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Abstract

An avenue for understanding cosmological galaxy formation is to compare morphometric parameters in
observations and simulations of galaxy assembly. In this second paper of the ASymba: Asymmetries of HI in
SIMBA Galaxies series, we measure atomic gas (HI) asymmetries in spatially resolved detections from the
untargeted Widefield ASKAP L-band Legacy All-sky Blind surveY (WALLABY) survey, and compare them to
realizations of WALLABY-like mock samples from the SIMBA cosmological simulations. We develop a Scanline
Tracing method to create mock galaxy HI data cubes that minimizes shot noise along the spectral dimension,
compared to particle-based methods, and thus minimizes spurious asymmetry contributions. We compute 1D and
3D asymmetries for spatially resolved WALLABY Pilot Survey detections, and we find that the highest 3D
asymmetries (A;p 2, 0.5) stem from interacting systems or detections with strong bridges or tails. We then
construct a series of WALLABY-like mock realizations drawn from the SIMBA 50 Mpc simulation volume and
compare their asymmetry distributions. We find that the incidence of high A;p detections is higher in WALLABY
than in the SIMBA mocks, but that difference is not statistically significant (p-value = 0.05). The statistical power
of quantitative comparisons of asymmetries such as the one presented here will improve as the WALLABY survey
progresses and as simulation volumes and resolutions increase.

Unified Astronomy Thesaurus concepts: Galaxy structure (622); H I line emission (690); Hydrodynamical

simulations (767)

1. Introduction

The gas distributions of galaxies formed in a cosmological
simulation can be compared to observations in order to
constrain the galaxy formation model and determine the
underlying drivers of galaxy morphology. These comparisons
allow explorations of how this morphology is influenced by
cosmological parameters, local environment effects, subgrid
physics, and more.

Effective comparisons between observations and simulations
require robust methods of creating mock observations from the
simulated particle distributions. In atomic gas (HI), the Mock
Array Radio Telescope Interferometry of the Neutral ISM
(MARTINI) code (K. A. Oman 2019, 2024; K. A. Oman et al.
2019) is widely used. Designed for high-resolution smoothed
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particle hydrodynamics (SPH) simulations, it has been widely
used to compare the properties of well-resolved H1 observa-
tions and simulated HI distributions (e.g., P. V. Bilimogga
et al. 2022; M. Glowacki et al. 2022). At low particle numbers,
however, the effects of shot noise begin to become apparent in
the mocks, notably along the spectral axis.

Also required for comparisons between simulations and
observations is a method to quantify galaxy morphology. One
approach is the Concentration—Asymmetry—Clumpiness “CAS”
(C. J. Conselice 2003) set of parameters. These parameters have
been shown to be reliable for relatively high-resolution HI
observations (B. W. Holwerda et al. 2011; N. Giese et al. 2016;
P. V. Bilimogga et al. 2022). Notably, spatial H I asymmetries in
galaxies are connected to interactions (B. W. Holwerda et al.
2011), accretion events (R. Sancisi et al. 2008), and starbursts
(F. Lelli et al. 2014) for various samples of gas-rich galaxies. On
the simulation side, J. Gensior et al. (2024) found that HT spatial
asymmetry is a promising observable to compare different
simulation models with observations.
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Despite their utility at high resolution, both HI and optical
spatial asymmetries wane at low angular resolutions, and noise
introduces important systematic effects (N. Giese et al. 2016;
M. D. Thorp et al. 2021). For example, using mock galaxies in
HT from the EAGLE simulation, P. V. Bilimogga et al. (2022)
found that both spatial and spectral asymmetries are robust only
at high resolution and signal-to-noise ratio (S/N). In particular,
the resolution requirements for robust spatial asymmetries
strongly limit their application to HI maps of galaxies from
untargeted surveys such as the Widefield Australian Square
Kilometre Array Pathfinder (ASKAP) L-band Legacy All-sky
Blind surveY (WALLABY; B. S. Koribalski et al. 2020;
N. Deg et al. 2022; T. Westmeier et al. 2022), which will image
an unprecedented number of detections—most of which will,
however, be only marginally spatially resolved.

By contrast, spectral asymmetries such as lopsidedness
(M. P. Haynes et al. 1998; D. Espada et al. 2011; J. Bok et al.
2019; A. B. Watts et al. 2023) and channel-by-channel profile
asymmetries (N. Deg et al. 2020; T. N. Reynolds et al. 2020)
are useful for characterizing asymmetries with low spatial
resolution but high spectral resolution that are characteristic of
deep HT surveys such as Deep Investigation of Neutral Gas
Origins (J. Rhee et al. 2023) and Looking At the Distant
Universe with the MeerKAT Array (S. Blyth et al. 2016).

To explore asymmetries as a tool for upcoming H 1 surveys,
M. Glowacki et al. (2022) introduce ASymba: Asymmetries of
HTI in SIMBA Galaxies, which uses the SIMBA cosmological
simulation suite (R. Davé et al. 2019) to connect measured
asymmetries to the physical drivers of galaxy evolution.
M. Glowacki et al. (2022) find that spectral asymmetries of
SIMBA mock cubes correlate strongly with H I mass, as well as
with the number of mergers that a galaxy has undergone.
However, the high-resolution merging galaxy simulations by
N. Deg et al. (2020) show that spectral asymmetries depend on
observing parameters such as galaxy sky orientation and
inclination, muddling their connection to the underlying galaxy
structure. Using an alternative spectral HI asymmetry metric,
A. B. Watts et al. (2020) compared galaxies from the TNG
simulation (D. Nelson et al. 2019) to show that, while in many
cases there is a connection with environment (satellites are
more asymmetric than centrals as a population, as seen in
observations; e.g., A. B. Watts et al. 2020), central galaxies can
also be asymmetric.

In light of the shortcomings of spatial and spectral
asymmetries applied to HI surveys, N. Deg et al. (2023)
developed a 3D asymmetry measure that leverages the full
dimensionality of the HI data cubes, outperforming spatial and
spectral asymmetries for marginally spatially resolved detec-
tions in surveys such as WALLABY. N. Deg et al. (2023) also
apply a squared differences background correction approach
that provides a significant improvement to the calculation of
asymmetries in the low-S/N regime compared to more
conventional absolute differences (see also E. Sazonova et al.
2024 and S. Wilkinson et al. 2024).

While there are many works that examine morphometrics in
simulations (e.g., J. M. Lotz et al. 2008, 2010; M. W. Abruzzo
et al. 2018; M. D. Thorp et al. 2021; P. V. Bilimogga et al.
2022; M. Glowacki et al. 2022; S. Wilkinson et al. 2024) and in
observations (e.g., C. J. Conselice 2003; B. W. Holwerda et al.
2011, 2023; N. Giese et al. 2016; J. Bok et al. 2019;
T. N. Reynolds et al. 2020), relatively few have directly compared
asymmetries between them (e.g., K. M. Hambleton et al. 2011;
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N. Deg et al. 2020). With WALLABY pilot survey observations,
a promising new 3D asymmetry technique, and an initial
exploration of asymmetries in SIMBA now in hand, we proceed
to develop a new method to create mock data cubes and compare
measured WALLABY asymmetries to simulated SIMBA ones for
the first time.

In this second paper of the ASymba series, we perform a
quantitative comparison between 1D and 3D HI asymmetries
measured for spatially resolved WALLABY Pilot Survey
detections and WALLABY-like mock cubes derived for
simulated SIMBA galaxies.

Section 2 describes the WALLABY and SIMBA datasets
that we analyze. Section 3 describes our process for generating
mock cubes using a Scanline Tracing approach, and its impact
on asymmetries measured from noiseless WALLABY-like
cubelets. Section 4 presents our mock WALLABY sample
from SIMBA and compares it to the WALLABY sample.
Finally, Section 5 discusses our results.

2. Datasets
2.1. WALLABY

WALLABY is an untargeted HI survey on the ASKAP
(A. W. Hotan et al. 2021) covering about 14,000 square degrees
of the southern sky. It has a spatial resolution of 307, a spectral
resolution of 18.5kHz (which corresponds to ~4kms~' at
z~0), and a target sensitivity of 1.6 mJy beam ', allowing it to
detect the HI content of ~2 x 10° galaxies (T. Westmesier et al.
2022; C. Murugeshan et al. 2024). Simulated predictions from
B. S. Koribalski et al. (2020), adjusted for the survey area in
T. Westmeier et al. (2022) and C. Murugeshan et al. (2024),
suggest that ~2300 galaxies will be spatially resolved by more
than 5 beams, with >10* being marginally resolved.

WALLABY Pilot observations of a number of fields have
been released in T. Westmeier et al. (2022) and C. Murugeshan
et al. (2024), consisting of ~2400 detections and 236 kinematic
models. A WALLABY detection may consist of more than a
single galaxy due to limitations in the resolution, S/N, and
source finding. At only 1% of the total WALLABY volume,
the pilot observations already comprise the largest sample of
uniformly analyzed interferometric observations of the HI
content in galaxies. This is an ideal sample for studying with
morphometrics (B. W. Holwerda et al. 2023), which is why we
have chosen it as our testbed for comparing simulated
asymmetries with observations.

2.2. SIMBA

SIMBA (R. Davé et al. 2019) is a cosmological simulation that
runs on the GIZMO hydrodynamical solver (P. F. Hopkins 2015)
in Meshless Finite Mass (MFM) mode. The simulation uses the
GRACKLE library (B. D. Smith et al. 2016) to implement
radiative cooling and photoionization heating. The HT fraction of
the gas is evolved with the simulation instead of computed in
post-processing, following the method of R. Davé et al. (2017).
We have chosen to utilize the 50 Mpc box for this work, which
contains 512° particles in a comoving (50 h~'  Mpc)? volume
with a gas particle mass resolution of 1.82 x 10 M. In this box,
the minimum full width at half maximum (FWHM) smoothing
length of the particles is ~0.7 kpc.

The choice of the 50 Mpc box is motivated by the need for a
large number of well-resolved H1 galaxies in the mass range
of the WALLABY detections (see Section 4.1). The other
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iterations of the 50 Mpc simulation with different feedback
methods (for example,with no active galactic nucleus), would
also allow future studies of how those physics drive changes in
morphology.

Galaxies are identified using the CAESAR catalog. To avoid
effects from poor numerical resolution, we follow the selection
criteria of M. Glowacki et al. (2020) to select systems for this
study, namely

1. My, >10° M.,
2. M, >5.8x10° M.,
3. sSFR > 1 x 10~ yr !,

and to ensure that only galaxies that are numerically well
resolved are selected, we impose

4. Ny ype > 100,

where N, yp, is the number of fluid elements with smoothing
length FWHM below 2 kpc. Out of 5218 SIMBA galaxies, 789
fall within these criteria.

3. SIMBA Mock Cubes

To compare WALLABY detections to SIMBA systems, it is
necessary to generate mock observations of the latter that have
noise and resolution similar to those of the WALLABY data
cubes.

However, we show in Section 3.1.1 that widely used
methods of generating mock HI cubes tend to produce
significant artificial shot noise contributions to noiseless
WALLABY-like mocks. As a result, we present a new
Scanline Tracing method for generating mock cubes from
simulations in Section 3.1.2. Section 3.2 illustrates the impact
of adopting this new method on the asymmetry measures
defined by N. Deg et al. (2023) for a suite of noiseless mock
SIMBA detections.

3.1. Mock Observations

Cosmological simulations evolve sets of discrete elements
that represent continuous fluids such as gas. The SPH (see
R. A. Gingold & J. J. Monaghan 1977; L. B. Lucy 1977) and
MEFEM techniques of interest for this paper are two methods of
discretizing the fluid equations. In our case, a mock HI
observation consists of the transformation of the numerical
elements of a simulation into an HI cube measured as f; .
where the i, j, k indices denote spatial and spectral indices
allowing the voxel of the data cube to be specified. While the
cube is measured in discrete coordinates, it will be easier in the
following derivations to write its coordinates in terms of
continuous sky variables f(x, y; v).

To model gases, such as H1, SPH methods use a kernel W to
interpolate a given field ¢ between particles:

¢s(x) = Z anvnmxfxn; hn), (1)

with ¢, being the smoothed field, x the position, V the volume,
and A4 the smoothing length. Here, the n indices iterate over the
particles and their properties. At sufficient resolution, ¢~ ¢.
The MFM technique introduces a local normalization to the
total kernel; the nth particle's MFM kernel 1); relates to the
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SPH kernel W according to the definition

Zm W(x —Xm; hm) '

where m iterates over all particles. MFM smoothed fields are
calculated akin to SPH:

Bx) = > B, Yn(X). 3

U (x) = @

3.1.1. Particle-built Mock Cubes

MARTINI (K. A. Oman 2019, 2024; K. A. Oman et al.
2019) is a widely used method for generating mock HI data
cubes. By default, MARTINI extends Equation (1) to an
assumed particle Gaussian distribution along the frequency
axis; this distribution is evaluated individually and then added
to produce the particle method's intensity f, at a given spatial
and spectral coordinate:

fr v = Yostvovi o) Ve [ Weoxsh)dz, (@)

with o,, denoting the broadening corresponding to the particle
temperature, s, representing a Gaussian spectrum corresp-
onding to the particle, and z being the line-of-sight axis.

While this method has been used to study asymmetries in
both the EAGLE simulation (P. V. Bilimogga et al. 2022), and
the SIMBA simulation (M. Glowacki et al. 2022), the
approximations in Equation (4) can cause issues. To illustrate,
we have selected two representative SIMBA sources, Galaxy
467 and Galaxy 1531, and generated noiseless mock observa-
tions of them using MARTINI. Moment O (intensity) and
Moment 1 (velocity) maps and spectra for the two MARTINI
realizations are shown in the left-hand columns of Figures 1
and 2, while the upper panels of Figures 3 and 4 show 3D
renderings of the MARTINI cubes generated through the use of
SLICERASTRO (D. Punzo et al. 2017).

Galaxy 467 has a relatively high particle number (~1600),
but the spectrum in the lower left panel of Figure 1 is fairly
jagged. We attribute this to shot noise caused by the
superposition of Gaussians. While SPH and MFM elements
tend to be spatially distributed in a meaningful way, this is not
necessarily the case in velocity space. Certain parts of the
velocity field may be over- or undersampled, leading to the
observed jagged features. This noise is more significant at the
lower particle number in Galaxy 1531 (lower left panel of
Figure 2). The jaggedness of these spectra will artificially
increase both 1D and 3D asymmetries. This issue is not present
in the P. V. Bilimogga et al. (2022) study of EAGLE
asymmetries, due to both the higher particle resolution of
EAGLE as well as their application of Hanning smoothing to
their spectra.

The spectral jaggedness of these MARTINI cubes can be
understood by examining the behavior of a pair of particles
separated in velocity space. Applying Equation (4) to these
particles leads to distinct peaks when the particle velocities are
sufficiently separated relative to their temperature, regardless of
their smoothing lengths. If the velocity, density, and temper-
ature fields were instead evaluated separately according to
either, for SPH, Equation (1) or, for MFM, Equation (3), the
spectrum would be washed out of spectral features for
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Figure 1. Moment 0 maps (top), moment 1 maps (middle), and spectra (bottom) for the Particle SPH (left), Scanline Tracing SPH (middle), and MFM (right)
constructed from noiseless mock H I cubes of Galaxy 467 of the SIMBA 50 Mpc simulation taken at a distance of 20 Mpc with WALLABY observation parameters.
The ring in the bottom left corner of the first moment 0 map shows the beam FWHM. For the moment 1 maps, the cube is masked at a threshold of 1.6 mJy beam '
(approximately the WALLABY noise rms) and we use the CosmosCanvas (J. English et al. 2024) color map. The galaxy is composed of ~1600 collisional particles
and has an H1 mass of ~1.8 x 10'° M.
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Figure 2. Sgame as Figure 1, but for a noiseless, WALLABY-like mock of Galaxy 1531. The galaxy is composed of ~1100 collisional particles and has an H I mass of
~1.5 x 10" M.,



THE ASTRONOMICAL JOURNAL, 169:114 (14pp), 2025 February

Galaxy 467

Particle SPH
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Galaxy 1531
Particle SPH

AgD = 065

Scanline SPH

Asp= 056 Scanline SPH

Asp= 036

Scanline MFM

Asp = 049 Scanline MFM

Asp= 033

Figure 3. SLICERASTRO view of noiseless mocks of the H I cube of Galaxy
467 presented in Figure 1 for the particle SPH (top), scanline SPH (middle),
and scanline MFM (bottom). The E-N-Z axes show the R.A.—decl.—velocity
axes, respectively, with +Z indicating the approaching velocity. The values of
Ajp for each mock, computed around the minimum of the potential, are given
in the top left corner of each panel.

Figure 4. Same as in Figure 3, but for Galaxy 153 presented in Figure 2.
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sufficiently large smoothing lengths, regardless of the particle
temperatures and velocities. This is a consequence of the
SPH and MFM interpolation schemes not being invariant under
transformation. For example, if a field ¢ were interpolated and
then squared, it would yield a different field than if its square
were directly interpolated:

(3G Va W —x,5 1)) = 362 Ve M —x,5 ).

Effectively, Equation (4) introduces shot noise instead of the
expected oversmoothing from SPH at low resolutions.
According to Equation (1), there should be intermediate
regions of the gas where the maximal spectral intensity
corresponds to mediating velocities. However, this behavior
is not enforced by Equation (4) unless the particles sample
these regions of the velocity field. Additionally, Equation (4) is
unlikely to create a spectrum that is locally Gaussian, whereas
Equation (1) enforces this. The appearance of the different
points in the spectrum can be attributed to the spectral
separation of the particles being lower than their dispersion
o2. While the particle-based spectra can be smoothed by
artificially injecting additional velocity dispersion into each
particle, this is unphysical. Instead, we develop a different
method of computing mock H I data cubes that directly sample
the fields.

3.1.2. Scanline Tracing

The MARTINI realizations of Galaxies 467 and 1531 shown
in Figures 1-4 and discussed in Section 3.1.1 suggest that, for
our specific asymmetry analysis of SIMBA galaxies, a new
method of generating mock HT cubes is needed. To that end,
we adopt a scanline method, where the underlying fields are
sampled via scanlines cast through simulation space along
“observed” lines of sight. For our purposes, the small angle
approximation holds and the scanlines are held parallel. To
simplify the math, we will hold the line of sight as being in the
z-axis. The scanlines sample the fields at set intervals, resulting
in a 3D grid of the simulation space that can then be collapsed
into a data cube.

The spectrum is calculated as a function of the fields for a
given position:

(5)

s(x,v) =

P (_(v—vgx»Z)
J2moix) 201x)

with p(x), v,(x), and o(x) being the HI density, line-of-sight
velocity, and thermal velocity dispersion fields of the fluid at a
given position x, and v being the velocity at which the
spectrum's intensity is measured. In the case of MFM, the
velocity is treated such that the quantity of movement of a fluid
element is defined as equal to that of the integral of the quantity
of movement of the fluid over the particle's effective volume,
but we consider the interpolation of the velocity field to also be
reasonable.

The spectra encountered by the scanlines at each step dz
along the line of sight are collapsed into the spectrum at a given
coordinate x, y on the sky. For a pixel of width Ax and height
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Ay, this gives

)c+M y+ -

Ay
VACARE V):f AZ f A f s (x', vydx'dy'd?.
X 2“ yfT’ R

To approximate this integral, we evaluate the local smoothed
spectrum s,(x, v) at set intervals with sampled p,(x), 0? (x),
Vs (x) fields using Equation (1) or (3) as appropriate.

The density can be measured according to the
SPH formalism:

ps(x) = Z mnW(x — Xn; hn)’ (6)

with m,, being the mass of the nth particle. Since only the HI
mass is of interest to us, we calculate the densities using the
particle H1 masses instead of their total masses. This equation
ensures that the mass is conserved for a kernel W normalized
under integration. This version of the density calculation agrees
with the particle-based densities.

In MFM, the conserved quantities are considered as
averaged over the particle volume. The particle density cannot
be measured directly because the kernel is not normalized
under integration. The particle effective volume is defined as

= [ i,

such that the particle density is p, =m,/V,. However, this
would require the evaluation of the integral of the kernel, which
is nonelementary. For particles fully contained by the Scanline
Tracing box of domain B, the volume can be estimated by
summation. For particles that are not contained by the box, the
volume is scaled up according to the volume across which the
particle's kernel is nonzero. The volume is then evaluated:

Sy onAV if x, + h, €B Y h,

Vo & ‘/‘//W(x;hn)zo d3xz1l’n¢0w”AV @)
S AV ’

where AV is the volume element of the 3D grid across which
the fields are evaluated, and k,, is an arbitrary vector of length
h,,. The integral corresponds to the volume where the kernel is
nonzero. Using for example a kernel where W (x — x,; h,) =
0V |x — x,| > h,, the integral gives the sphere 47h,}/3. With
the volume, the density can be calculated locally with

px) =" %wnm. ®)

When particles fall completely inside the sampled box,
Equation (7) ensures that Equation (8) will always give a
density contribution consistent with the particle total mass if
the density is evaluated at the same points as those used to
evaluate the volume. The other fields are interpolated using
Equation (3).

The SIMBA simulation uses the cubic spline kernel:

W(x; h) = %w(%), (9a)
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1 —6¢*(1 — q) ifg <1/2
w@) = —12(1 - ¢ if1/2<qg<1
0

(9b)

Once the fields are obtained, Equation (5) is evaluated at
each spectral channel Av. The sampled spectra are then added
to approximate the integral along the scanline:

fx, y;v)

Niin
2= e epiAg)?

> .
Z ps(x3 Yy, lAZ) zgg(x,y,iAZ)

e ,
i Mine 2mol(x, v, iAzZ)

with Ny, being the number of times each scanline samples the
fluid fields. This allows each pixel to have spectral structure,
but enforces that the spectrum of the gas is locally Gaussian.
Finally, the pixels are assembled from the rays and are
convolved according to a desired beam to create a data cube.
The pixels are often oversampled to ensure that their size does
not alter the spectrum.

For our specific case, we construct cubes at resolutions of
half the minimum smoothing length. After being calculated at
this resolution, cubes are downsampled to the desired
resolution using the OPEN CV2 pixel-area relation INTER_
AREA (G. Bradski 2000). The cube is constructed for a region
encompassing all the gas that can contribute to a moment O
map above the noise level at a 10 Mpc distance extended by
two beams at the specified observation distance. Relaxing these
parameters does not meaningfully alter the results of
Sections 3.2 and 4.

With this formalism, it is possible to construct mock cubes
using Scanline Tracing for either SPH or MFM. The middle
columns of Figures 1 and 2 show the moment maps and spectra
for noiseless Scanline SPH realizations of Galaxies 467 and
1531 from SIMBA, while the right-hand column shows the
Scanline MFM realization. Similarly, the middle and lower
panels of Figures 3 and 4 show the 3D renderings of the
SPH and MFM realizations. The Scanline Tracing mocks for
both Galaxy 467 and 1531 show little evidence of shot noise.
For Galaxy 1531, the Scanline mocks have a narrow, double-
peaked profile. Moreover, in this lower-particle-number, lower-
mass regime, the Scanline Tracing method dramatically
changes the moment 1 maps. This demonstrates that the
Scanline tracing causes this change, rather than the assumption
of using SPH or MFM to construct the cubes.

The comparison of the Scanline MFM realizations to the
Scanline SPH realizations has a much smaller effect on the
mock cube. The spectra are slightly smoother and the moment
0 maps appear to be slightly less well resolved. This is due to
the MFM kernel normalization distributing more gas to regions
where there is less particle overlap.

~AV

(10)

3.2. SIMBA Asymmetries

To fully understand the differences between Particle-
generated cubes and Scanline Tracing—generated cubes for
measuring asymmetries, we made mock observations of the
789 SIMBA galaxies that satisfy our criterion in Section 2.2
using both the particle-based MARTINI and our new Scanline
Tracing MFM method. The mock cubes have a resolution of
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30” and 4kms ™', matching WALLABY, though they are
noiseless in order to better probe the impact of the different
approaches. For this test, all galaxies are placed at a distance of
20 Mpc (where 1 kpc = 10”7 on the sky), with an inclination of
60° (calculated based on the angular momentum vector). This
distance allows for sufficient resolution elements for calculat-
ing the spatial asymmetry.

With the two suites of noiseless SIMBA cubes generated, we
calculate their spectral (1D), spatial (2D), and 3D asymmetry
using the 3D Asymmetries in data CubeS (3DACS; N. Deg
et al. 2023) code. The asymmetry formula in the idealized
noiseless case is

w=r (11)

Q

where P and Q are the squared odd and even parts of the
chosen distribution, respectively:

P=Y(h — P (12a)
0= Z(f,- + )% (12b)

The bold i indices denote that we can compute the asymmetry
over any number of dimensions, collapsing the others before-
hand, then computing the asymmetry using Equations (12)
and (11):

fmwy = Zﬁ,j,k for App, (13a)
i

Jimip = ZﬁJ,k for Asp, (13b)
X

Jimijin for Asp. (13c)

We note that A;p as defined above is equivalent to the
channel-by-channel asymmetry developed by N. Deg et al.
(2020) and T. N. Reynolds et al. (2020).

A critical component of the asymmetry is the center point
about which the pairs of fluxes are compared. Both the
MARTINI Particle mocks and our Scanline Tracing mocks are
centered at the minimum of total potential spatially and the
bulk velocity of the particles. This center is computed
according to the particle data, making it independent of the
chosen mock method (SPH-Particle or MFM/SPH Scanline
Tracing). The HI gas is not always centered at this potential
minimum, which can cause large asymmetries.

Before proceeding to the full distribution of asymmetries, it
is worth returning to our two example galaxies. The upper left
corner of each panel in Figures 3 and 4 provides the 3D
asymmetry for the MARTINI Particle SPH, Scanline SPH, and
Scanline MFM realizations of Galaxies 467 and 1531,
respectively. Given that 0 < Azp < 1 in the noiseless case (see
Section 4 for a discussion of the effect of noise), the differences
between the Particle and Scanline MFM realizations are
significant. This is particularly true in the low particle number
regime of Galaxy 1531.

This difference holds for the majority of SIMBA galaxies.
Figure 5 shows the difference between the Particle SPH 3D
asymmetries and Scanline MFM 3D as a function of H I mass.
The Particle SPH asymmetries are usually larger than their
Scanline MFM counterparts. Particle SPH realizations are more
asymmetric by as much as AAzp ~ 0.3, mostly due to shot
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Figure 5. Plot of the difference of 3D asymmetry between the Particle SPH and
MFM Scanline Tracing realizations of SIMBA mock cubes described in
Section 2.2 as a function of the cube H I mass.

noise. However, the differences decrease with increasing mass
and therefore increasing particle number. As such, at higher
particle resolutions, the MARTINI Particle SPH realizations
will likely converge to the Scanline MFM realizations, making
the specific method of generating mock observations less
critical. Since we wish to compare SIMBA galaxies with as few
as 1000 particles to WALLABY detections, we exclusively use
the Scanline Tracing MFM method of generating mock
SIMBA cubes hereafter.

Before turning to WALLABY comparisons in Section 4, it is
worth exploring the relationship between 1D, 2D, and 3D
asymmetries for noiseless Scanline MFM mocks. N. Deg et al.
(2023) examined these measures using idealized mock cubes
generated through a modified version of the Mock Cube
Generator Suite (MCGSUITE; N. Deg & K. Spekkens 2019)
code where asymmetries were introduced as first Fourier
moments. This type of asymmetry—lopsidedness—is dis-
cussed in H.-W. Rix & D. Zaritsky (1995) and D. Zaritsky &
H.-W. Rix (1997). N. Deg et al. (2023) found that Ap, Asp,
and Asp increase linearly with lopsidedness, and thus that all
asymmetries in their analysis are correlated. Here, we use
SIMBA to explore whether or not these correlations persist for
asymmetries produced by simulated cosmological galaxy
assembly.

In Figure 6, we plot the recovered 1D and 2D asymmetries
for the Scanline Tracing MFM cubes, colored by their H I mass.
We find that spectral (1D) and spatial (2D) asymmetries are not
strongly correlated, supporting the findings of P. V. Bilimogga
et al. (2022). It is possible that the drivers of spectral and spatial
asymmetries are different, which would lead to uncorrelated
asymmetries. However, the measured asymmetry also depends
on the adopted center point, and the H1 gas in SIMBA galaxies
is not always centered at the minimum of the potential. Second,
asymmetry tends to be correlated with resolution, in particular
in the low-resolution regime (N. Giese et al. 2016; N. Deg et al.
2023). The spatial and spectral resolutions are effectively
independent. At low spatial resolutions, the spatial asymmetry
will go to zero, leaving the spectral asymmetry intact, which
again will hide any possible correlations. N. Deg et al. (2023)
argue that robust measures of the 2D asymmetry require ~7
or more resolution elements (see also N. Giese et al. 2016;
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Figure 7. Same as in Figure 6, except for the combination of 1D and 2D
asymmetries plotted against 3D asymmetry. Ten H I sources fall outside the 0,
1 range for the combined Ap + Asp.

M. D. Thorp et al. 2021). This requirement is satisfied for this
particular sample of mock SIMBA galaxies at 20 Mpc with a
30”beam, but it is not true for the majority of the WALLABY
observations (see Section 4).

The A;p measure was designed to capture both spectral and
spatial asymmetries in H I data cubes (N. Deg et al. 2023). This
is illustrated in Figure 7, which shows a comparison of A3p to
Aip + Asp. To focus on the most important range, we have cut
the full dynamical range of Ap + A,p, which extends to 2, and
10 HI mocks with A;p + A>p > 1 are missing. Comparing the
Asp in this figure to either the 1D or 2D asymmetry
distributions in Figure 6 shows that the 3D asymmetries span
a larger dynamic range than either 1D or 2D for the noiseless
WALLABY-like SIMBA mocks. We note that, in Figure 6, the
high- and low-mass mock cubes split along the 1:1 line, with
the high-mass cubes trending to higher A;p for a given
Aip + A>p whereas the low-mass mocks fall below this line.
This bifurcation can be explained by resolution -effects
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impacting the spatial (2D) component of the asymmetry, as, at
fixed distances, H I mass is correlated to resolution through the
HT size-mass relation (J. Wang et al. 2016). Figures 6 and 7
demonstrate that the advantages of Aszp over A;p and A,p
posited by N. Deg et al. (2023) using idealized mocks are also
evident in more complicated cosmologically generated mocks.

4. Asymmetries and the Mock WALLABY Sample

We now quantitatively compare the asymmetries in
WALLABY Pilot Survey detections to those found in SIMBA.
Section 4.1 describes the asymmetries of the WALLABY
detections, and Section 4.2 contains the comparison of the two.

4.1. WALLABY Asymmetries

One key difference between WALLABY Pilot Survey
detections and the mock observations examined in
Section 3.2 is noise. Noise tends to increase the asymmetry,
but N. Deg et al. (2023) developed a correction to the squared
difference asymmetry used here:

1/2
= R

where P and Q are the numerator and denominator of
Equation (11), respectively, as given by Equation (12), and B
is the background correction. Assuming Gaussian noise,
B=2No?, where N is the number of voxels/pixels/channels
used in the asymmetry calculation and o is the rms noise level
(N. Deg et al. 2023). This correction can still fail for very low-
S/N detections. In some cases, the signal and noise can be such
that P < B. When P < B, we set A= —1 as an indication that
there is no measured intrinsic asymmetry, but rather that the
full signal from P/Q in Equation (11) can be attributed to the
noise. This correction is more likely to fail for Asp than for
A|p, because the signal is integrated before computing the
spectral asymmetry.

Second, in real observations, the minimum of the potential is
unknown, so a different center must be used in the asymmetry
calculation relative to that adopted in Section 3.2. For
simplicity, we use the center found by the WALLABY source
finding. WALLABY uses SOFIA-X (T. Westmeier et al.
2022), which is a parallelized version of SOFIA-2 (P. Serra
et al. 2015; T. Westmeier et al. 2021) designed for the full
WALLABY observations.

While WALLABY has detected the HI content of 2419
galaxies in the Pilot Survey phase, not all of these are suitable
for the study of asymmetries. N. Deg et al. (2023) noted that
measuring 3D asymmetry reliably requires the galaxy be
resolved by at least four resolution elements. This requirement
matches the 505/2419 detections for which kinematic model-
ing has been attempted (N. Deg et al. 2022; C. Murugeshan
et al. 2024). N. Deg et al. (2022) set the modeling criteria of
those galaxies with a SOFIA-2 ell_maj > 2 beams or the
integrated log,,(S/N) > 1.25. S/N is integrated across the
detection (T. Westmeier et al. 2021), and ell_maj is a measure
of the size along the major axis that corresponds to ~ half
the diameter of kinematically modeled disks (N. Deg et al.
2022). Moreover, since the kinematic models applied assume
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Table 1
Summary of the WALLABY Detections for Which 3D Asymmetries Were
Measured
Sample Number
Total WALLABY Detections, Pilot Phase 1 and 2 2419
Kinematic Modeling Attempted 505
Modeling Attempted and Asp > 0 158
Successfully Modeled and A;p > 0 84
Model Failure and A;p > 0 74
Modeling Attempted and log(M /M) > 9.2 384
Modeling Attempted, A;p > 0, and log(M /M) > 9.2 116
Successfully Modeled, Asp > 0, and log(M /M) > 9.2 67
Model Failure, Azp > 0, and log(M /M) > 9.2 49

axisymmetry, one might expect the success of the kinematic
models to be anticorrelated with the asymmetries.

Most WALLABY detections have ell_maj < 7 beams. Based
on the results of N. Deg et al. (2023) and N. Giese et al. (2016),
these detections are too poorly resolved for calculations of the
spatial (2D) asymmetries, despite them being resolved enough
for reliable 3D asymmetries. We therefore calculate both 1D
and 3D asymmetries for all WALLABY galaxies where
kinematic modeling was attempted. The most important
difference between the two is that the background correction
of the 1D measures uses the noise in the masked spectra rather
than the noise in the cube. Both quantities are calculated using
the 3DACS code released in N. Deg et al. (2023).

Using the procedure described above, we recover 1D and
3D asymmetries of the 116/384 (~30%) Pilot Survey
detections for which kinematic models were attempted with
log,o(Mu1/My) > 9.2. The first rows of Table 1 summarize
the number of WALLABY detections, the number for which
kinematic modeling was attempted, and the set of those with
measured asymmetries (i.e., for which P < B in Equation (14)).

For each WALLABY detection, there are a number of
properties that are necessary to consider for comparisons to
SIMBA. These include the HI mass My, distance D,
inclination i, rms noise o, and size on the sky ell_maj. We take
My ; and D from N. Deg et al. (2024), o is directly calculated in
3DACS, and ell_maj is from the WALLABY releases
(T. Westmeier et al. 2022; C. Murugeshan et al. 2024). With
o and masks within which the asymmetries are calculated,
log,,(S/N) can be computed as well. Figure 8 summarizes
these properties along with 3D and 1D asymmetries for the full
sample of detections where kinematic modeling was attempted
as well as the subsamples of kinematically modeled galaxies
and those where the modeling failed.

A few things are apparent when examining the histograms in
Figure 8. The successfully modeled galaxies and those where
the modeling failed have similar distributions of My, D, i, and
o. There is, however, a difference between D for detections
where kinematic modeling was attempted and D for detections
with measured asymmetries. The larger sample reaches to
higher distances, which suggests that those galaxies, which are
smaller on the sky, end up have an unmeasurable 3D
asymmetry owing to their smaller size. The more interesting
difference is that the kinematically modeled subsample does
not extend to 3D or 1D asymmetries as high as the ones where
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Figure 8. Histograms of the properties of WALLABY detections. The dashed
black lines show the full set of detections where kinematic modeling was
attempted. The blue shaded regions show those detections where the kinematic
modeling was successful and they have measured asymmetries, while the red
shaded region shows those where the kinematic modeling failed but they still
have measured asymmetries. In the top three rows, the ratio of the red plus blue
histograms (the solid black line) to the dashed histogram is equal to the fraction
of galaxies for which asymmetries were measured.

the modeling failed. But the existence of unmodeled galaxies
with low asymmetries as well as modeled galaxies with high
asymmetries indicates that asymmetry alone is not a predictor
of the success of the kinematic modeling.

To compare WALLABY to SIMBA, it is necessary for the
mock observations to be reliable, which is why we require
log,,(Mu1/Mz) > 9 among those galaxies (see Section 2.2).
To facilitate such a comparison, a mass cut of
log,o(Mu1/Ms) > 9.2 is applied to the WALLABY sample
to produce the desired mass limit when coupled with the
matching method discussed in Section 4.2. The number of
galaxies in this mass cut subsample is listed in the bottom rows
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Figure 9. Comparison of the 1D and 3D asymmetries of WALLABY
detections with log;,(My 1 /M) = 9. The size of the points correlates to their
size on the sky, and the colorbar identifies their S/N. The stars show galaxies
where kinematic modeling is successful, while the circles show those without
kinematic models. Maps and spectra for the detections labeled A, B, C, D, and
E are shown in Figure 10.

of Table 1, and Figure 9 shows the relationship between the 3D
and 1D asymmetries for this population.

A number of key properties of the WALLABY sample are
apparent in Figure 9. First, as suggested by the bottom row of
Figure 8, the successfully modeled detections and those where the
modeling failed have different asymmetry distributions. The
kinematically modeled galaxies tend to have lower asymmetries,
and there are very few with “extreme” asymmetries in either 1D or
3D, where A > 0.5. This is a statistical trend, but, as with Figure 8,
this plot shows that, on an individual galaxy basis, the specific
measured asymmetry does not indicate whether a galaxy is
kinematically modelable. At high S/N, the galaxies tend to be
larger, which is expected, as S/N correlates with galaxy size
(N. Deg et al. 2022; T. Westmeier et al. 2022). More importantly,
high-S/N detections tend to have lower A, but a full range of Asp,
in line with the results for the noiseless SIMBA mocks in
Section 3.2, further underscoring the power of 3D asymmetries for
identifying disturbed systems.

Examples of systems with high A and/or Asp are shown in
Figure 10 for illustrative purposes. The most common drivers
for extreme 3D asymmetries in well-resolved detections are (a)
extended tidal features that cause the SOFIA-2 center point to
be away from the expected kinematic center like in
WALLABY J100903-290239 (row A of Figure 10), and (b)
galaxy pairs connected by large tidal bridges as in WALLABY
J094919-475749 (row B of Figure 10). In both of these cases, it
may be possible to kinematically model the main galaxy or
galaxies. In the case of WALLABY J103442-283406 (row C of
Figure 10), the detection is an entire interacting group that was
examined in detail by T. O’Beirne et al. (2024).

At more moderate resolutions, the extreme asymmetries are
more often caused by pairs of galaxies being close enough
together that SOFIA-2 identified them as a single source like
WALLABY J130810+044441 (row D of Figure 10). There are
also detections like WALLABY J165758-624336 (row E of
Figure 10) with high A;p but moderate As;p. These tend to be
small galaxies with low S/N where the background correction
is likely underestimated for the 1D asymmetries, leading
to their larger A;p. In rows A-C of Figure 10, A;p is not
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Figure 10. Moment maps and spectra for a set of detections with extreme
asymmetries, labeled A-E in Figure 9 to illustrate different drivers of asymmetry.
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the beam. The magenta x symbols and vertical lines in the maps and spectral
plots show the SOFIA-2 center. This center is used for the calculation of the
asymmetries listed in the moment O plot (3D) and spectra (1D).

particularly high despite the large disturbances to the detec-
tions, highlighting the power of 3D asymmetries at identifying
strongly disrupted objects. It appears that, for the most
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asymmetric detections (those with Azp > 0.5), it is gas that
lies beyond the main disk (either in tidal features or other
galaxies) that drives the asymmetry. Therefore, selecting
detections with Azp > 0.5 will reliably find systems with such
extended features at the WALLABY resolution and sensitivity.

4.2. SIMBA and WALLABY

To compare SIMBA to WALLABY, it is necessary to
generate WALLABY-like SIMBA mocks with similar proper-
ties to the WALLABY sample. Our mock SIMBA sample must
have masses, distances, inclinations, and noise distributions
similar to those seen in Figure 8.

To build our mock sample, we select WALLABY
detections on which modeling was attempted and then match
each one to a SIMBA galaxy with similar properties. In
detail, for each WALLABY detection with HI mass My 1w, a
SIMBA galaxy with HI mass My;s in the range
My1s € My w1072, My w107%2] is randomly selected
from the sample of 789 galaxies that fit the criteria of
Section 3.1. A mock HT cube is made of that SIMBA galaxy
using our Scanline Tracing MFM method, where the galaxy is
placed at the WALLABY detection's recovered distance and
inclination. Gaussian noise is then added and convolved by
the 30” WALLABY beam such that the resulting noisy cube
has the same noise rms as the WALLABY detection. Finally,
we measure A;p and Asp of the paired SIMBA detection in
the same fashion as the WALLABY detection, running
SOFIA-2 on the noisy mock and adopting the resulting
SOFIA-2 mask and center point in 3DACS.

It is possible to increase the matched sample by creating
multiple SIMBA realizations of the WALLABY galaxies. In
each realization, one SIMBA galaxy is generated for each
WALLABY galaxy. Ultimately, we generate 20 realizations,
providing 20x more mock observations than WALLABY
detections. While a specific SIMBA galaxy will appear
multiple times in the full set of realizations, it will have
varying distances, viewing angles, and orientations relative to
the observer each time, which produce different measured
asymmetries.

As with WALLABY, it is possible for the mock WALLABY
observations to have noise such that P < B in Equation (14), and
no intrinsic measure of the asymmetry is recovered. As noted in
Section 4.1, only 30% of WALLABY detections for which
kinematic modeling was attempted have a measured asymmetry.
For our mock WALLABY-like SIMBA cubes, the asymmetries
are measured for 23% of the mocks. This is slightly lower than
the WALLABY fraction, but not inconsistent with it, given the
relatively small sample sizes in question.

We quantitatively compare the distribution of measured
WALLABY and SIMBA asymmetries using the PQMass test
(P. Lemos et al. 2024). The PQMass test performs a Pearson
chi-square test by binning our chosen parameter space of (A;p,
Asp) using a Voronoi tessellation for a set of points of the
SIMBA mock. We elect to use 10 bins. The PQMass test
recovers that the probability that SIMBA and WALLABY
asymmetry samples are drawn from the same distribution is
p~54% +0.2%, where the final value is calculated as an
average from ~1000 runs of the test, which vary through
different Voronoi binning. The uncertainty is derived from the
standard deviation across the runs. While relatively low, a
~5% probability is sufficiently large that we cannot conclude
that the SIMBA and WALLABY asymmetry distributions are
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Figure 11. Map of the asymmetry distributions for the WALLABY sample and
the WALLABY-like SIMBA mocks. The cyan contours draw the SIMBA
distribution for the count-wise 68th, 95th, and 99th percentiles. The orange dots
are the individual WALLABY measures. The underlying map shows the mean
p-value for binomial tests averaged across different binnings of the A;p-Asp
plane.

inconsistent with each other. To make such a conclusion, we
will require a significantly larger sample of WALLABY
observations as well as simulated galaxies.

Figure 11 overlays the SIMBA asymmetry distribution over
the WALLABY detections as contours in order to more closely
examine the similarities and differences between the two
distributions. The grayscale color map in Figure 11 shows the
p-value for the null hypothesis that the asymmetries sample a
given bin at the same rate. This p-value should not be taken as a
rigorous measure, but rather it is intended to illustrate the
discrepancy between the SIMBA and WALLABY samples: it
is calculated using the binomial test for the different PQMass
Voronoi bins, averaged across multiple binnings.

Figure 11 illustrates that there are two regions in the
Ap—Asp where the WALLABY and SIMBA distributions
appear to differ, which drive the final PQMass value of ~5%.
First, the high-A3;p, low-A;p corner shows a significant
difference driven by an overdensity of WALLABY detections.
These detections, as discussed in Section 4.1 and illustrated in
Figure 10, mostly consist of interacting galaxies where the
SOFIA-2 center is drawn away from the principal galaxy,
increasing the spatial asymmetry. While this same behavior can
happen in SIMBA, it occurs for less than 1% of SIMBA mocks
as indicated by the 99% contour limit. This hints at a possible
difference between WALLABY and SIMBA, but there are
other possible causes of this difference, such as environmental
selection effects.

The second region where a discrepancy is noticeable is in the
moderate-Ap, low-A;p region. This region is overpopulated by
the SIMBA mocks compared to WALLABY detections. A
possible explanation is that the SIMBA mocks are under-
resolved relative to their WALLABY counterparts, which
could occur, for example, if the SIMBA disks are smaller than
the WALLABY ones at a given My (such that the spatial
contribution to Asp, and therefore Asp itself, is too low).
Overall, however, these differences are small, and we leave a
detailed investigation of the causes of these differences to
future work.
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5. Discussion and Conclusions

We have presented a Scanline Tracing method to create
mock H1 data cubes for simulated galaxies, reducing the shot
noise along the spectral axis of the mock that makes a spurious
contribution to asymmetry measures. We apply this technique
to generate WALLABY survey-like HI data cubes of
simulated galaxies from the SIMBA 50 Mpc simulations, and
compare 1D and 3D asymmetries therein. We find hints of an
excess of high-asymmetry systems in WALLABY compared to
the SIMBA mocks, though that difference is not statistically
significant as measured by a PQMass test of the distribution of
points in A;p and Asp.

The Scanline Tracing method developed in Section 3.1 can
be used to create mock HI cubes for both SPH and MFM
hydrodynamical simulations. While this approach introduces
additional operations in the computation of the different fields,
it avoids the shot noise introduced by the particle-centric
method adopted by the default MARTINI settings, as shown in
Figures 1 and 2. This advantage is considerable for the study of
asymmetry in marginally resolved simulations. However, as the
number of particles increases, it is expected that the Particle
method will converge to the Scanline Tracing method while
offering greater computational ease. For cooler gas (see
S. Ploeckinger et al. 2023), the resolution necessary for the
particle approach is likely to increase. Currently, for asymme-
tries in the 50 Mpc SIMBA simulation, the Scanline Tracing
method shows noticeable differences with the MARTINI
default particle-centric method as seen in Figure 5. Unlike
the Particle method, Scanline Tracing will, in the lower
resolutions, have the propensity to oversmooth spectra. This
error is less evident than the Particle method's shot noise, which
may prove more perverse.

In Section 4.1, we measured Ap and As;p asymmetries for
the sample of WALLABY pilot detections for which kinematic
modeling was attempted. As shown in Figure 9, detections
where the kinematic modeling was successful had fewer
extreme asymmetries than those where the modeling failed.
However, there is a large scatter and the correlation is not
statistically significant. Upon inspection (Figure 10), the
WALLABY detections with relatively high S/N and
A3zp 2 0.5 tend to be interacting systems or systems with
extended tail-like features. Asymmetry may be an efficient way
to detect these systems using HI data alone, which is
particularly useful in regions where multiwavelength data are
scarce, such as the Zone of Avoidance.

Figure 11 illustrates that our mock WALLABY-like SIMBA
samples show signs of discrepancy in their A;p and As;p when
compared to WALLABY, even when controlled for mass,
distance, and noise. This may hint at potential deviations
between the SIMBA galaxy evolution model and the HI
distributions in WALLABY detections. Although the PQMass
p-value of ~5% indicates that these deviations are not
statistically significant on the whole, we can nonetheless
speculate on the potential drivers of lower asymmetries in the
SIMBA galaxies compared to observations. For example, the
high-A;p, low-A|p corner where WALLABY detections out-
populate the SIMBA mocks may be caused by the overly hot
SIMBA IGM (R. Davé et al. 2017; R. J. Wright et al. 2024),
which might inhibit structures like H I bridges and tidal features
that drive the WALLABY asymmetries. Another possibility is
that the WALLABY sample is biased to high asymmetries,
perhaps owing to the group and cluster environments
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preferentially probed by the Pilot Survey fields (T. Westmeier
et al. 2022; C. Murugeshan et al. 2024).

Although our analysis is limited by the relatively low number
of HI detections in the WALLABY Pilot Survey detections and
the relatively modest particle masses and resolutions in the
SIMBA 50Mpc simulation, the quantitative comparisons
between asymmetries in HI detections and in simulations
presented in this paper are among the first of their kind—and a
prelude of things to come in this space. More thorough
comparisons will be enabled with the full statistical power of
WALLABY as the complete survey is released. It will also be
possible to compare different subgrid physics and dark matter
models, both within simulations such as SIMBA as well as across
different simulations, in particular as the latter increase in volume
and in resolution. This opens new avenues for comparing
simulations with observations to determine how various physical
phenomena drive H1 morphological asymmetries.
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