Notices of the Royal Astronomical Society,

463, 170
CroomS.M., et al., 2021,MonthlyNotices of theRoyalAstronomical Society,

505, 991
Dalcanton J. J., Spergel D. N., Summers F. J., 1997, The Astrophysical Jour-

nal, 482, 659
El-BadryK., et al., 2018,Monthly Notices of the Royal Astronomical Society,

473, 1930
Fall S. M., 1983, in Internal Kinematics and Dynamics of Galaxies. pp 391–

398, http://adsabs.harvard.edu/abs/1983IAUS..100..391F

Fall S. M., Efstathiou G., 1980, Monthly Notices of the Royal Astronomical
Society, 193, 189

Fall S. M., Romanowsky A. J., 2018, The Astrophysical Journal, 868, 133
Genel S., Fall S. M., Hernquist L., Vogelsberger M., Snyder G. F., Rodriguez-

Gomez V., Sĳacki D., Springel V., 2015, The Astrophysical Journal Let-
ters, 804, L40

Giovanelli R., et al., 2005, The Astronomical Journal, 130, 2598
Graham A. W., Driver S. P., 2005, Publications of the Astronomical Society

of Australia, 22, 118
Harrison C. M., et al., 2017, Monthly Notices of the Royal Astronomical

Society, 467, 1965
Huang S., Haynes M. P., Giovanelli R., Brinchmann J., 2012, The Astrophys-

ical Journal, 756, 113
Janowiecki S., Catinella B., Cortese L., Saintonge A., Brown T., Wang J.,

2017, Monthly Notices of the Royal Astronomical Society, 466, 4795
Jiang F., et al., 2019, Monthly Notices of the Royal Astronomical Society,

488, 4801
Koribalski B. S., et al., 2020, Astrophysics and Space Science, 365, 118
Lagos C. d. P., Theuns T., Stevens A. R. H., Cortese L., Padilla N. D., Davis

T. A., Contreras S., Croton D., 2017, Monthly Notices of the Royal
Astronomical Society, 464, 3850

Lange R., et al., 2015, Monthly Notices of the Royal Astronomical Society,
447, 2603

Lapi A., Salucci P., Danese L., 2018, The Astrophysical Journal, 859, 2
Liske J., et al., 2015, Monthly Notices of the Royal Astronomical Society,

452, 2087
Mancera Piña P. E., Posti L., Fraternali F., Adams E. A. K., Oosterloo T.,

2021a, Astronomy & Astrophysics, 647, A76
Mancera Piña P. E., Posti L., Pezzulli G., Fraternali F., Fall S. M., Oosterloo

T., Adams E. A. K., 2021b, Astronomy & Astrophysics, 651, L15
Marasco A., Fraternali F., Posti L., Ijtsma M., Di Teodoro E. M., Oosterloo

T., 2019, Astronomy and Astrophysics, 621, L6
Marshall M. A., Mutch S. J., Qin Y., Poole G. B., Wyithe J. S. B., 2019,

Monthly Notices of the Royal Astronomical Society, 488, 1941
Martin D. C., et al., 2005, The Astrophysical Journal, 619, L1
Martinsson T. P. K., Verheĳen M. A. W., Westfall K. B., Bershady M. A.,

Schechtman-Rook A., Andersen D. R., Swaters R. A., 2013, Astronomy
and Astrophysics, 557, A130

McGaugh S. S., Schombert J. M., Bothun G. D., de Blok W. J. G., 2000, The
Astrophysical Journal Letters, 533, L99

Mo H. J., Mao S., White S. D. M., 1998, Monthly Notices of the Royal
Astronomical Society, 295, 319

Obreschkow D., Glazebrook K., 2014, The Astrophysical Journal, 784, 26
ObreschkowD., Glazebrook K., Kilborn V., Lutz K., 2016, The Astrophysical

Journal Letters, 824, L26
Peebles P. J. E., 1969, The Astrophysical Journal, 155, 393
Posti L., Pezzulli G., Fraternali F., Di Teodoro E. M., 2018a, Monthly Notices

of the Royal Astronomical Society, 475, 232
Posti L., Fraternali F., Di Teodoro E. M., Pezzulli G., 2018b, Astronomy and

Astrophysics, 612, L6
Reyes R., Mandelbaum R., Gunn J. E., Pizagno J., Lackner C. N., 2011,

Monthly Notices of the Royal Astronomical Society, 417, 2347
Robotham A. S. G., Obreschkow D., 2015, Publications of the Astronomical

Society of Australia, 32, e033
Robotham A. S. G., Taranu D. S., Tobar R., Moffett A., Driver S. P., 2017,

Monthly Notices of the Royal Astronomical Society, 466, 1513
Romanowsky A. J., Fall S. M., 2012, The Astrophysical Journal Supplement

Series, 203, 17
Shen S., Mo H. J., White S. D. M., Blanton M. R., Kauffmann G., Voges W.,

Brinkmann J., Csabai I., 2003, Monthly Notices of the Royal Astronom-
ical Society, 343, 978

Stevens A. R. H., Lagos C. d. P., Obreschkow D., Sinha M., 2018, Monthly
Notices of the Royal Astronomical Society, 481, 5543

Stone C., Courteau S., Arora N., 2021, The Astrophysical Journal, 912, 41
Sweet S. M., Fisher D., Glazebrook K., Obreschkow D., Lagos C., Wang L.,

2018, The Astrophysical Journal, 860, 37
Sweet S.M., et al., 2019,Monthly Notices of the Royal Astronomical Society,

485, 5700

MNRAS 000, 1–13 (2021)

xgass.icrar.org/data.html
xgass.icrar.org/data.html
http://dx.doi.org/10.1086/524984
http://dx.doi.org/10.1086/524984
http://dx.doi.org/10.1046/j.1365-8711.2000.03133.x
http://dx.doi.org/10.1046/j.1365-8711.2000.03133.x
http://dx.doi.org/10.1088/0004-637X/798/1/7
http://dx.doi.org/10.3847/0004-637X/826/2/214
http://dx.doi.org/10.1111/j.1745-3933.2011.01168.x
http://dx.doi.org/10.1111/j.1745-3933.2011.01168.x
http://dx.doi.org/10.1086/500171
http://dx.doi.org/10.1111/j.1365-2966.2009.16180.x
http://dx.doi.org/10.1111/j.1365-2966.2011.20012.x
http://dx.doi.org/10.1093/mnras/sty089
http://dx.doi.org/10.1093/mnras/stz2789
http://dx.doi.org/10.1093/mnras/stz2789
http://dx.doi.org/10.1093/mnras/stw1891
http://dx.doi.org/10.1093/mnras/stab229
http://dx.doi.org/10.1086/304182
http://dx.doi.org/10.1086/304182
http://dx.doi.org/10.1093/mnras/stx2482
http://adsabs.harvard.edu/abs/1983IAUS..100..391F
http://dx.doi.org/10.1093/mnras/193.2.189
http://dx.doi.org/10.1093/mnras/193.2.189
http://dx.doi.org/10.3847/1538-4357/aaeb27
http://dx.doi.org/10.1088/2041-8205/804/2/L40
http://dx.doi.org/10.1088/2041-8205/804/2/L40
http://dx.doi.org/10.1086/497431
http://dx.doi.org/10.1071/AS05001
http://dx.doi.org/10.1071/AS05001
http://dx.doi.org/10.1093/mnras/stx217
http://dx.doi.org/10.1093/mnras/stx217
http://dx.doi.org/10.1088/0004-637X/756/2/113
http://dx.doi.org/10.1088/0004-637X/756/2/113
http://dx.doi.org/10.1093/mnras/stx046
http://dx.doi.org/10.1093/mnras/stz1952
http://dx.doi.org/10.1007/s10509-020-03831-4
http://dx.doi.org/10.1093/mnras/stw2610
http://dx.doi.org/10.1093/mnras/stw2610
http://dx.doi.org/10.1093/mnras/stu2467
http://dx.doi.org/10.3847/1538-4357/aabf35
http://dx.doi.org/10.1093/mnras/stv1436
http://dx.doi.org/10.1051/0004-6361/202039340
http://dx.doi.org/10.1051/0004-6361/202141574
http://dx.doi.org/10.1051/0004-6361/201834456
http://dx.doi.org/10.1093/mnras/stz1810
http://dx.doi.org/10.1086/426387
http://dx.doi.org/10.1051/0004-6361/201220515
http://dx.doi.org/10.1051/0004-6361/201220515
http://dx.doi.org/10.1086/312628
http://dx.doi.org/10.1086/312628
http://dx.doi.org/10.1046/j.1365-8711.1998.01227.x
http://dx.doi.org/10.1046/j.1365-8711.1998.01227.x
http://dx.doi.org/10.1088/0004-637X/784/1/26
http://dx.doi.org/10.3847/2041-8205/824/2/L26
http://dx.doi.org/10.3847/2041-8205/824/2/L26
http://dx.doi.org/10.1086/149876
http://dx.doi.org/10.1093/mnras/stx3168
http://dx.doi.org/10.1093/mnras/stx3168
http://dx.doi.org/10.1051/0004-6361/201833091
http://dx.doi.org/10.1051/0004-6361/201833091
http://dx.doi.org/10.1111/j.1365-2966.2011.19415.x
http://dx.doi.org/10.1017/pasa.2015.33
http://dx.doi.org/10.1017/pasa.2015.33
http://dx.doi.org/10.1093/mnras/stw3039
http://dx.doi.org/10.1088/0067-0049/203/2/17
http://dx.doi.org/10.1088/0067-0049/203/2/17
http://dx.doi.org/10.1046/j.1365-8711.2003.06740.x
http://dx.doi.org/10.1046/j.1365-8711.2003.06740.x
http://dx.doi.org/10.1093/mnras/sty2650
http://dx.doi.org/10.1093/mnras/sty2650
http://dx.doi.org/10.3847/1538-4357/aabfc4
http://dx.doi.org/10.1093/mnras/stz750


12 J. A. Hardwick et al.

9.0 9.5 10.0 10.5 11.0 11.5
log10(M /M )

1.0

1.5

2.0

2.5

3.0

3.5

lo
g 1

0(
j

/k
pc

km
s

1 )

j M0.49

vertical = 0.27

Global: (R) =  single r-band light profile

j M2/3

Posti+2018b
HyperFit

Figure A1. This is the same as Figure 3 but now assuming that the stellar
surface density profile is given by the single r-band light profile.
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APPENDIX A: MASS-TO-LIGHT ASSUMPTION

For the main body of this work, 9★ will depend on the conversion we
assume to convert luminosity to stellar mass, (where we assumed the
Zibetti et al. 2009 prescription). To investigate the potential implica-
tions this assumed conversion could have on the key results of this
work (i.e., slope and scatter of the Fall relation), we also calculated
9★,A−band where the shape of the surface density profile is given di-
rectly by the single A band light profile. Broadly, 9★ and 9★,A−band
are in agreement, with the mean difference being 0.09 dex and a
maximum offset of 0.5 dex.
In Figure A1 we show 9★,A−band against "★, (the only difference

between this and Figure 3 is the variation in specific AM). The best
fitting Fall relation (Equation 3) has parameters; U = 0.49 ± 0.02,
V = 2.73 ± 0.01 and fvertical = 0.27 ± 0.01.
As the vertical scatter of 9★,A−band - "★ relation is larger than the

scatter of the 9★ - "★, despite introducing more assumptions, we
feel the latter is more suitable for this work. Therefore, we assume
the surface density profile is given by the stellar mass profile using
the mass-to-light ratio from Zibetti et al. (2009) for the main sections
of this work.
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Figure B1. This is the same as Figure 3 but now 9★ has been calculated
assuming that the bulge is not rotating.

APPENDIX B: ROTATING BULGE ASSUMPTION

As outlined in Section 3.3 we calculate the stellar specific AM ( 9★)
of the galaxies in our sample, assuming the bulge is co-rotating with
the disc. In this appendix, we investigate how our results vary if the
opposite assumption is made, i.e., a bulge with net-rotation of zero.
As we only have access to unresolved Hi velocities to determine 9★,
this assumption is made analytically.

In Equation 2 we show how 9★ is calculated for a rotating bulge.
This can also be rewritten as a weighted sum of the contribution of
the bulge and disk;

9★ =
9★,�"★,� + 9★,�"★,�

"★
, (B1)

(which is equivalent to Equation 9 in Romanowsky & Fall 2012). If
we then assume that the bulge is not rotating (i.e. 9★,� = 0), then
this leads to the following formula for the specific AM assuming the
bulge is not rotating (bnr);

9★,bnr =
9★,�"★,�

"★
. (B2)

This can also be shown in the same form as Equation 2;

9★,bnr =

∫ 'max
0 + (') Σ� (')'2 3'∫ 'max
0 Σ) (')' 3'

. (B3)

When we compare the specific AM calculated when the bulge is
assumed to be rotating or not, there is a mean difference of 0.06
dex between 9★ and 9★,bnr for our sample. The maximum difference
introduced by this assumption is 0.6 dex.

In Figure B1 we show the same plot as Figure 3 but now assuming
that the bulge is not rotating. We see that the normalisation of the
relation drops by 0.03 dex at log10 ("★/M�) = 10 from the bulge
rotating to bulge not rotating version of this relation. The slope of
the relation also becomes slightly shallower (U = 0.44 compared
to U = 0.47 in Figure 3), which is due to the high mass objects
(which have predominantly larger bulge components) having a larger
drop in specific AM than the low mass objects. The scatter of the
relation in Figure B1 is also larger (fvertical = 0.26) than in Figure 3
(fvertical = 0.22).
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half-light radius half-Mass radius
# < log10 ("★/M�) > < log10 ('4/kpc) > < log10 ('4/kpc) >

57 9.11 0.42 ± 0.04 0.34 ± 0.03
67 9.30 0.43 ± 0.04 0.38 ± 0.03
62 9.47 0.37 ± 0.03 0.36 ± 0.03
61 9.70 0.47 ± 0.05 0.40 ± 0.05
73 9.91 0.46 ± 0.04 0.41 ± 0.03
127 10.10 0.49 ± 0.03 0.43 ± 0.02
134 10.28 0.47 ± 0.03 0.38 ± 0.02
125 10.51 0.51 ± 0.02 0.40 ± 0.02
106 10.69 0.61 ± 0.02 0.46 ± 0.02
114 10.91 0.70 ± 0.02 0.56 ± 0.02
83 11.10 0.76 ± 0.02 0.66 ± 0.02
46 11.26 0.85 ± 0.02 0.79 ± 0.03

Table C1. xGASS full sample median values for the mass-size relation shown
as a black line in Figure 2. The number of galaxies per bin is given in the
first column. The remaining columns show the median stellar mass, half-light
radius and half-mass radius in each bin.

half-light radius half-mass radius
# < log10 ("★/M�) > < log10 ('4/kpc) > < log10 ('4/kpc) >

45 9.11 0.48 ± 0.05 0.38 ± 0.03
45 9.29 0.47 ± 0.05 0.41 ± 0.03
39 9.48 0.49 ± 0.04 0.43 ± 0.03
38 9.71 0.58 ± 0.06 0.49 ± 0.05
48 9.90 0.56 ± 0.05 0.48 ± 0.04
70 10.09 0.59 ± 0.03 0.50 ± 0.03
64 10.28 0.59 ± 0.03 0.49 ± 0.04
66 10.51 0.62 ± 0.03 0.46 ± 0.03
57 10.70 0.69 ± 0.03 0.50 ± 0.03
49 10.91 0.80 ± 0.03 0.56 ± 0.04
27 11.08 0.89 ± 0.03 0.78 ± 0.04

Table C2. The median values for the sample used in this work, for the mass-
size relation shown as a red line in Figure 2. Column descriptions as per Table
C1.

The B/T > 0.4 sub-sample in Figure 5 shows the relation for
both the bulge rotating and bulge not rotating assumption in the
same figure, (as these are the galaxies which will have the largest
differences due to this assumption). There is a 0.2 dex reduction
in 9★ at log10 ("★/M�) = 10 from bulge rotating to bulge not
rotating. There is also a steepening of the relation, but this is not well
constrained and has an error that is larger than the difference between
the slopes for these two assumptions.
As assuming that the bulge to be rotating does not considerably

affect our results, this is the default assumption throughout this work.

APPENDIX C: MEDIAN VALUES

For completeness, in this appendix we give the values for the median
lines shown in Figure 2, 3 and 4.
In Table C1 and C2 we show the median values for the xGASS full

sample and the sample used in this work respectively, (as shown in
Figure 2). These medians were calculated by separating the galaxies
into 0.2 dex mass bins, then calculating the median mass and size in
each bin. The number of galaxies per bin is given in the first column.

In Table C3 and C4 are the running median values for the global
and disc component Fall relations respectively. These are shown as
the thick black lines in Figure 3 and Figure 4. In contrast to Tables C1

< log10 ("★/M�) > < log10 ( 9★/kpc km s−1) >

9.07 2.36 ± 0.05
9.23 2.47 ± 0.04
9.41 2.58 ± 0.04
9.62 2.60 ± 0.04
9.82 2.71 ± 0.04
9.98 2.73 ± 0.03
10.10 2.75 ± 0.04
10.22 2.81 ± 0.03
10.36 2.82 ± 0.03
10.47 2.86 ± 0.04
10.58 2.97 ± 0.03
10.74 3.01 ± 0.02
10.89 3.14 ± 0.04
11.07 3.28 ± 0.02

Table C3. The running median with 40 galaxies per mass bin for the global
Fall relation (this data is shown as a thick black line in Figure 3). The columns
are the median stellar mass and stellar specific AM in each bin.

< log10 ("★,�/M�) > < log10 ( 9★,�/kpc km s−1) >

9.06 2.36 ± 0.06
9.21 2.50 ± 0.04
9.39 2.56 ± 0.05
9.57 2.59 ± 0.04
9.76 2.74 ± 0.04
9.90 2.77 ± 0.04
10.01 2.81 ± 0.03
10.11 2.89 ± 0.04
10.20 2.88 ± 0.03
10.31 2.96 ± 0.04
10.42 3.10 ± 0.05
10.55 3.12 ± 0.04
10.69 3.23 ± 0.04
10.91 3.39 ± 0.03

Table C4. The running median for the disc component Fall relation (shown
as a thick black line in Figure 4). Columns as per Table C3 but for the disc
component.

and C2, these medians are calculated by measuring the median "★
and 9★ with an even number of galaxies per mass bin (40 galaxies).

This paper has been typeset from a TEX/LATEX file prepared by the author.
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