
A&A, 715, A128 (2026)
https://doi.org/10.1051/0004-6361/202660650
c© The Authors 2026

Astronomy
&Astrophysics

Coupling between stellar and HI lopsidedness in Milky Way–type
galaxies from the Auriga Superstars cosmological simulations
Arianna Dolfi1,? , Facundo A. Gómez1 , Rebekka Bieri2 , Francesca Fragkoudi3 , Robert J. J. Grand4 ,

Antonela Monachesi1 , Ruediger Pakmor6 , and Freeke van de Voort5

1 Departamento de Astronomía, Universidad de La Serena, Av. Raúl Bitrán 1305, La Serena, Chile
2 Universität Zürich, Institut für Astrophysik, Winterthurerstrasse 190, 8057 Zürich, Switzerland
3 Institute for Computational Cosmology, Department of Physics, Durham University, South Road, Durham DH1 3LE, UK
4 Astrophysics Research Institute, Liverpool John Moores University, 146 Brownlow Hill, Liverpool L3 5RF, UK
5 Cardiff Hub for Astrophysics Research and Technology, School of Physics and Astronomy, Cardiff University, Queen’s Buildings,

Cardiff CF24 3AA, UK
6 Max-Planck-Institut für Astrophysik, Karl-Schwarzschild-Str. 1, D-85748 Garching, Germany

Received 28 April 2026 / Accepted 13 September 2026

ABSTRACT

Context. Lopsidedness is a common feature in disk galaxies, but its origin and evolution remain poorly understood. Previous works
have generally focused on stellar or gas lopsidedness separately. However, a combined analysis can help identify the mechanisms
driving lopsidedness and constrain recent galactic evolution and environmental interactions.
Aims. We study lopsidedness in the density and kinematics of the stellar and atomic hydrogen (HI) components of nine Milky Way-
type galaxies from the Auriga Superstars cosmological zoom-in simulations. The high stellar mass resolution (m∗ = 800 M�) of
the simulations improves the visibility of features in the stellar disk and halo, reduces the effect of noise on the measurement of
lopsidedness, and provides a refined sampling of the gravitational potential.
Methods. We quantified morphological and kinematical lopsidedness through the amplitude of the first Fourier mode (m = 1) of the
face-on projected mass distribution and radial velocity maps consistently for stars and gas and over 0.5–1 Ropt, where Ropt is the stellar
optical radius.
Results. At z = 0, the morphological lopsidedness of the old stellar component (>0.5 Gyr old) strongly correlates with that of HI,
tracing distortions in the global gravitational potential, while the young stellar population (<0.5 Gyr old) primarily traces asymmetric
star formation along strong spiral arms. Morphological and kinematical lopsidedness are strongly correlated in stars but weakly
correlated in HI, which typically exhibits stronger kinematical asymmetries. We also find that stellar disk lopsidedness is anticorrelated
with bar strength, with strongly barred galaxies hosting more symmetric disks and higher central stellar mass densities. Based on our
simulations of lopsidedness evolution over the past 7 Gyr, we observed that tidal interactions with massive satellites (mass ratio
>1:50) produce coherent lopsided responses in stars and HI. In contrast, smooth gas accretion primarily drives lopsidedness in HI and
young stars, while the total stellar component remains largely symmetric. Individual galaxies often experience multiple mechanisms,
producing complex coupling and decoupling among distinct tracers.
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1. Introduction

Disk galaxies often display asymmetric mass and light distri-
bution (known as lopsidedness; (Baldwin et al. 1980)) such that
the outer regions are more extended on one side than on the
opposite side. Lopsidedness is also observed in the kinemat-
ics, where the rotation curve rises more steeply on one side
of the galaxy than on the opposite one. Observational studies
have shown that both in the local Universe and at high-redshift
(i.e., z . 3), at least one-third of the galaxies have lop-
sided stellar disks (Zaritsky & Rix 1997; Bournaud et al. 2005;
Le Bail et al. 2024). Lopsidedness is not only observed in the
spatial distribution of the old stellar component traced in the
near-infrared (Block et al. 1994; Rix & Zaritsky 1995) but also
in both the spatial distribution and kinematics of atomic hydro-
gen gas, i.e., HI (Richter & Sancisi 1994; Schoenmakers et al.
1997; Haynes et al. 1998; Swaters et al. 1999). Specifically,
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Richter & Sancisi (1994) found that at least 50% of galaxies
show strong asymmetries in their global HI velocity profiles,
caused by intrinsically asymmetric gas distributions and/or kine-
matics (i.e., an asymmetry in the global HI profile can result
from a lopsided spatial distribution and/or lopsided kinematics).
Since lopsidedness is stronger at larger radii, it is not surpris-
ing that a larger fraction of lopsided galaxies is identified in HI,
which is more extended than the stellar component.

Despite lopsidedness being a common phenomenon in galac-
tic disks, its origin and evolution are still not well understood.
One of the main processes proposed to explain the origin of
lopsidedness are tidal interactions (Beale & Davies 1969;
Weinberg 1995), which can generate strong but relatively
short-lived lopsided perturbations lasting no more than ∼2 Gyr
(Ghosh et al. 2025). These interactions are expected to play
a significant role in producing disk asymmetries, particularly
in galaxy groups, where encounters are frequent and relative
velocities are lower than in clusters. Indeed, observations have
shown that early-type disk galaxies in galaxy groups tend to be
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more lopsided than late-type counterparts (Angiras et al. 2006,
2007). This is consistent with an environmental origin for the
early-type galaxy population in groups driven by tidal inter-
actions, which can heat the stellar disk and produce multiple
star-bursting episodes, ultimately transforming a gas-rich spi-
ral galaxy into a gas-poor lenticular galaxy (Bournaud et al.
2004; Bekki & Couch 2011; Deeley et al. 2021). However, the
observed lack of correlation between lopsidedness and the pres-
ence of nearby satellite galaxies in the field (Bournaud et al.
2005; Wilcots 2010), together with the finding that late-type
disk galaxies in the field are generally more lopsided in
their stellar density distribution than early-type disk galaxies
(Bournaud et al. 2005), suggests that additional processes must
also be at play. For this reason, subsequent studies have pro-
posed that lopsidedness can arise as a result of the disk response
to a previously tidally perturbed dark matter halo (Weinberg
1995; Jog 1997, 2002) or from torques acting as a result
of an off-centered disk with respect to the dark matter halo
(Noordermeer et al. 2001). Alternatively, Bournaud et al. (2005)
suggested that asymmetric gas accretion is the dominant origin
of lopsidedness in field galaxies.

Using cosmological simulations from the IllustrisTNG
project, Łokas (2022) showed that lopsided galaxies tend to be
characterized by higher star formation rates, bluer colors, lower
metallicity, and a higher gas fraction than symmetric galaxies
at z = 0, consistent with the asymmetric gas accretion scenario.
Similar conclusions were also reached by Dolfi et al. (2025), who
showed that lopsided galaxies have typically experienced more
significant recent net gas accretion rates onto their galactic disk
than symmetric galaxies. This is also consistent with the finding
that lopsided galaxies have a distinct star formation history with
respect to their symmetric counterparts at z = 0 (Dolfi et al.
2023). They are characterized by a steadier mass growth until
recent times, possibly due to the continuous accretion of gas
that kept their star formation rate overall constant up to z = 0.
However, lopsidedness is observed in both the young as well as
the old stellar component, meaning that recent asymmetric gas
accretion cannot be the only process that generates lopsidedness.

A harmonic perturbation on the order of (m = 1) in the mass
distribution of a galactic disk produces a displacement of its
center of mass, generating an internal restoring force directed
toward the original center. This affects not only the density dis-
tribution but also the orbits of the particles in the disk, and it
introduces kinematic asymmetries. In the plane of the disk, non-
circular motions produce a radial velocity component VR that
appears as a dipolar feature (i.e., VR > 0 on one side of the disk
and VR < 0 on the opposite side), while the tangential veloc-
ity VΦ shows an amplitude difference between the two halves of
the galaxy, with one rotation curve rising more steeply than the
other (Jog 1997, 2002). For this reason, if lopsidedness arises as
a result of the disk response to an external perturbation potential,
the galaxy is expected to show both morphological and kinemat-
ical asymmetries (see also Jog & Combes 2009 for a review).

The combined study of stellar and gas lopsidedness in both
the density and kinematics can provide important constraints on
the mechanisms that trigger a lopsided perturbation. Processes
such as gas accretion or ram-pressure stripping that act primarily
on the gas are expected to produce a strong lopsidedness in the
gas without a corresponding stellar response. Specifically, only a
response in the young stellar component is expected as new stars
are born from an underlying asymmetric gas distribution. How-
ever, analytical models have shown that the drag force exerted
by ram-pressure stripping on the gas disk can be transmitted to
the stellar disk and dark matter halo. As a result, both the stellar

disk and dark matter halo can be displaced by several kilopar-
secs (Smith et al. 2012). Nevertheless, the resulting distortion of
the stellar disk is relatively short-lived, lasting only .200 Myr.
Processes such as tidal interactions, however, are expected to
produce a similar lopsidedness in both stars and gas since both
respond to the same gravitational perturbation potential.

Previous observational studies have typically characterized
lopsidedness either in the stars or gas components. In a recent
work, Feng et al. (2025) studied the ionized gas velocity maps
of a sample of disk galaxies from the MaNGA survey to quan-
tify the presence of kinematic asymmetries and the correlation
with global galaxy properties. They found that galaxies with
large kinematic asymmetries tend to stay out of the star form-
ing main sequence (SFMS) and below the mass-metallicity rela-
tion (MZR). Also, most asymmetric galaxies that are below the
SFMS have low stellar masses (i.e., log10 M∗/M� < 10.2 within
the sample), gas-phase metallicity below the MZR, and HI gas
content above the stellar mass-HI relation adopted in Eq. (15) of
Feng et al. (2025). For this reason, they suggest that the accre-
tion of metal-poor gas is the main driver of the gas velocity map
asymmetries in these galaxies, with the reduced star formation
rate in the lower-mass systems likely associated with less effi-
cient cooling.

In another recent work, Ghosh et al. (2025) studied the ori-
gin and evolution of a merger-induced lopsided perturbation in
the stellar component of a Milky Way-like galaxy using numer-
ical simulations. They showed that the interaction with a merg-
ing satellite galaxy produces a significant lopsided perturbation
in both the stellar density and stellar velocity distributions. Fur-
thermore, they showed that the lopsided amplitude, as well as
the correlation between stellar density and stellar kinematic lop-
sidedness, is stronger for the metal-rich stellar component (i.e.,
[Fe/H] > 0) than for the metal-poor one. They argue that this
is because the metal-rich stellar component has a lower velocity
dispersion (i.e., kinematically colder) than the metal-poor one,
and thus it is more susceptible to external perturbations. This lat-
ter result is in agreement with the finding from the previous sim-
ulation works of Varela-Lavin et al. (2023) and Fontirroig et al.
(2025). Using cosmological simulations, they showed that there
is a strong correlation between lopsidedness and the internal
properties of the galaxies with lopsided galaxies being charac-
terized by a lower central stellar mass density and being less
gravitationally cohesive than symmetric galaxies.

Only the later work of Bilimogga et al. (2026) attempted to
study the correlation between morphological and kinematical
asymmetries in HI. They found that there is no straightforward
correlation between morphological and kinematical asymme-
tries. Specifically, Bilimogga et al. (2026) studied the correlation
between the asymmetry in the global HI velocity profile and in
the HI spatial density, finding that a galaxy with high asymmetry
in the global HI profile can have either an asymmetric HI veloc-
ity field with a symmetric HI spatial distribution or an asym-
metric HI spatial distribution with an asymmetric or symmetric
HI velocity field. Furthermore, they noted that an asymmetry
in the HI spatial density is not necessarily associated with an
asymmetry in the stellar density based on the visual inspection
of the optical images, which is consistent with the lack of corre-
lation between stellar and gas morphological lopsidedness found
by Łokas (2022) in the IllustrisTNG simulations. Although a
detailed quantification of the stellar asymmetry was not per-
formed in Bilimogga et al. (2026), their results indicate that dif-
ferent lopsidedness triggering mechanisms might be at play to
produce different levels of morphological and kinematical asym-
metries in the stellar and gas components. These results are also
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broadly consistent with Manuwal et al. (2022), who found multi-
ple physical drivers contributing to HI line asymmetries in galax-
ies from the EAGLE simulations.

A study investigating the correlation between the stellar and
gas lopsidedness both in the density and velocity distributions
is still lacking. In this work, we carry out such a study using
the sample of Milky Way-type galaxies from the novel Auriga
Superstars simulations (Grand et al. 2017; Pakmor et al. 2025b).
The high stellar mass resolution (i.e., mstar = 800 M�) of these
simulations allowed us to resolve the stellar disk structure with
unprecedented detail and to study its evolution in a full cosmo-
logical context by investigating the effects of different dynami-
cal processes (e.g., tidal interactions and/or gas accretion) on the
properties of galactic disks.

The paper is structured as follows. In Sect. 2 we describe the
simulations from the Auriga project, the implementation of the
Superstars method as described in Pakmor et al. (2025b), and the
resulting Superstars galaxy sample. In Sect. 3 we characterize
the lopsidedness of the stellar and HI gas disks at z = 0 and study
the correlation between morphological and kinematical asym-
metries in both the stellar and HI gas components. In Sect. 4 we
investigate the evolution of lopsidedness and identify the dom-
inant physical mechanisms driving the detected morphological
and kinematical asymmetries in the stellar and HI gas compo-
nents of our galaxies. Finally, in Sect. 5 we provide a summary
of the results and our conclusions.

2. The data

2.1. The Auriga project

The original Auriga project consists of a suite of cosmological
gravo-magnetohydrodynamical zoom-in simulations run with
the moving-mesh code AREPO (Springel 2010). These halos were
selected from a dark-matter-only counterpart of the Eagle sim-
ulations at z = 0 to be relatively isolated and have halo mass
between 0.5×1010 < M200/M� < 2×1012. This halo mass range
thus includes 26 dwarf galaxies (i.e., 0.5 × 1010 < M200/M� <
5 × 1011) and 30 Milky Way-type galaxies (i.e., 0.5 × 1012 <
M200/M� < 2 × 1012).

The Auriga halos have been simulated at different resolu-
tions. The original Auriga simulations trace the evolution of all
halos from redshift z = 127 out to z = 0, with a mass resolution
of mDM = 3 × 105 M� for dark matter and mstar/gas = 5 × 104 M�
for star particles and gas cells. The softening length of the stellar
and dark matter particles evolves with time up to z = 1 and cor-
responds to a comoving softening length of 750 cpc, while the
maximum physical softening length at z < 1 is set to 375 pc. For
the gas cells, the physical softening length is scaled by the radius
of the gas cell, with a minimum limit set to a value of 375 pc as
for the stellar particles.

The Auriga simulations include models for primordial and
metal-line cooling, for the multiphase interstellar medium,
stochastic star formation and stellar evolution, for stellar feed-
back, as well as for the seeding and growth of supermassive
black holes and feedback from active galactic nuclei, and for
magnetic fields. The simulations assume a Λ cold dark mat-
ter model with the following cosmological parameters taken
from Planck Collaboration XVI (2014): Hubble constant H0 =
67.77 kms−1Mpc−1, matter density Ωm = 0.307, baryonic mass
density Ωb = 0.048, and dark energy density ΩΛ = 0.693
(Grand et al. 2017, 2024).

A detailed description of the Auriga simulations is given in
Grand et al. (2017). These simulations are now publicly avail-

able1, and a detailed description of the data is provided in
Grand et al. (2024). Throughout the paper, we refer to this par-
ticular version of the Auriga simulations as L4.

2.2. Auriga Superstars

The Auriga Superstars simulations (Superstars, hereafter) con-
sist of nine Milky Way-type halos re-simulated with an improved
stellar and dark matter particle mass resolution. The mass reso-
lution of the gas cells is kept at the original L4 resolution (i.e.,
mgas = 5 × 104 M�), because the galaxy formation model imple-
mented in Auriga was calibrated at this resolution. Within the
Superstars simulations, the dark matter particle mass resolution
is mDM = 5× 104 M� (i.e., a factor of eight better than that at the
original L4 resolution), while the stellar particle mass resolution
is mstar = 8 × 102 M� (i.e., a factor of 64 better than that at the
original L4 resolution and than the gas cell resolution).

The increased dark matter particle mass resolution is set at
the beginning of the simulation when the initial conditions are
created. On the other hand, the increased stellar particle mass
resolution relative to the gas cell resolution is obtained accord-
ing to the following method. When a gas cell is converted into
a stellar particle, 64 stellar particles are created rather than just
one. The total mass of the gas cell is then divided equally among
the stellar particles that were created. As a result, the mass of
the resulting star particles is significantly lower than that of the
gas. The newly formed stellar particles inherit the velocity of
the parent gas cell plus an additional “kick” velocity term, so
they evolve following different trajectories. The requirement is
that this additional velocity is high enough that the stellar parti-
cles born from the same gas cell are not bound together but low
enough that the properties of the galaxies do not change. The
value of the “kick” velocity is unique to each stellar particle and
is randomly drawn from a normal distribution with mean zero.
The standard deviation is set to the minimum between the local
velocity dispersion, computed from the parent gas cell and its
direct neighbors, and the local sound speed. A detailed descrip-
tion and implementation of the Superstars method is given in
Pakmor et al. (2025b).

The implementation of the Superstars method improves the
visibility of substructures and features in both the stellar disk and
halo, without significantly changing the global properties of the
galaxies. Pakmor et al. (2025b) studied several properties of the
galactic disks, such as the stellar mass surface density, the veloc-
ity dispersion, the optical radius and the disk scale height, and
found that differences between the Superstars and L4 models
are small and within the range of expected variability between
the models due to random noise (Pakmor et al. 2025b,a). Simi-
larly, several global properties of the galaxies, such as the halo
and stellar mass and the star formation rate, are also converged
between the Superstars and L4 models (Pakmor et al. 2025b).
In addition to the improved mass resolution, Superstars includes
high-cadence outputs of the positions and velocities of the stellar
particles every 5 Myr.

The improved stellar mass resolution of Superstars allows
the faint features in the stellar disk outskirts and halo to be
resolved, reducing the effect of noise on the measurement of lop-
sidedness. In fact, in Appendix B, we see that the lower resolu-
tion lopsided profiles from the original Auriga simulations are
generally noisier at larger radii than the Superstars lopsided pro-
files. Furthermore, the better sampling of the gravitational poten-

1 https://wwwmpa.mpa-garching.mpg.de/auriga/index.
html.
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tial and the high-cadence outputs make Superstars the ideal sim-
ulation to study how different dynamical processes can affect the
properties and evolution of galactic disks with unprecedented
details in a fully cosmological context. In this work, we ana-
lyze a pre-final production run of the nine Milky Way-type halos
modeled with the Superstars method, where an about twice times
larger than intended value of the “kick” velocity was used. How-
ever, as shown in Fig. A1 of Pakmor et al. (2025b), this change
in the “kick” velocity does not significantly affect the galaxies’
star formation histories, nor the stellar surface density and ver-
tical velocity dispersion within the disk optical radius. For this
reason, we do not expect our results to be significantly affected
by the different value of the “kick” velocity used.

2.3. The galaxy sample

2.3.1. Characterization of the stellar disks

In this work, we analyze the nine available models in Super-
stars. This includes galaxies with disk-to-total mass ratio (D/T),
ranging from 0.35 < D/T < 0.7. Here, disk fractions are calcu-
lated considering all star particles with circularity ε > 0.7 (see
Grand et al. 2017).

Similarly to Varela-Lavin et al. (2023) and Dolfi et al.
(2023), for each galaxy, we define the extension of its stellar disk
at z = 0 as the radius, Ropt, where the V-band surface brightness
profile drops to 26.5 mag/arcsec2. We also define the disk height,
h90, as the distance above and below the galactic plane enclosing
90% of the total stellar mass located within a projected radius
of 1 Ropt. The measurement of both Ropt and h90 is performed
after rotating each galaxy to a face-on orientation. To do this,
we center the galaxy on the position of its most bound particle
and calculate its total stellar angular momentum using only the
young stellar particles (≤1 Gyr old) contained within a sphere of
radius 0.2 R200, where R200 is the radius within which the mean
enclosed density is 200 times the critical density of the Universe
(hereafter, the “virial radius”). We then align it with the z-axis
of a Cartesian coordinate system. In this way, the face-on disk
corresponds to the xy projection, while the edge-on disk corre-
sponds to the xz and yz projections.

2.3.2. Characterization of the HI gas disks

For each galaxy, we also calculated the atomic hydrogen (i.e.,
HI) mass fraction of each individual gas cell. To do this,
we followed the approach described in detail in Sect. 3 of
Marinacci et al. (2017), where the HI gas cell mass is expressed
as

MHI,i = (1 − fmol,i) fneutr,iXH,iMgas,i, (1)

where fmol,i and fneutr,i are the molecular and neutral hydrogen
gas mass fractions, respectively, XH,i is the hydrogen mass frac-
tion; and Mgas,i is the total gas mass of the individual gas cell.

The evolution of the hydrogen fraction, XH,i, and gas cell
mass, Mgas,i, is directly tracked within AREPO and the Auriga
galaxy formation model; therefore, both quantities are avail-
able from the simulation output. The neutral hydrogen fraction,
fneutr,i, is calculated from the gas cooling module, imple-
mented within Auriga, for each individual gas cell by mod-
eling an ionization network for hydrogen and helium that
includes processes such as collisional ionization, collisional
excitation, recombination, free-free emission, and Compton
cooling (Ikeuchi & Ostriker 1986; Katz et al. 1992, 1996) in
the presence of a time-varying photo-ionizing UV background

(Faucher-Giguère et al. 2009). A detailed description of the gas
cooling implementation within the Auriga galaxy formation
model is provided in Vogelsberger et al. (2013). In our analysis,
we use this value of the neutral hydrogen fraction, fneutr,i, calcu-
lated directly from the gas cooling module and stored for each
gas cell in the Auriga simulation output.

Then, we determined the molecular hydrogen fraction, fmol,i,
using the empirical relation from Blitz & Rosolowsky (2006),
where the ratio between the molecular and atomic hydrogen vol-
umetric densities (i.e., Rmol) is defined as

Rmol,i =

(
P
P0

)α
,with P = [(γ − 1)ρ]u, (2)

with P the gas pressure of each gas cell defined by the effective
equation of state, ρ the mass density of the gas cell and u its
thermal energy per unit mass (Springel & Hernquist 2003). P0 =
1.7 × 104 Kcm−3 and α = 0.8 are free parameters that we fix to
the values determined by Leroy et al. (2008) based on a set of
observations of nearby galaxies. The fraction of the molecular
hydrogen is then calculated as

fmol,i =
Rmol,i

(Rmol,i + 1)
. (3)

Finally, we computed the HI gas mass as described in Eq. (1).
In Fig. 1, we show the face-on projection of the present-day

V-band stellar surface brightness maps (left panels) and of the
HI surface density maps (right panels) of the nine Superstars
galaxies. The galaxy labels used here are the same as they were
defined in the original Auriga simulations by Grand et al. (2017).
The dashed and solid orange circles define the outer disk region
between 0.5 and 1 Ropt, respectively, measured from the stellar
surface brightness profiles, as described at the beginning of the
section. The extent of each image, centered on the galaxy, ranges
from −2 Ropt to +2 Ropt along both axes. We see that all galaxies
show a disk morphology, extending out to ∼1 Ropt, in both stellar
and HI components. Only Au22 shows a compact stellar disk, as
well as the lowest HI surface density and the least extended HI
spatial distribution, while Au25 shows signs of a perturbed stel-
lar and HI disk. Some galaxies (i.e., Au17, Au18, and Au22) also
show a very strong stellar bar in the inner regions within 0.5 Ropt.
In Table 1, we summarize the main properties at z = 0 of the nine
Superstars galaxies studied in this work, along with their values
of the present-day global morphological and kinematical lopsid-
edness for both stars and HI gas measured as described in the
following Sects. 3.1 and 3.2.

3. The present-day stellar and HI gas lopsidedness

As described in detail in the introduction (see Sect. 1), distinct
dynamical processes can trigger different responses in the stel-
lar and gas components. In this section we study the correla-
tion between stellar and HI gas lopsidedness in both density and
kinematics for the nine Superstars galaxies, focusing on z = 0.
We highlight here that, when studying global galaxy properties,
we use both Superstars and the original L4 Auriga galaxies (see
Sects. 3.3.1, 3.3.2, and 3.4.1) to increase the sample statistics.
Specifically, we include in our sample nine L4 galaxies with
disk-to-total ratio D/T ≥ 0.5 at z = 0. In Table A.1, we sum-
marize the main properties at z = 0 of these nine L4 galaxies,
along with their values of the present-day global morphological
and kinematical lopsidedness for both stars and HI gas. How-
ever, when analyzing density and velocity maps (see Sects. 2.3
and 3.4) and the lopsidedness time evolution (see Sect. 4), we
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Fig. 1. Left panels: Present-day face-on V-band stellar surface brightness maps of the nine galaxies in Superstars. The dashed and solid orange
circles define the region at 0.5 and 1 Ropt, respectively, where Ropt has been calculated as described in Sect. 2.3.1. The extent of each image, centered
on the galaxy, ranges from −2 Ropt to +2 Ropt along both axes (see Table 1 for the Ropt value of each galaxy). Right panels: Same but showing the
present-day face-on HI surface density maps. It is worth noting the presence of a satellite galaxy within 0.5 Ropt in Au27, which suggests that this
galaxy is undergoing an interaction.

Table 1. Properties of Superstars galaxies.

ID M∗ MHI Ropt M200 〈A1〉 〈A1,kin〉

(1010 M�) (1010 M�) (kpc) (1012 M�) (Stars – HI) (Stars – HI)

Au6 5.76 1.10 26.5 1.02 0.11 − 0.12 0.12 − 0.38
Au17 7.94 1.46 27.4 1.13 0.08 − 0.09 0.08 − 0.30
Au18 7.23 1.57 27.4 1.14 0.03 − 0.06 0.03 − 0.37
Au22 7.67 0.17 17.7 0.99 0.05 − 0.18 0.03 − 0.29
Au23 8.97 1.97 35.3 1.51 0.09 − 0.11 0.05 − 0.38
Au24 8.05 1.56 36.2 1.51 0.06 − 0.09 0.03 − 0.32
Au25 3.80 2.14 30.2 1.22 0.27 − 0.24 0.21 − 0.41
Au27 10.13 1.22 28.8 1.74 0.07 − 0.07 0.10 − 0.39
Au28 10.95 1.84 27.4 1.58 0.06 − 0.06 0.02 − 0.32

Notes. Main properties of the nine Superstars galaxies at z = 0. From
the left to the right column: galaxy ID, total galaxy stellar mass (M∗),
total galaxy HI gas mass (MHI), stellar optical radius in the V band
(Ropt), halo mass (M200), galaxy global morphological lopsidedness for
both stars and HI gas (〈A1〉), and global galaxy kinematical lopsided-
ness for the stars and HI gas (〈A1,kin〉).

use only the Superstars galaxies due to their higher mass and
temporal resolutions.

3.1. Measuring morphological lopsidedness

Following the previous works of Varela-Lavin et al. (2023) and
Dolfi et al. (2023, 2025), we calculate the morphological lopsid-
edness by measuring the amplitude of the first Fourier mode,
m = 1, from the galaxy stellar or gas mass distribution in concen-
tric radial annuli and normalizing it by the zeroth mode, m = 0,
after rotating the galaxy to a face-on orientation, as described in
Sect. 2.3.1. The amplitude of the mth Fourier mode in a given
radial annulus is defined as

Am(R j) =

√
am(R j)2 + bm(R j)2, (4)

where am(R j) and bm(R j) are defined as

am(R j) =
∑

i

Mi cos(mθi)

bm(R j) =
∑

i

Mi sin(mθi). (5)

In Eq. (5), Mi and θi represent the mass and azimuthal angle
of the ith stellar particle within a given radial annulus, respec-
tively. The morphological lopsidedness is finally quantified in
each radial annulus as

A1(R j) =
A1(R j)
A0(R j)

. (6)

We defined equally spaced concentric radial annuli with a
width of 0.5 kpc and a height of 2|h90| from the galactic plane,
extending from the center of the galaxy out to 1 Ropt. Finally,
to quantify the global morphological lopsidedness of the galaxy
(〈A1〉, hereafter), we calculated the average A1(R j) in the radial
range between 0.5–1 Ropt. Galaxies with 〈A1〉 > 0.1 are clas-
sified as lopsided, while those with 〈A1〉 < 0.1 are considered
symmetric. The value 〈A1〉 = 0.1 is typically used in observa-
tions as the threshold separating lopsided and symmetric galax-
ies (Bournaud et al. 2005).

3.2. Measuring kinematical lopsidedness

As described in the introduction (Sect. 1) a tidally induced lop-
sided perturbation is expected to show both morphological and
kinematical asymmetries. Therefore, by quantifying the kine-
matical lopsidedness and studying its correlation with the mor-
phological counterpart, we aim to verify whether this is the
case and to constrain the mechanisms responsible for triggering
mechanisms.

To quantify the kinematical lopsidedness in the stellar and
HI gas component of our galaxy sample, we decomposed the
velocity of each particle into its components using cylindrical
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Fig. 2. Present-day morphological lopsided profiles of the stellar and
HI mass distributions within the galactic disks of the nine galaxies in
Superstars. The shaded orange region marks the radial interval between
0.5–1 Ropt used to quantify the global lopsidedness of the galaxy. The
horizontal dashed line represents the lopsidedness threshold 〈A1〉 = 0.1.

coordinates, namely tangential VΦ, radial VR, and vertical Vz,
after rotating the galaxy to a face-on orientation. In this work,
we focus on the radial component of the velocity, VR. Similar
to the morphological lopsidedness, we calculated the kinemati-
cal lopsidedness by measuring the amplitude of the first Fourier
mode from the galaxy radial velocity, normalized by the zeroth
mode (see Eqs. 4–6). We used the same concentric radial annuli
defined in Sect. 3.1. Finally, the global kinematical lopsided-
ness of the galaxy (〈A1,kin〉 hereafter) was calculated as the aver-
age A1(R j)kin in the radial range between 0.5-1 Ropt, as for the
morphological lopsidedness. For the kinematical lopsidedness,
we adopted the same threshold, 〈A1,kin〉 = 0.1, as used for the
morphological lopsidedness to distinguish between lopsided and
symmetric galaxies, as described in Sect. 3.1. We note here that
we measured the morphological (see Sect. 3.1) and kinematical
lopsidedness of both the stellar and HI gas components over the
same spatial region, which is defined by the extension of the stel-
lar disk reaching out to 1 Ropt and with a vertical extent of 2|h90|

from the galactic plane, calculated as described in Sect. 2.3.1.

3.3. Superstars: The present-day A1 density profiles

In Fig. 2, we show the present-day A1 profiles of the stellar and
HI gas mass distributions within the galactic disk for the Super-
stars galaxies, calculated as described in Sect. 3.1. We observed
that while the HI gas shows greater fluctuations in its profiles
than the stars, there is an overall good agreement between the
profiles of the two tracers. Specifically, the two lopsided galax-
ies (i.e., Au6 and Au25) that show increasing stellar A1 profiles
when moving to the disk outskirts also show increasing A1 pro-
files when considering the HI density distribution. On the other
hand, galaxies with symmetric stellar distribution also typically
show symmetric HI distributions. The only exception is Au22,

which shows a discrepancy between the stellar and HI A1 pro-
files, suggesting a specific driving mechanism for the lopsided-
ness that affects only the gas distribution.

We also see that, while the stars do not show any signifi-
cant lopsidedness in the inner galactic regions within 0.5 Ropt,
the HI gas lopsided amplitude shows peaks in almost all of the
galaxies. These strong and localized lopsided features, confined
to the inner galactic regions and appearing only in the HI gas,
could arise from a combination of effects. First, they may be
partly driven by the low HI gas mass surface density within
the inner ∼2–3 kpc. As shown in Fig. 1, the HI gas distribution
exhibits a central depression, a feature often observed in galax-
ies due to the increasing molecular gas fraction toward their cen-
ters. As a result, the measurement of lopsidedness in the central
regions is based on relatively little HI gas, making it more sus-
ceptible to small fluctuations and asymmetries that can lead to
artificially large values of the lopsided amplitude. In addition,
bar-driven gas asymmetries may also contribute in the case of
those galaxies where we see a strong stellar bar in the central
regions (e.g., Au17, Au18, and Au22; see Fig. 1. As described
in Fragkoudi et al. (2025), the bar strength is quantified by mea-
suring the amplitude of the m = 2 Fourier mode of the galaxy
stellar mass distribution, normalized by the m = 0 mode, and
taking its maximum value within the inner 10 kpc (see also Eqs.
4–6). The bar strength typically peaks within 5 kpc, providing
an approximate estimate of the region where the bar dominates.
This roughly corresponds to the radial range where we observe
peaks in the HI gas lopsided amplitude. Therefore, the bar may
be driving these gas asymmetries. Finally, strong Active Galac-
tic Nuclei (AGN) activity as in the case of Au22 (Grand et al.
2017) may also contribute to these central HI asymmetries. On
the contrary, in the case of Au27, the presence of a satellite
galaxy within 0.5 Ropt may be responsible for both the central
gas and stellar asymmetries seen in Fig. 2.

We note that, in this work, we study the lopsidedness of
the stellar and HI gas over the same spatial region, defined by
the stellar Ropt calculated as described in Sect. 2.3.1. However,
observational studies have shown that HI disks can be 2–3 times
more extended than the optical stellar disk (Bosma 1981) and
frequently exhibit lopsided asymmetries in the outer galactic
regions (Bournaud et al. 2005; Jog & Combes 2009). We there-
fore inspected the HI lopsided profiles beyond the stellar Ropt,
out to R95

HI, defined as the radius enclosing 95% of the total HI
gas mass. Although these results are not shown in the paper, we
find that eight out of nine of the galaxies exhibit lopsided HI
distributions in the outer regions out to R95

HI.

3.3.1. The stellar-HI density lopsidedness correlation

In Fig. 3, we show the present-day 〈A1〉 of the stellar and HI
gas disks for the Superstars galaxies. We also include here the
nine L4 disk galaxies with D/T > 0.5 that are not modeled
with Superstars, as mentioned in Sect. 3. In fact, as shown in
Appendix B, we find that lopsidedness is well converged with
stellar mass resolution. Therefore, the inclusion of the original
L4 galaxies is unlikely to affect our correlation results when
studying global galaxy properties. Galaxies are color coded by
their central stellar mass density, µ∗, defined in Appendix B.
The diagonal dashed black line indicates the one-to-one relation
between the stellar and HI gas asymmetry.

We found a strong correlation between the 〈A1〉 in the stars
and HI gas disks (i.e., galaxies with large lopsidedness in the
stars have also typically large lopsidedness in the HI gas, and
vice-versa), suggesting that the two tracers are dynamically
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Fig. 3. Present-day global lopsidedness of the stellar and HI disks of
the nine galaxies in Superstars. We also include nine additional L4 disk
galaxies with D/T > 0.5 that are not modeled in Superstars (circle sym-
bols). The value of the Pearson correlation coefficient is reported in the
figure, with the p-value indicated within brackets. Markers are color
coded by the central stellar mass density µ∗ of each galaxy, calculated
as described in Sect. 3.3.1. The global lopsidedness has been measured
as described in Sect. 3.1. The diagonal dashed line indicates the one-to-
one relation, while the vertical and horizontal dashed lines represent the
lopsidedness threshold 〈A1〉 = 0.1.

coupled. The strong positive linear correlation between stellar
and HI gas lopsidedness is also supported by the high value
of the Pearson coefficient reported in Fig. 3. Furthermore, we
see that the two most strongly lopsided galaxies (i.e., Au2 and
Au25) are among those with the lowest central stellar mass den-
sity and that, although there are clear exceptions, the central stel-
lar mass density tends to increase as we move along the diagonal
line toward the most symmetric galaxies. This is consistent with
the strong anticorrelation found between lopsided amplitude and
central stellar mass density in both observations (Reichard et al.
2008) and simulations (Fontirroig et al. 2025). Therefore, as
two-thirds of the Superstars galaxies have central stellar mass
densities (µ∗) above the sample average, this explains our mod-
erate bias toward symmetry at the present day. In Fig. 3, we see
that there are three galaxies from the original L4 simulations
(i.e., Au8, Au12, and Au21), which represent an exception to the
anticorrelation observed between lopsided amplitude and central
stellar mass density. Two of these galaxies (i.e., Au12 and Au21)
have high 〈A1〉 in both stars and HI gas, and relatively high cen-
tral stellar mass density. These galaxies have experienced a sig-
nificant recent interaction (< 5 Gyr ago) with a satellite of total
mass &1010 M�, as also shown by Gómez et al. (2017), which
likely triggered their lopsidedness and produced the observed
misalignment between the inner disk and the outer shells of the
dark matter halo (see figure 8 of Gómez et al. 2017). On the other
hand, Au8 has one of the lowest central stellar mass density, but
also a low 〈A1〉 in both stars and HI gas. Visual inspection of
the evolutionary history of this galaxy reveals that it is currently
experiencing an interaction with a satellite. However, the peri-
centric passage of this satellite primarily triggered a symmetric
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Fig. 4. Top panels: Present-day global lopsidedness of the young stellar
component (< 0.5 Gyr old) compared with that of the HI (left) and star-
forming (right) gas components. Bottom panel: Same but for the old
stellar component (>0.5 Gyr old). The symbols have the same meaning
as in Fig. 3.

two-armed spiral (m = 2) pattern in both the stellar and HI gas
density distributions, rather than inducing a lopsided (m = 1)
asymmetry. Finally, another exception in Fig. 3 is Au22, which
is characterized by the highest central stellar mass density and
shows high 〈A1〉 only in the HI gas. As already mentioned in
Sect. 3.3, this might suggest a particular driving mechanism for
the lopsidedness that primarily affects the gas distribution with-
out a corresponding stellar response, as well as the lack of a sig-
nificant massive interaction capable of perturbing the compact
stellar disk of this galaxy. We explore the triggering mechanisms
of lopsidedness in the Superstars galaxies further in Sect. 4.

In the left panels of Fig. 4, we separately show the corre-
lation between 〈A1〉 of young (<0.5 Gyr old; top panels) and
intermediate+old-age (>0.5 Gyr old; bottom panel)2 stars and
that of the HI gas. We choose an age cut of <0.5 Gyr old for the
young stars in order to trace recent star formation. In the bottom-
left panel, a strong positive correlation between the stellar and HI
gas lopsidedness persists even after removing the youngest stars,
as also supported by the high Pearson coefficient. This indicates
that the old stellar component is dynamically coupled to the HI
gas and traces asymmetries in the overall mass distribution of
galaxies. The correlation between the lopsided amplitude of the
old stellar component and the star-forming gas is weaker likely
because older stars have had sufficient time to phase-mix (see
bottom-right panel of Fig. 4). On the other hand, in the top pan-
els, we see that the correlation between the young stellar and
HI gas lopsidedness is less strong, with the young stars typically
showing higher 〈A1〉 amplitude than the HI gas. This is due to the
fact that lopsidedness in the young stars is more closely related
to asymmetries in the star-forming gas (see top-right panel of
Fig. 4). This means that strong lopsidedness in the young stars

2 Hereafter, referred to as “old stars” for simplicity.
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Fig. 5. Correlation between the present-day global lopsidedness of the
outer stellar disk and the present-day central bar strength of the nine
Superstars and nine L4 galaxies. Two values of the Pearson coefficient
are reported. The top one was obtained considering all the galaxies,
while the bottom one excludes four outliers (i.e., Au2, Au8, Au25, and
Au28). The symbols have the same meaning as in Fig. 3. Markers are
color coded by the central stellar mass density (µ∗) of each galaxy, cal-
culated as described in Sect. 3.3.1. The bar strength has been measured
as described in Sect. 3.3.2, following Fragkoudi et al. (2025). The hor-
izontal dashed line indicates the lopsidedness threshold 〈A1〉 = 0.1,
while the vertical dashed line at A2 ≥ 0.25 represents the threshold used
in Fragkoudi et al. (2025) to classify barred and unbarred galaxies.

(and not in the old stellar component) is an indicator of asym-
metric star formation.

The results presented in Fig. 3 and 4 appear to contrast with
those from Łokas (2022), who did not find any clear correlation
between the stellar and gas lopsidedness in their sample of disk
galaxies selected from the IllustrisTNG (TNG100) simulations
(see figure 10 in Łokas 2022). However, several factors may
account for these differences. First, Łokas (2022) studied the lop-
sided distribution of the total gas component, whereas we focus
specifically on neutral hydrogen. Second, Łokas (2022) mea-
sured the global lopsidedness of both stars and gas within 1–2 Rh,
where Rh is the half-mass radius of the galaxy, while we quan-
tify lopsidedness in the outskirts of the galactic disk between
0.5–1 Ropt. The different radial intervals used to measure lop-
sidedness are likely to affect its strength (see also Dolfi et al.
2023), particularly for the gas component, which is typically
more extended than the stellar disk. Finally, Łokas (2022) ana-
lyzed lopsidedness in the TNG100 simulation, which has a
mass resolution of mDM = 7.5 × 106 M� for dark matter and
mgas = 1.4×106 M� for gas (Nelson et al. 2019). This is approx-
imately one and two orders of magnitude lower than the dark
matter and gas mass resolution of the original Auriga simula-
tion, respectively (see Sect. 2.1). The relatively low resolution of
the TNG100 simulation, with respect to the models analyzed in
this work, is likely to influence the development of perturbations
producing lopsidedness, thereby affecting its onset, strength, and
lifetime.

3.3.2. The stellar density lopsidedness-bar connection

Previous works that studied the presence of morphological fea-
tures in disk galaxies, such as stellar bars and lopsidedness, have
shown that strong lopsidedness is more easily induced in galax-
ies that have low central stellar mass density and are less grav-
itationally cohesive (Reichard et al. 2008; Varela-Lavin et al.
2023). Furthermore, lopsided galaxies are also found to have
assembled their stellar mass, on average, at later times than
symmetric galaxies (Dolfi et al. 2023). On the contrary, barred
galaxies are typically found to be more baryon-dominated and to
have assembled their stellar mass at early times (Fragkoudi et al.
2025). This means that galaxies that are prone to develop a stel-
lar bar should be less likely to develop a lopsided perturbation
based on their internal properties.

In Fig. 5, we show the correlation between the stellar 〈A1〉

and the bar strength at z = 0 for the Superstars galaxies, as
well as for the nine L4 disk galaxies with D/T > 0.5 that are
not modeled with Superstars. We quantify the bar strength (〈A2〉

hereafter) as described in Sect. 3.3, by taking the maximum
value of the m = 2 Fourier mode in the inner 10 kpc calcu-
lated following Eqs. (4)–(6). We find an anticorrelation between
the stellar density lopsidedness in the outer galactic disk and
the bar strength in the inner galactic regions (i.e., galaxies with
high 〈A1〉 tend to have low 〈A2〉, and vice versa), although clear
exceptions exist. When considering the full galaxy sample, the
Pearson coefficient indicates no significant correlation (top value
in Fig. 5). However, after removing the clear outliers (i.e., Au2,
Au8, Au12, Au25, and Au28), we find a moderate anticorrela-
tion (bottom value in Fig. 5). Additionally, we see that the most
strongly barred galaxies tend to have high central stellar mass
density, whereas the lopsided galaxies are typically character-
ized by low central stellar mass density. These results suggest
that the anticorrelation between lopsidedness and bar strength
shown in Fig. 5 is a result of the strong correlation of both quan-
tities with the galaxy central stellar mass density. In particu-
lar, galaxies with higher central stellar mass density tend to be
less susceptible to developing lopsided perturbations while being
more likely to host strong bars. These conclusions are further
supported by the results of Fontirroig et al. (2025), who trained a
supervised random forest algorithm on a sample of ∼8000 galax-
ies from the TNG50 simulations. They found that the algorithm
could successfully distinguish between lopsided and symmetric
galaxies (with an ∼80% accuracy) using only their internal prop-
erties, with the galaxy central stellar mass density being the most
important feature for the classification.

Regarding the outliers in the anticorrelation between stel-
lar density lopsidedness and bar strength mentioned above,
Fragkoudi et al. (2025), who studied the bar formation in the
original Auriga simulations, showed that Au2 hosts a strong bar
that formed at early times ∼7 Gyr ago, while Au12 and Au25
host a bar that formed more recently at ∼2.5 and < 1 Gyr ago,
respectively. All these three galaxies have also experienced a
strong and recent interaction with a massive satellite (i.e., Mtot >
1010.5 M�; see Gómez et al. 2017) within the last 5 Gyr. This
interaction could have triggered the subsequent formation of
both morphological features (i.e., stellar bar+stellar density lop-
sidedness) in Au12 and Au25. However, Au2 hosts an ancient
bar and one of the most extended disks in the L4 simula-
tion (Grand et al. 2017). As shown in Grand et al. (2017), the
extended disk of Au2 results from a merger occurring in the
plane of the disk between ∼8 and ∼7 Gyr ago. During this period,
the bar also formed. This coplanar satellite accretion may there-
fore have triggered both the bar formation and the disk growth.
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Once the disk became significantly extended (∼6.5 Gyr ago) sub-
sequent satellite interactions occurring over the last 5 Gyr could
more easily perturb the outer galactic disk due to its lower self-
gravity (very extended disk and low central stellar mass density),
without significantly affecting the inner regions.

In a previous work, Łokas (2022) also found that lopsided
stellar disks tend to have weaker bars (i.e., a low value of 〈A2〉)
than symmetric ones from the analysis of a sample of disk
galaxies from the IllustrisTNG simulations, consistent with our
results. However, these results appear in disagreement with those
from Bournaud et al. (2005), who found that the m = 1 mode is
correlated with the presence of m = 2 features in their obser-
vational galaxy sample, where A2 is measured as the average
value over the radial range between 1.5 and 2.5 disk scalelengths
(see Fig. 8 of Bournaud et al. 2005). Interestingly, they found
that a similar correlation persists when measuring A2 over the
radial ranges between 0.5 and 1.5 disk scalelengths (i.e., central
regions) and between 2.5 and 3.5 disk scalelengths (i.e., outer
regions). They therefore concluded that the presence of m = 2
features is correlated with the presence of lopsidedness. How-
ever, they did not further investigate the nature of these m = 2
features, whether they are primarily associated with the presence
of a central bar or with outer bi-symmetric structures, such as
two-armed spiral patterns.

Overall, the results shown in Fig. 5 suggest that the observed
anticorrelation between the presence of stellar density lopsided-
ness and the presence of a bar arises as a result of the internal
properties of the galaxies, such as their central stellar mass dis-
tribution, which is found to be a key parameter in determining
whether a galaxy is susceptible to lopsidedness or bar forma-
tion. In a follow-up work, we will investigate in more detail the
origin of the anticorrelation between stellar density lopsidedness
and bar strength, as well as the formation and survival of both
morphological features in galaxies.

3.4. Superstars: The present-day VR maps

In Fig. 6, we show the present-day face-on mass-weighted mean
radial velocity maps of the stellar and HI gas disks for the Super-
stars galaxies. We see that almost all galaxies in Fig. 6 show a
dipolar feature in the outer regions of the HI radial velocity maps
(i.e., between 0.5–1 Ropt, orange circles), which is a signature of
kinematical lopsidedness. On the contrary, only three galaxies
show a dipolar feature in the outer regions of the stellar radial
velocity maps (i.e., Au6, Au25, and Au27). Among these, two
galaxies (i.e., Au6 and Au25) are also currently lopsided in both
the stellar and HI gas density distributions (see Sect. 3.3), as
expected if lopsidedness arises as the result of an external pertur-
bation potential. For the remaining galaxies, which do not show
dipolar features in the outer regions of the stellar radial veloc-
ity maps, the different levels of kinematic asymmetries in the
stellar and HI gas disks might indicate other lopsidedness trig-
gering mechanisms. In what follows (Sect. 3.4.1), we quantify
the kinematical lopsidedness of both the stellar and HI gas disks
and examine its correlation with the corresponding morphologi-
cal lopsidedness, in order to investigate the different mechanisms
that may trigger lopsidedness.

From the radial velocity maps in Fig. 6, we also see that
many of them shows a quadrupole feature in the inner galac-
tic regions within 0.5 Ropt in both the stellar and HI gas veloc-
ity maps. In particular, three galaxies (i.e., Au17, Au18, and
Au22) show the strongest quadrupole signal, which is indicative
of elongated orbits driven by a stellar bar.

3.4.1. Kinematic-morphological lopsidedness correlation

In Fig. 7, we show the correlation between the present-day kine-
matic 〈A1,kin〉 and morphological 〈A1〉 lopsidedness of the stellar
and HI gas disks for the Superstars galaxies, as well as for the L4
disk galaxies with D/T > 0.5, measured as described in Sects.
3.1 and 3.2. Galaxies are color coded by the average amplitude
of the kinematic Fourier m = 2 coefficient calculated from the
face-on projected radial velocity maps of both stars and HI gas
in the outer regions of the galactic disk between 0.5–1 Ropt. A
nonzero kinematic 〈A2,kin〉 in the outer galaxy regions is typi-
cally associated with spiral arms.

For the stellar component, we find that kinematical and
morphological lopsidedness are well correlated, indicating that
stellar lopsidedness likely arises from a perturbed gravitational
potential that coherently affects both stellar orbits and their spa-
tial distribution. In contrast, for the HI gas, we find a weaker cor-
relation between kinematical and morphological lopsidedness,
with the lopsided signature being generally stronger in the kine-
matics than in the morphology. Previous works have associated
strong gas kinematic asymmetries with gas accretion (Feng et al.
2025). However, this does not exclude the possibility that lopsid-
edness results from external interactions, given the strong corre-
lation that we find between the stellar and HI gas morphological
lopsidedness in Sect. 3.3.1. Therefore, the results shown in Fig. 7
suggest that, independent of whether lopsidedness is generated
through tidal interactions or gas accretion, its imprint is stronger
in the HI gas kinematics than in its morphology.

In a previous work, Bilimogga et al. (2026) studied the corre-
lation between the asymmetry in the global HI velocity profiles
and the HI morphological asymmetry in their observed galaxy
sample. Specifically, they found that a galaxy with a strongly
asymmetric HI velocity field can have either a symmetric or
asymmetric HI density distribution. In this work, we find similar
results. In fact, as shown in the right-hand panel of Fig. 7, we find
galaxies such as Au27 and Au28 characterized by a symmetric
HI density distribution, A1(HI Morph) . 0.1, but still asymmet-
ric HI kinematics, A1(HI Kinem) > 0.1, as well as galaxies such
as Au6 and Au25 characterized by both an asymmetric HI den-
sity distribution, A1(HI Morph) > 0.1, and asymmetric HI kine-
matics, A1(HI Kinem) > 0.1. However, while Bilimogga et al.
(2026) reported a lack of correlation between stellar and HI den-
sity lopsidedness, we find that the two are strongly correlated,
as previously shown in Fig. 3. It is important to note, however,
that Bilimogga et al. (2026) classified optical asymmetries based
on visual inspection. Therefore, it is not specified whether stellar
and HI asymmetries were measured over the same spatial extent.
As discussed in Sect. 3.3.1, the different spatial regions used
to quantify stellar and HI asymmetries might affect the result-
ing correlation, given that lopsidedness is stronger at larger radii
and that HI is generally more extended than the stellar compo-
nent. Alternatively, differences in the environments where the
galaxies reside might also affect the correlation between stellar
and HI asymmetries. In fact, while Bilimogga et al. (2026) stud-
ied HI asymmetries in galaxies located in group environments,
this work focuses on galaxies in the field. Consequently, the lack
of correlation between HI and stellar morphological asymme-
tries reported by Bilimogga et al. (2026) may also suggest that
lopsidedness is triggered by mechanisms, such as ram-pressure
stripping, that directly affect the gas but not the stellar compo-
nent.

Our results, so far, favor a scenario in which lopsidedness is
triggered by tidal interactions and/or gas accretion. In particular,
we have found the following:
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Fig. 6. Face-on projections of the present-day radial velocity maps of the stars and HI disks of the nine galaxies in Superstars. The radial velocity
map of each galaxy has been obtained as described in Sect. 3.2. The dashed and solid yellow circles define the region at 0.5 and 1 Ropt, respectively,
where Ropt has been calculated as described in Sect. 2.3.1.

1. A strong correlation between stellar and HI gas morphologi-
cal asymmetries (see Sect. 3.3.1),

2. A strong correlation between kinematical and morphological
asymmetries in the stellar component (see left-hand panel of
Fig. 7), and

3. A weak correlation between kinematical and morphologi-
cal asymmetries in the HI gas, which is typically character-
ized by stronger kinematical than morphological asymme-
tries (see right-hand panel of Fig. 7).

Galaxies with asymmetric HI morphology and asymmetric HI
kinematics tend to have asymmetric stellar morphology and
kinematics as well, suggesting a tidally induced lopsidedness.
On the other hand, galaxies with symmetric HI morphology and
asymmetric HI kinematics tend to have symmetric stellar mor-
phology and kinematics, suggesting a gas accretion-induced lop-
sidedness whose signature appears stronger in the gas kinemat-
ics or that the gas kinematics retains non-axisymmetric signa-
tures longer. In the following section, we study the evolution of

A128, page 10 of 20



Dolfi, A., et al.: A&A, 715, A128 (2026)

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35〈
A1

〉
(Morph. )

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35
〈 A

1

〉 (K
in

em
.)

Stars

2

3

5

6

8

1214 15

16

17

18

21

22

23
24

25

27

28
PearsonCorr : 0.52 (0.03)

0

0.02

0.045

0.06

0.09

〈 A
2

〉 (K
in

em
.)

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35〈
A1

〉
(Morph. )

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

〈 A
1

〉 (K
in

em
.)

HI

2

3

5

6

8

12

14

15

16

17

18

21

22

23

24

2527

28

PearsonCorr : 0.4 (0.1)

0

0.2

0.3

0.4

0.6

〈 A
2

〉 (K
in

em
.)

Fig. 7. Present-day global kinematical lopsidedness compared with the present-day global morphological lopsidedness of the stellar (left) and
HI (right) disks of the nine Superstars and nine L4 galaxies. The value of the Pearson coefficient quantifying the strength of the correlation is
reported in each figure, with the p-value indicated within brackets. The symbols have the same meaning as in Fig. 3. Markers are color coded by
the corresponding amplitude of the m = 2 Fourier mode calculated from the face-on projected present-day radial velocity maps of the stellar and
HI disks between 0.5 and 1 Ropt. The global morphological and kinematical lopsidedness have been measured for both stars and HI as described
in Sects. 3.1 and 3.2, respectively, over the same spatial extent. The diagonal dashed line indicates the one-to-one relation, while the vertical and
horizontal dashed lines represent the lopsidedness threshold 〈A1,kin〉 = 〈A1〉 = 0.1.

lopsidedness in the Superstars galaxies and its connection to
past interactions with the aim of identifying the dominant mech-
anisms driving the observed morphological and kinematical
asymmetries.

4. Drivers of lopsidedness in Superstars

In order to understand the origin of lopsidedness, we studied its
evolution as a function of time. We focus here on the morpho-
logical lopsidedness in a time window covering the past 7 Gyr of
galactic history up to the present-day. We did not go back to ear-
lier times where there is not yet a well-formed disk. In Fig. 8, we
show the global 〈A1〉 of the stellar and HI disks as a function of
lookback time for the nine Superstars galaxies. We also show the
time evolution of the global 〈A1〉 of the young stellar component
(<0.5 Gyr ago). We measure 〈A1〉 using the method described in
Sect. 3.1, after determining the optical radius Ropt and the disk
height h90 of the stellar disk at each time (see Sect. 2.3.1). This
ensures that the global 〈A1〉 of both the stellar and HI gas com-
ponents is measured over the same spatial region, defined by the
stellar disk extent at each time (i.e., between 0.5 and 1 Ropt and
within a vertical extent of 2|h90| from the galactic plane). For
each galaxy, in Fig. 8, we also show the relative distance of
the most significant interacting and merging satellites over the
last 7 Gyr from the center of the main host galaxy at each time.
Distances are normalized by the virial radius R200 of the main
host at each time. The satellite orbits are color coded by the total
mass of the satellite galaxy at each time. We consider only satel-
lite galaxies with a total mass ratio >1:50 at the time they first
cross the virial radius R200 of the main host. Furthermore, we
show the satellite orbits only until their total mass drops below
Mtot = 109 M�.

4.1. Present-day lopsided galaxies

In Fig. 8, we see that the two present-day lopsided galaxies with
consistent stellar and HI gas density asymmetries at z = 0 (i.e.,
Au6 and Au25; see Sect. 3.3) also show very good agreement

between the global 〈A1〉 of the stellar and HI gas components at
all earlier times over the last 7 Gyr. In particular, Au25 shows
a mildly decreasing 〈A1〉 amplitude over most of its recent his-
tory, followed by a steep increase during the last 1 Gyr up to
the present day, consistently in both the stellar and HI gas com-
ponents. This sharp rise in 〈A1〉 occurs just before the deep
pericentric passage, ∼1 Gyr ago, of a massive satellite galaxy
with a total mass ratio in the range 1:4-1:3 at the time it first
crossed the R200 of the main host, meaning that the interaction
already starts affecting the galaxy morphology before the peri-
centric passage. In Fig. C.1 we show a snapshot sequence to
visualize the time of this significant interaction within the last
∼1 Gyr ago. We therefore conclude that the present-day mor-
phological lopsidedness of Au25 is the result of a tidal inter-
action with a massive satellite that still survives at z = 0 and
perturbed both the stellar and HI gas density distributions. In
previous works, Gómez et al. (2017) showed that this strong
interaction also caused a misalignment between the outer dark
matter halo and the inner disk in this galaxy using the original
Auriga simulation, while Grand et al. (2026) showed that strong
two-armed spirals arise from this interaction using the Superstars
simulation.

In contrast, Au6 shows two prominent 〈A1〉 peaks at ∼5 and
∼2 Gyr ago in both the stellar and HI gas components, indicating
that lopsidedness is triggered multiple times in this galaxy. As
in the case of Au25, the earlier 〈A1〉 peak of Au6 at ∼5 Gyr ago
is associated with an interacting satellite with total mass ratio
in the range 1:50-1:20 at the time it first crossed the R200 of
the main host. This satellite underwent multiple deep pericentric
passages around 6 Gyr ago, during which its total mass remains
above 109 M�, perturbing both the stellar and HI gas density dis-
tributions. Subsequently, the satellite continues orbiting the main
host but has lost most of its mass (Mtot < 109 M�), which is why
it does not appear in the bottom panel of Fig. 8. It eventually
merges with the host ∼0.5 Gyr ago, without inducing significant
additional perturbations. The more recent 〈A1〉 peak ∼2 Gyr ago
of Au6 also coincides with the close passage of a fly-by satellite
with a total mass ratio slightly greater than 1:20 at the time of
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Fig. 8. Global morphological lopsidedness of the stellar (red curve) and HI (blue curve) disks as a function of lookback time of the nine Superstars
galaxies. We consider a time window between the present day and 7 Gyr ago. We also show the time evolution of the global morphological lopsid-
edness of the young stellar component (<0.5 Gyr; gray curve). A small Gaussian smoothing (σ ∼ 130 Myr) has been applied to the lopsidedness
curves of each component. The horizontal dashed line represents the lopsidedness threshold 〈A1〉 = 0.1. The small rectangular panel below each
galaxy shows the relative distance of the most significant interacting and merging satellites over the last 7 Gyr from the center of the main host
galaxy at each time. Distances have been normalized by the virial radius R200 of the main host at each time and are shown in linear scale. The
satellite orbits are color coded by the total mass of the satellite galaxy at each time. We only considered satellite galaxies with a total mass ratio
> 1:50 at the time they first crossed the virial radius R200 of the main host. Furthermore, we show the satellite orbits only until their total mass
drops below Mtot = 109 M�.

first R200 crossing. However, in this case, the satellite does not
penetrate deeper than 0.5 R200. In Fig. C.2 we show the snap-
shot sequence of the fly-by passage of this massive satellite. As
a result, the lopsided distribution observed in both the stellar and
HI gas density fields may have been induced by dark matter den-
sity wakes generated in the halo of the main host by the orbit-
ing satellite (Gómez et al. 2016; Garavito-Camargo et al. 2019;
Grand et al. 2023). In this scenario, the lopsidedness arises from
the response of the disk to the perturbed dark matter halo poten-
tial. We will verify this scenario in a follow-up work. Observa-
tional studies have reported that the Milky Way has a lopsided HI
gas distribution at large galactocentric radii (i.e., &15 kpc) in the
direction of the Magellanic Clouds, suggesting that this asym-

metry is the result of a dark matter wake induced by this satellite
system (Kalberla & Dedes 2008).

We note that both Au6 and Au25 are characterized by a
lower-than-average central stellar mass density, µ∗ (see Fig. 3).
For this reason, even the fly-by passage of a lower-mass satellite
is likely to induce small perturbations in both the stellar and HI
gas density fields.

One interesting difference between Au6 and Au25 concerns
the behavior of the young stellar component (i.e., <0.5 Gyr old).
In Au6, we find a close correspondence between the lopsided-
ness amplitudes of the HI gas, young stars, and the total stellar
component, suggesting that the gravitational perturbations trig-
ger a coherent response across all components. In contrast, in
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Au25, we find that the young stellar component is already more
strongly lopsided at earlier times (∼6–2 Gyr ago), while both the
HI gas and the total stellar component are more weakly lopsided.
Inspection of the surface density maps suggests that this behav-
ior reflects the fact that young stars trace asymmetric star forma-
tion along the strong spiral arms, meaning that there is more star
formation in one of the spirals compared to the other for a two-
armed spiral. Therefore, the young stellar component provides
a more sensitive tracer of localized, non-axisymmetric overden-
sities associated with the spiral pattern. This is consistent with
the recent work of Grand et al. (2026) who, using the Auriga
Superstars simulation, showed that spiral structure can arise as
a result of different dynamical processes and evolve on sub-Gyr
timescales, leading to significant variations in the morphology
and strengths of spiral arms.

4.2. Present-day symmetric galaxies

4.2.1. Galaxies with early stellar and HI gas lopsidedness

Among the present-day symmetric galaxies, Au23, Au24, and
Au28 show strong lopsidedness in both stellar and HI gas com-
ponents at earlier times, i.e., between ∼5 and 2 Gyr ago for Au23
and Au24, and at >5 Gyr ago for Au28. In the case of Au23, only
the HI gas density distribution is lopsided at epochs earlier than
5 Gyr ago as a result of smooth gas accretion from two gas-rich
fly-by satellites from ∼6 Gyr ago with total mass ratios between
1:50 and 1:10 at the time of their first R200 crossing. This gas
accretion likely triggers asymmetric star formation, which is
traced by the young stellar population. The most massive of the
previous two satellites (i.e., total mass ratio ∼1:10 at the time of
first R200 crossing) later interacts more strongly with the main
host during a second pericentric passage at ∼4 Gyr ago, pro-
ducing a coherent lopsided perturbation in the density distribu-
tions of the HI gas, young stars, and the total stellar component.
In Fig. C.3 the sequence of snapshots at ∼6 Gyr ago (top pan-
els) indicates the epoch of the early gas accretion-induced lop-
sidedness, while the sequence of snapshots at ∼4 Gyr ago (bot-
tom panels) shows the subsequent significant interaction from a
massive satellite. Subsequently, the galaxy does not experience
any further significant interactions, leading to a gradual damp-
ing of its lopsidedness across all components. Using a larger
statistical sample from the IllustrisTNG (TNG50) simulation,
Fontirroig et al. (2025) showed that ∼20% of galaxies underwent
an early interaction (∼6.5 Gyr ago) with a massive satellite (mass
ratio > 1:20) that triggered a prominent lopsided perturbation.
However, at later times, this lopsidedness gradually decreased
and the galaxies eventually became symmetric in the absence
of further external interactions (see figure 9 of Fontirroig et al.
2025), as we observe for Au23 in this work.

Similarly, Au24 experiences smooth gas accretion from fly-
by satellites with total mass ratios of ∼1:20 at the time of their
first R200 crossing at early times (&5 Gyr ago), which primarily
perturbs the HI gas density distribution and likely triggers asym-
metric star formation traced by the young stellar population. At
later times, these satellites produce a coherent lopsided pertur-
bation in the density distributions of the HI gas, young stars, and
the total stellar components during their subsequent pericentric
passages between ∼5 and 2 Gyr ago, while continuing to accrete
gas onto the main host. At more recent times (i.e., .2 Gyr ago),
Au24 only experienced minor interactions with satellites of total
mass ratios ∼1:50 at the time of their first R200 crossing. How-
ever, these satellites’ interactions do not induce further signifi-
cant perturbations due to the fact that Au24 has an above-average

central stellar mass density (see Fig. 3). As a result, there is a
gradual decrease in lopsidedness across all components.

In contrast, Au28 experiences a significant interaction with
a massive satellite (total mass ratio ∼1:20 at the time of its first
R200 crossing) at early times (∼6 Gyr ago), which coherently per-
turbs the density distributions of the HI gas, young stars, and
the total stellar component. Following this event, the galaxy
undergoes a relatively quiescent evolutionary phase, without fur-
ther significant interactions and only minor smooth accretion
from very low-mass satellites (total mass ratios <1:50 at the
time of their first R200 crossing). The lack of significant inter-
actions, combined with the high central stellar mass density of
this galaxy (see Fig. 3), leads to a rapid decrease in lopsidedness
in the stellar component and a more gradual damping of lopsid-
edness in the HI gas component toward the present-day.

4.2.2. Galaxies with only HI gas lopsidedness

Finally, the remaining four present-day symmetric galaxies (i.e.,
Au17, Au18, Au22, and Au27) maintain an overall symmet-
ric stellar disk throughout their evolution, as shown in Fig. 8.
In particular, three galaxies (i.e., Au17, Au18, and Au27)
exhibit an early perturbation in the HI gas density distribution
(&4 Gyr ago), which is gradually damped toward the present-day,
whereas Au22 maintains a perturbed HI gas density distribution
with an approximately constant 〈A1〉 throughout its evolution
history.

In the case of Au17 and Au18, no significant interac-
tions with nearby satellites occur at early times between ∼7–
4 Gyr ago. These galaxies are also characterized by above-
average central stellar mass densities (see Fig. 3), which likely
stabilizes their stellar disk against external perturbations. For this
reason, they maintain an overall symmetric stellar disk, while the
lopsidedness in their HI gas density distributions is likely driven
by the asymmetric smooth gas accretion from the cosmic web
or low-mass satellites. In Fig. C.4 we show a sequence of six
snapshots displaying the time evolution between ∼7 to 4 Gyr ago
for Au17, as an example. The images confirm that this galaxy
did not experience any significant interactions with any massive
satellite at early times (i.e., &4 Gyr ago). Nonetheless, the HI gas
disk shows significant perturbations up to ∼5 Gyr ago compared
to the stellar disk, which remains mostly symmetric. This is con-
sistent with the hypothesis that the HI disk asymmetry is induced
by smooth gas accretion, as mentioned above. This process may
also trigger asymmetric star formation, traced by the young stel-
lar population. We will further test this gas accretion scenario in
a follow-up work. At later times, both galaxies experience the
pericentric passage (∼2 Gyr ago) of a satellite with a total mass
ratio of ∼1:50 at the time of its first R200 crossing. However,
because of the low satellite mass, its shallow penetration into
the main host R200, and the relatively high central stellar mass
density of these galaxies, this fly-by does not induce significant
perturbations in either the stellar or HI disks. Only the young
stellar component becomes mildly lopsided at these times, trac-
ing localized, non-axisymmetric overdensities associated with
the spiral pattern, similarly to Au25.

A similar scenario also applies to Au22, which has not expe-
rienced any significant interactions or mergers within the last
7 Gyr. The lack of strong interactions, combined with the very
high central stellar mass density of this galaxy, likely explains
why it exhibits the most symmetric stellar disk throughout its
history. In this case, continuous smooth gas accretion, from
either the cosmic web or low-mass satellite galaxies, likely pro-
duces the lopsided HI mass distribution, while both the total
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and young stellar components trace the underlying smooth mass
distribution of the compact stellar disk with no prominent spi-
ral arms. Alternatively, the strong AGN activity presents in this
galaxy could be an additional source of perturbation of its HI gas
distribution (Grand et al. 2017). In a follow-up study, we will test
the gas accretion scenario by using tracer particles to track the
time evolution of gas cells in these galaxies.

In contrast, Au27 undergoes several pericentric passages
from a gas-rich satellite with a total mass ratio between 1:50 and
1:20 at the time of its first R200 crossing between ∼7–4 Gyr ago.
These interactions primarily perturb the density distribution of
the HI gas and likely trigger asymmetric star formation, traced
by the young stellar population that closely follows the HI gas
distribution. The total stellar disk remains largely unaffected,
likely due to its relatively high central stellar mass density, which
stabilizes it against such perturbations. At later times, Au27
mainly experiences smooth accretion from low-mass satellites
(total mass ratios .1:50 at the time of their first R200 crossing),
leading to a gradual decrease in lopsidedness in the density dis-
tributions of both the HI gas and the young stellar population.

5. Summary and conclusions

In this work, we have characterized the lopsidedness in both the
density and kinematics of the stellar and HI gas components of a
sample of nine Milky Way-type galaxies from the Auriga Super-
stars cosmological zoom-in simulations as well as of a sam-
ple from the original Auriga simulations. We quantified both
morphological and kinematical lopsidedness, as described in
Sects. 3.1 and 3.2. From the analysis of the correlation between
global morphological lopsidedness in the stellar and HI gas com-
ponents as well as the correlation between global morphological
and kinematical lopsidedness in both the stellar and HI gas com-
ponents at z = 0, we report the following results:

– Within the stellar optical radius Ropt, we find that an
asymmetry in the stellar density distribution is generally
accompanied by a corresponding asymmetry in the HI gas
density distribution, but the opposite is not necessarily
true. In particular, we find that the old stellar component
(>0.5 Gyr old) is strongly coupled with the HI gas such that
high 〈A1〉 in the stars corresponds to high 〈A1〉 in the HI
gas, making it a tracer of asymmetries in the overall mass
distribution of galaxies. In contrast, the young stellar compo-
nent (<0.5 Gyr old) is sensitive to asymmetric star formation
along the strong spiral arms. These results are discussed in
Sect. 3.3.1.

– Morphological and kinematical lopsidedness in the stellar
component are also correlated, as expected if lopsidedness
arises from a perturbed gravitational potential that coherently
affects both stellar orbits and their spatial distribution
and consistent with the results from previous numeri-
cal simulations (Ghosh et al. 2025). In contrast, we find
only a weak correlation between morphological and kine-
matical lopsidedness in the HI gas, which is typically
characterized by stronger kinematical than morphological
asymmetries. Taken together, these results suggest that
independent of whether lopsidedness is tidally and/or gas
accretion-induced, its imprint is stronger in the HI gas kine-
matics than in its morphology (as described in Sect. 3.4.1).

– As shown in Fig. 5, we found an anticorrelation between lop-
sidedness in the stellar density distribution of the outer galac-
tic disk and the bar strength in the inner regions. Namely,
galaxies with stronger bars (i.e., high 〈A2〉) tend to have
lower lopsided amplitudes (i.e., low 〈A1〉), whereas galaxies

with weaker bars (i.e., low 〈A2〉) tend to have higher lopsided
amplitudes (i.e., high 〈A1〉). In particular, the most strongly
barred galaxies are also characterized by a high central stel-
lar mass density, whereas lopsided galaxies typically have
a low central stellar mass density. For this reason, we con-
clude that the anticorrelation between lopsidedness and bar
strength is a result of the strong correlation of both quantities
with the galaxy central stellar mass density, as galaxies with
a high central stellar mass density tend to be less susceptible
to developing lopsided perturbations while being more likely
to host strong bars. These conclusions are further supported
by previous works, which have shown that the galaxy cen-
tral stellar mass density is a key parameter for determining
whether a galaxy is more susceptible to developing lopsid-
edness and/or a bar (Fragkoudi et al. 2025; Fontirroig et al.
2025).

Additionally, from the analysis of the time evolution of lopsided-
ness in the stellar and HI gas density distributions of the Super-
stars galaxies (see Sect. 4), we find the following results:

– A close correspondence between peaks in the global 〈A1〉

of the stellar and HI gas components is typically associated
with the pericentric passage of a massive satellite (total mass
ratio >1:50 at the time of first R200 crossing), which triggers a
coherent response across all components. However, whether
lopsidedness arises through the direct physical encounter or
through the indirect response of the disk to the perturbed
dark matter halo will be explored in a follow-up work. We
found that in five out of the nine galaxies, lopsidedness is
triggered by a tidal encounter (i.e., Au6, Au23, Au24, Au25,
and Au28).

– A lopsided density distribution only in the HI gas is generally
consistent with smooth gas accretion, either from gas-rich
fly-by satellites or from the cosmic web. We found that in six
out of nine galaxies, lopsidedness is triggered by smooth gas
accretion (i.e., Au17, Au18, Au22, Au23, Au24, and Au27).
When lopsidedness is driven by gas accretion, the HI gas and
young stars show similar lopsided amplitudes, while the total
stellar distribution remains largely symmetric.

– When only the young stellar population is lopsided, this is
indicative of asymmetric star formation along strong spiral
arms (e.g., Au17 and Au25). Therefore, the young stellar
component can act as a sensitive tracer of localized non-
axisymmetric overdensities associated with the spiral pat-
tern. However, when only the HI gas is lopsided at all
times (e.g., Au22), it likely indicates smooth gas accretion
or strong AGN activity.

One interesting finding is that lopsidedness over a galaxy evolu-
tionary history can be driven by a combination of both processes.
Gas accretion from a fly-by satellite may first produce lopsid-
edness only in the HI gas component, while a subsequent tidal
interaction with the same or another satellite can later produce
lopsidedness in all components (i.e., stars and HI gas). Specific
examples of this include Au23 and Au24.

Although in this work we quantified the intrinsic lopsided-
ness of galaxies using face-on projections to measure the lop-
sidedness of the stellar and HI gas components individually and
we characterized the kinematical lopsidedness using the radial
component of the velocity rather than the line-of-sight velocity
accessible in observations, our results can still provide a use-
ful framework for interpreting observational studies. In particu-
lar, we find that a coherent lopsided response in both the stellar
and HI gas components is indicative of a global perturbation
to the gravitational potential, such as that induced by a tidal
interaction, producing both morphological and kinematical
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asymmetries. In contrast, a lopsided response only in the HI
gas component (and possibly in the young stellar component)
is indicative of such processes as asymmetric gas accretion from
either the cosmic web or low-mass satellites, which primarily
affect the morphology and kinematics of the gas while leav-
ing the old stellar component largely unperturbed. Therefore,
the combined analysis of morphological and kinematical lop-
sidedness across multiple tracers, such as stars and HI gas, can
provide valuable information for distinguishing between the dif-
ferent mechanisms triggering the disk lopsidedness, thus allow-
ing the recent evolutionary histories of galaxies to be con-
strained. A more quantitative comparison with observations,
including the use of line-of-sight velocity maps, is beyond the
scope of this work and will be left to a future study.

In a follow-up work, we will also investigate in more detail
the role of gas accretion as a driving mechanism of lopsid-
edness in disk galaxies. By tracking gas cells in the Auriga
Superstars simulations, we aim to distinguish accretion from
the cosmic web, from satellite galaxies, and from recycled gas
associated with galactic fountain flow (Grand et al. 2019) and
to measure the direction of gas inflows. This will allow us to
determine the origin of gas accretion, determine whether this
inflow occurs asymmetrically, and assess how such accretion is
connected to the observed coupling or decoupling of lopsided-
ness in the HI gas, young stellar population, and total stellar
components.
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Fig. A.1. Top panels: Present-day face-on V-band stellar surface bright-
ness maps of the nine original Auriga (L4) galaxies at z = 0. The dashed
and solid orange circles define the region at 0.5 and 1 Ropt, respectively,
where Ropt is calculated as described in Sect. 2.3.1. The extent of each
image, centered on the galaxy, ranges from −2 Ropt to +2 Ropt along both
axes. Bottom panels: Same but showing the present-day face-on HI sur-
face density maps.

Appendix A: Original Auriga galaxies

In Fig. A.1, we show the face-on projection of the present-day V-
band stellar surface brightness maps (left panels) and of the HI
surface density maps (right panels) of the nine original Auriga
(L4) galaxies at z = 0 with D/T ≥ 0.5, which are included in
this work when studying global galaxy properties (see Sects. 2.1
and 3). In Table A.1, we summarize the main properties at z =
0 of these nine Auriga galaxies, along with their values of the
present-day global morphological and kinematical lopsidedness
for both stars and HI gas.

Table A.1. Properties of original Auriga (L4) galaxies.

ID M∗ MHI Ropt M200 〈A1〉 〈A1,kin〉

(1010 M�) (M�) (kpc) (1012 M�) (Stars - HI) (Stars - HI)

Au2 9.42 2.15 46.8 1.91 0.27 − 0.20 0.12 − 0.55
Au3 8.72 1.59 35.3 1.45 0.10 − 0.09 0.15 − 0.19
Au5 7.12 0.46 23.1 1.18 0.08 − 0.12 0.06 − 0.56
Au8 3.96 2.56 36.3 1.08 0.05 − 0.08 0.04 − 0.15
Au12 6.61 0.37 21.9 1.09 0.17 − 0.15 0.06 − 0.43
Au14 11.73 1.81 28.4 1.65 0.04 − 0.13 0.07 − 0.30
Au15 4.33 1.49 28.3 1.22 0.16 − 0.12 0.07 − 0.45
Au16 7.02 2.90 44.5 1.50 0.10 − 0.10 0.27 − 0.66
Au21 8.66 1.68 29.0 1.45 0.15 − 0.21 0.12 − 0.57

Notes. Main properties of the nine original Auriga (L4) galaxies at z =
0. Column from left to right: the galaxy ID, the total galaxy stellar mass
(M∗), the total galaxy HI gas mass (MHI), the stellar optical radius in the
V-band (Ropt), the halo mass (M200), the galaxy global morphological
lopsidedness for both stars and HI gas (〈A1〉), and the galaxy global
kinematical lopsidedness for both stars and HI gas (〈A1,kin〉).

Appendix B: Stellar mass distribution across
models and resolution

In this section we first study whether the improved stellar parti-
cle mass resolution of Superstars has a significant impact on the
overall stellar mass distribution within the galactic disk at z = 0.
For each Superstars galaxy (see Sect. 2.3), we consider its low
resolution counterpart in L4. For both sets of galaxies, we calcu-
late the optical radius (i.e., RSStar

opt and RL4
opt) and disk height (i.e.,

hSStar
90 and hL4

90 ), as described in Sect. 2.3.1. We then calculate the
average values of < Ropt > and < h90 > between the Superstars
and L4 resolutions for each galaxy3. We use these average values
to define the extension of the stellar disk, and the spatial region
over which the lopsidedness is measured in both the Superstars
and L4 resolutions.

In the top panels of Fig. B.1, we show the present-day lop-
sided profiles of each Superstars galaxy at both the Superstars
and L4 resolution, while, in the bottom panels, we show the dif-
ference between the lopsided profiles measured at the Superstars
and L4 resolutions. We also calculate the root-mean-square-error
(RMSE) to quantify the overall difference between the lopsided
profiles. In the bottom panels of Fig. B.1, we see that the differ-
ence ASStar

1 − AL4
1 between the lopsided profiles measured in the

Superstars and L4 resolutions show only moderate local varia-
tions as a function of radius (. 0.02). We find an overall good
agreement between the lopsided profiles of the galaxies in Super-
stars and L4, as suggested by the small RMSE . 0.05. Only
one galaxy (i.e., Au6) shows a larger RMSE ' 0.07, but the
shapes of the lopsided profiles in Superstars and L4 still show
good agreement. In fact, we find that the strongly lopsided galax-
ies in Superstars are also strongly lopsided in L4 (e.g., Au25;
A1 >> 0.1), while the strongly symmetric galaxies in Super-
stars are also strongly symmetric in L4 (e.g., Au18; A1 << 0.1),
as suggested by the comparable 〈A1〉 values calculated for each
galaxy. Weakly perturbed galaxies in Superstars with 〈A1〉 values
close to the threshold ' 0.1 also show similar weakly perturbed
lopsided profiles in L4 (i.e., Au17, Au23, Au24, and Au27). Fur-
thermore, we note that the Superstars galaxies have always gen-
erally the same (Au28) or slightly smaller 〈A1〉 than the original

3 We note that the individual values of Ropt and h90 are generally similar
between the Superstars and L4 simulations

A128, page 16 of 20



Dolfi, A., et al.: A&A, 715, A128 (2026)

0.0

0.1

0.2

0.3

0.4

0.5

A 1

Au6

ASStar
1 = 0.14

AL4
1 = 0.18

0.0 0.2 0.4 0.6 0.8 1.0
Radius/Ropt

0.5

0.0

0.5

ASS
ta

r
1

AL4 1 RMSE = 0.07
0.0

0.1

0.2

0.3

0.4

0.5

A 1

Au17

ASStar
1 = 0.07

AL4
1 = 0.12

0.0 0.2 0.4 0.6 0.8 1.0
Radius/Ropt

0.5

0.0

0.5

ASS
ta

r
1

AL4 1 RMSE = 0.05
0.0

0.1

0.2

0.3

0.4

0.5

A 1

Au18

ASStar
1 = 0.03

AL4
1 = 0.04

0.0 0.2 0.4 0.6 0.8 1.0
Radius/Ropt

0.5

0.0

0.5

ASS
ta

r
1

AL4 1 RMSE = 0.02

0.0

0.1

0.2

0.3

0.4

0.5

A 1

Au22

ASStar
1 = 0.06

AL4
1 = 0.04

0.0 0.2 0.4 0.6 0.8 1.0
Radius/Ropt

0.5

0.0

0.5

ASS
ta

r
1

AL4 1 RMSE = 0.02
0.0

0.1

0.2

0.3

0.4

0.5

A 1

Au23

ASStar
1 = 0.09

AL4
1 = 0.12

0.0 0.2 0.4 0.6 0.8 1.0
Radius/Ropt

0.5

0.0

0.5

ASS
ta

r
1

AL4 1 RMSE = 0.03
0.0

0.1

0.2

0.3

0.4

0.5

A 1

Au24

ASStar
1 = 0.07

AL4
1 = 0.11

0.0 0.2 0.4 0.6 0.8 1.0
Radius/Ropt

0.5

0.0

0.5

ASS
ta

r
1

AL4 1 RMSE = 0.05

0.0

0.1

0.2

0.3

0.4

0.5

A 1

Au25

ASStar
1 = 0.27

AL4
1 = 0.3

0.0 0.2 0.4 0.6 0.8 1.0
Radius/Ropt

0.5

0.0

0.5

ASS
ta

r
1

AL4 1 RMSE = 0.05
0.0

0.1

0.2

0.3

0.4

0.5

A 1

Au27

ASStar
1 = 0.08

AL4
1 = 0.1

0.0 0.2 0.4 0.6 0.8 1.0
Radius/Ropt

0.5

0.0

0.5

ASS
ta

r
1

AL4 1 RMSE = 0.05
0.0

0.1

0.2

0.3

0.4

0.5

A 1

Au28

ASStar
1 = 0.06

AL4
1 = 0.06

0.0 0.2 0.4 0.6 0.8 1.0
Radius/Ropt

0.5

0.0

0.5

ASS
ta

r
1

AL4 1 RMSE = 0.03

Fig. B.1. Top panels: Present-day lopsided profiles of stellar mass density of the nine galaxies in Superstars (black lines) compared with their
corresponding low-resolution counterpart in the original Auriga simulations from Grand et al. (2017) (gray lines). The horizontal dashed line
indicates the lopsidedness threshold 〈A1〉 = 0.1, while the shaded orange region represents the radial interval between 0.5-1 Ropt used to quantify
the global lopsidedness of the stellar disk. The resulting global 〈A1〉 is shown in the legend for each galaxy at both the Superstars and L4
resolution. Bottom panels: For each galaxy, we compute the difference between the lopsided profiles measured in Superstars and L4 at each radius
and calculate the root mean square error to quantify the overall variation.

lower resolution L4 galaxies. This indicates that noise can affect
the lopsidedness measurement, as we see that the L4 lopsided
profiles are noisier at large radii than the Superstars lopsided
profiles.

For each Superstars galaxy, we also calculate the present-day
central stellar mass density4 and we compare it with that mea-
sured in the L4 counterpart. Similarly to Fig. B.1, we use the
average value of the half-mass radius 〈Rh〉, calculated between
the Superstars and L4 resolutions for each galaxy, to define the

4 The central stellar mass density is defined as µ∗ = M∗,h/πR2
h, where

M∗,h is the stellar mass enclosed within an area delimited by the stellar
half-mass radius Rh of the galaxy.
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Fig. B.2. Present-day central stellar mass density of the nine galaxies in
Superstars compared with the central stellar mass density of the same
galaxies at the L4 resolution. The diagonal dashed black line indicates
the one-to-one relation.

inner galactic regions where the central stellar mass density is
measured in both Superstars and L4 resolutions. The results are
shown in Fig. B.2. We find that there is a very good agreement
between the central stellar mass density in Superstars and L4 at
z = 0 (i.e., all galaxies typically lie along the one-to-one rela-
tion). Only two galaxies (i.e., Au17 and Au23) show a mild dis-
placement from the one-to-one relation, being characterized by
higher central stellar mass density in Superstars than in L4. This
might explain their, on average, lower 〈A1〉 measured in Super-
stars than L4 (see Fig. B.1), consistent with previous works that
found a strong dependance of the lopsided amplitude on the cen-
tral stellar mass density of the galaxies (Fontirroig et al. 2025).

Overall, these results show that the implementation of the
Superstars method to improve the stellar particle mass resolution
with respect to that of the gas cells does not significantly affect
the overall stellar mass distribution (i.e., lopsidedness) within
the galactic stellar disk, nor the central stellar mass density of
the galaxy. In Sects. 3.3.1, 3.3.2, and 3.4.1, we use these results
to expand the Superstars galaxy sample by including the L4 disk
galaxies (i.e., with D/T > 0.45) that are not modeled with Super-
stars, thereby improving the statistical significance of the corre-
lations between global galaxy properties.

Appendix C: Temporal evolution

In this section we present maps of the stellar and HI density dis-
tributions at consecutive output times for three of the Superstars
galaxies discussed in Sect. 4. The corresponding lookback time
is indicated in each panel.

We first highlight Au25 (Fig. C.1, Sect. 4.1), which is an
example of a tidally induced lopsided perturbation in both its
stellar and HI components, triggered by an interaction with a
massive satellite within the last 1 Gyr. Similarly, Au6 (Fig. C.2,
Sect. 4.1) shows a recent peak in lopsidedness across both its
stellar and HI components at ∼1.5 Gyr. This was likely caused
by the disk responding to a dark matter halo perturbed by the

fly-by of a massive satellite. Finally, we show Au23 (Fig. C.3,
Sect. 4.2), which experienced gas accretion from a fly-by satel-
lite at early times (∼6 Gyr ago). This event induced lopsidedness
in the HI gas while leaving the stellar component unperturbed
(top panels of Fig. C.3). Subsequently, a further interaction with
another massive satellite at ∼4 Gyr ago perturbed both the stellar
and HI distributions (bottom panels of Fig. C.3).
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Fig. C.1. Au25: Snapshot sequence of the significant recent interaction experienced with a massive satellite (i.e., total mass ratio: 1:4-1:3) over
the last 1 Gyr, which produced the coherent perturbation in both the stellar and HI components, as shown in Fig. 8. The pericentric passage occurs
at ∼1 Gyr ago consistent with the increase in the global lopsidedness 〈A1〉 of both tracers. The box length, centered on the main host galaxy,
corresponds to twice the virial radius R200 at each output time. The panels are shown in order of decreasing lookback time, from left to right.
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Fig. C.2. Au6: Snapshot sequence of the orbit of a massive fly-by satellite (i.e., total mass ratio: & 1:20). As shown in Fig. 8, the satellite never
penetrates deeper than 0.5 R200 and the pericenter is reached at ∼1.5 Gyr ago, consistent with the increase in the global lopsidedness 〈A1〉 of both
the stellar and HI components. The box length, centered on the main host galaxy, corresponds to twice the virial radius R200 at each output time.
The panels are shown in order of decreasing lookback time, from left to right.
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Fig. C.3. Au23: Snapshot sequence showing the early smooth gas accretion from two gas-rich fly-by satellites at ∼6 Gyr ago (top panels) and the
subsequent significant interaction experienced with a massive satellite (total mass ratio ∼1:10) during its pericenter passage at ∼4 Gyr ago (bottom
panels). As shown in Fig. 8, the former event only perturbed the HI component, while the latter perturbed both the stellar and HI components. The
box length, centered on the main host galaxy, corresponds to one virial radius R200 at each output time. The panels are shown in order of decreasing
lookback time, from left to right.
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Fig. C.4. Au17: Sequence of six snapshot showing the time evolution between 4 to 7 Gyr ago for Au17, which belongs to the group of galaxies
exhibiting only an early perturbation in the HI gas density distribution (& 4 Gyr ago) while maintaining an overall symmetric stellar disk throughout
their evolution (see Fig. 8). As shown in Fig. 8, this galaxy did not experience any significant interactions with any massive satellite at early times
(i.e., & 4 Gyr ago). It only experienced a fly-by passage from a low mass satellite (i.e., mass ratio of ∼1:50) at ∼2 Gyr ago, which did not cause
significant perturbations to the stellar or HI gas disk. The box length, centered on the main host galaxy, corresponds to one virial radius R200 along
each axis at each output time. The panels are shown in order of decreasing lookback time, from left to right.
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