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ABSTRACT

Disc galaxies commonly show asymmetric features in their morphology, such as warps and lopsidedness. These features can
provide key information regarding the recent evolution of a given disc galaxy. In the nearby Universe, up to ~30 per cent of
late-type galaxies display a global non-axisymmetric lopsided mass distribution. However, the origin of this perturbation is
not well understood. In this work, we study the origin of lopsided perturbations in simulated disc galaxies extracted from the
TNGS50 simulation of the IlustrisTNG project. We statistically explore different excitation mechanisms for this perturbation,
such as direct satellite tidal interactions and distortions of the underlying dark matter distributions. We also characterize the main
physical conditions that lead to lopsided perturbations. 50 per cent of our sample galaxy have lopsided modes m = 1 greater than
~0.12. We find a strong correlation between internal galaxy properties, such as central stellar surface density and disc radial
extension with the strength of lopsided modes. The majority of lopsided galaxies have lower central surface densities and more
extended discs than symmetric galaxies. As a result, such lopsided galaxies are less self-gravitationally cohesive, and their outer
disc region is more susceptible to different types of external perturbations. However, we do not find strong evidence that tidal
interactions with satellite galaxies are the main driving agent of lopsided modes. Lopsided galaxies tend to live in asymmetric
dark matter haloes with high spin, indicating strong galaxy—halo connections in late-type lopsided galaxies.

Key words: galaxies: evolution—galaxies: formation—galaxies: haloes—galaxies: interactions—galaxies: spiral —galaxies:
structure.

Lopsidedness has been studied in the stellar (Rix & Zaritsky 1995)

1 INTRODUCTION and H 1 gas distributions (Richter & Sancisi 1994; Haynes et al. 1998)

In the nearby Universe, spiral galaxies, such as our own, show dif-
ferent morphological asymmetries such as warps, lopsidedness and
polar rings, among others. Lopsided perturbations in disc galaxies are
one of the most common. It is described as a morphological distortion
in which a side of the disc is more elongated than the other. Such
global non-axisymmetric perturbation is typically quantified through
a Fourier decomposition of the mass or light distribution, focusing on
the m = 1 mode, A; (Rix & Zaritsky 1995; Quillen et al. 2011). Rix &
Zaritsky (1995) showed that, for lopsided galaxies, the amplitude of
A increases with radius in the outer galaxy regions. Clear examples
of lopsided galaxies include M101 or NGC1637.

One of the first studies reporting this perturbation was presented
by Baldwin, Lynden-Bell & Sancisi (1980), who analysed the spatial
distribution of HI gas in the outer regions of a sample of galaxies.
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of galaxies, as well as on their large-scale kinematics (Schoenmakers,
Franx & de Zeeuw 1997; Swaters et al. 1999; Khademi et al. 2021),
and compared against numerical models (Ghosh et al. 2022; Lokas
2022). In the nearby Universe, 30 per cent of late-type galaxies show
high values of A; (Zaritsky & Rix 1997; Bournaud et al. 2005). On
the other hand, for early-type galaxies the frequency with which this
perturbation arises is close to 20 per cent (Rudnick & Rix 1998). This
higher frequency of lopsidedness in late-type galaxies was confirmed
by Conselice, Bershady & Jangren (2000), who analysed a sample of
113 galaxies both early- and late-type. Lopsidedness in this sample
was quantified using the 180° rotational asymmetry measure, Ajgg.
They found a strong relation between morphology and lopsidedness,
showing that early-type galaxies (elliptical and lenticular) tend to
systematically have lower values of Ajgp.

A more recent study from Reichard et al. (2008, hereafter R0OS)
measured the asymmetries in galaxies through A using their surface
brightness (SB) distribution in three different bands. Their sample
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consisted of more than 25000 galaxies from Sloan Digital Sky
Survey (SDSS). They showed that the occurrence and strength
of lopsidedness has a strong dependence with galaxy structural
properties. Disc galaxies with higher A; tend to have low stellar
mass, concentration, and high central stellar density. The latter is the
parameter that most clearly correlates with the lopsidedness. As in
Rix & Zaritsky (1995), RO8 show that the amplitude of the m = 1
mode is negligible in the very inner regions of galactic discs due
to its strong self-gravitating nature. However, a systematic increase
of the A parameter with galactocentric radius is observed in the
outer galactic regions of lopsided galaxies. In addition, RO8 find
that the lopsided light distributions are primarily caused by lopsided
distributions in the stellar mass.

As discussed by Jog & Combes (2009), lopsidedness can have
very significant effects on the evolution of galaxies. In particular,
for disc galaxies it can induce the redistribution of stellar mass due
to angular momentum transport and the modulation of hosts star
formation histories. In addition, the internal torques induced by such
m = 1 modes can result in the loss of angular momentum by the host
gaseous disc, thus affecting the growth of the central supermassive
black hole. As a result, lopsided perturbations could allow us to place
important constrains on the recent interaction history of galaxies.

Several studies that have tried to characterize the main mechanisms
driving lopsided perturbations. Possible proposed mechanism are
minor mergers (Walker, Mihos & Hernquist 1996; Zaritsky & Rix
1997; Ghosh et al. 2022) and tidal interactions due to close encounters
between galaxies of similar mass (Kornreich, Lovelace & Haynes
2002). Indeed, low-density galaxies and, in particular, the outskirts
of galactic disc, are likely to be more susceptible to tidal stress.
However, a study of 149 galaxies observed in the near-infrared
(near-IR) from the OSUBGS sample (Eskridge et al. 2002) by
Bournaud et al. (2005) found that the amplitude of the m = 1
mode is uncorrelated with the presence of companions. Instead, they
suggested that asymmetric gas accretion is an important driver of
lopsidedness. Similarly, Lokas (2022) used a sample of simulated
galaxies extracted from the TNG100 simulation of the [llustrisTNG
project (Nelson et al. 2019a) to study the origin of these perturbations.
They concluded that the most frequent mechanism for the formation
of lopsided discs is asymmetric star formation, probably related to
gas accretion. However, they also observed that the distortions in the
gas and stars were not strongly correlated.

Another plausible mechanism driving lopsided discs relates to
perturbations in the density field of the underlying galactic dark
matter (DM) halo. These asymmetries in a DM halo could be
produced by a resonant interaction between the DM halo particles
and an orbiting satellite. The resulting asymmetry of the DM
overdensity field, or wake, can be thought of as a superposition
of different modes excited by such resonant interaction. The wake’s
associated torque, exerted on the embedded disc, could lead to the
formation of strong morphological disturbances such as lopsidedness
and warps, among others. Indeed, Weinberg (1998) showed that
such perturbations can induce the formation of vertical patterns,
such as warps and corrugation patterns. These results were later
confirmed using fully cosmological hydrodynamical simulations
(Gomez et al. 2016) as well as carefully tailored simulations to study
the response of the Milky Way (MW) halo to a recently accreted
Large Magellanic Cloud satellite (Laporte et al. 2018a; Garavito-
Camargo et al. 2019). Furthermore, as discussed by Jog (1999), these
DM halo asymmetries can also induce the formation of lopsided
perturbations, and sustain them for long periods of time. Using the
Millennium simulation (Springel et al. 2005), Gao & White (2006)
characterized asymmetries in DM haloes within a mass range of
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~10'2-10"5 M. The asymmetries were quantified based on shifts
between the overall DM halo centre of mass (CoM) and its centre
of density (cusp). Shifts between the system’s CoM and cusp can
be though as the dipolar component of a wake (Weinberg 1998;
Garavito-Camargo et al. 2021), and typically have the strongest
amplitude of all modes. They showed that such asymmetries were not
uncommon and that the frequency with which they arose depended
on the host mass. While 20 percent of cluster haloes have CoM
separated from their cusp by distances larger than 20 per cent of the
virial radius, only 7 per cent of the MW mass haloes show such large
asymmetries.

Despite all these studies, several questions remain to be answered
regarding lopsided galaxies, including the main driver and longevity
of such perturbation. Additionally, we do not yet understand whether
lopsidedness can be linked to fundamental properties of the structure
and evolution of the host galaxy and its halo. In this work, we
analyse a large sample of late-type galaxies, extracted from the
Mlustris TNGS50 project (Pillepich et al. 2019; Nelson et al. 2019a) to
shed light on these issues. This highly resolved fully cosmological
hydrodynamical simulation includes, in a self-consistent manner,
the different physical processes that have been proposed as the main
drivers of morphological perturbations. In particular, we focus on
MW mass-like haloes, whose stellar disc can be resolved with the
available mass resolution. In Section 2, we discuss the details of
the numerical simulation, as well as the selection criteria for our
galaxy sample. The methods to characterize the properties of the
stellar discs, and to quantify the presence of a lopsided mode on their
density distribution, are introduced in Section 3. In Section 4, we
present our results. Our conclusion and discussion are summarized
in Section 5.

2 SIMULATIONS

In this section, we introduce the numerical simulations considered
in this work, which are taken from the Illustris-The Next Generation
project (I1lustrisTNG hereafter; Marinacci et al. 2018; Naiman et al.
2018; Nelson et al. 2018, 2019a; Pillepich et al. 2018; Springel et al.
2018). We also describe the criteria applied to select galaxies from
the corresponding large cosmological boxes.

2.1 The IllustrisTNG project

The IlustrisTNG project is a set of gravo-magnetohydrodynamics
cosmological simulation, run with the moving-mesh code AREPO
(Springel 2010). It comprises three large simulation volumes:
TNG50, TNG100, and TNG300, enclosing volumes of ~50°, 1003,
and 3003 cMpc, respectively. All these TNG runs follow the standard
Lambda cold dark matter model, with parameters based on the Planck
Collaboration XIII (2016) results: 2, = 0.3089, @2, = 0.6911, Q4
= 0.0486, h = 0.6774, o3 = 0.8159, n, = 0.9667, with Newtonian
self-gravity solved in an expanding Universe. The IllustrisTNG! is
the successor of the Illustris project (Genel et al. 2014; Vogelsberger
et al. 2014a, b; Nelson et al. 2015), containing updated models for
the physical processes that are relevant for galaxy formation and
evolution (Weinberger et al. 2017; Pillepich et al. 2018), such as
radiative cooling, stochastic star formation in dense interstellar stellar
medium, and an updated set of sub-grid physics models for stellar
evolution, black hole growth, stellar and active galactic nucleus
(AGN) feedback.

Uhttps://www.tng-project.org
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Table 1. Main parameters of the TNGS50 simulation: the comoving volume
and the box side-length (first and second rows), the number of initial gas
cells and DM particles (second to fourth rows), the mean baryonic and DM
particle mass resolution (fourth to sixth rows), the minimum allowed adaptive
gravitational softening length for gas cells (comoving Plummer equivalent)
(seventh row) and the redshift zero softening of the collisionless components
(eighth row).

Run name TNGS50
Volume (chc3) 51.73
Lox (cMpc h~1) 35
NGas - 21603
Npm - 21603
Mparyon Mp) 8.5 x 10*
mpm Mp) 4.5 x 10°
€gas, min (PC) 74
€DM (pc) 288

In this work, we focus on the model TNGS50-1 (Pillepich et al.
2019; Nelson et al. 2019b) and its DM-only counterpart. TNG50-
1 (hereafter TNGS50) is the highest resolution run within the TNG
project. Its high resolution allows us to better analyse the azimuthal
distribution of stellar mass in the outskirts of MW-like galaxies. In
Table 1, we list the main parameters of this simulation.

The TNGS50 data base provides a catalogue of magnitudes in eight
bands (SDSS g, r, i, z; Buser U, B, V; and Palomar K) for each
stellar particle. To estimate them, each stellar particle is assumed to
represent a single stellar population of a given age and metallicity,
consistent with a Chabrier IMF (Chabrier 2003). Their spectral
energy distributions are obtained from the Bruzual & Charlot (2003)
populations synthesis models (e.g. Tissera, Lambas & Abadi 1997).
We note that possible effects by dust obscuration have not being
considered.

2.2 Selection criteria

In this work, we seek to characterize the properties and main
physical mechanism that give rise to disc galaxies displaying a non-
axisymmetric global mass distribution of type m = 1, better known
as lopsided galaxies (Jog & Combes 2009).

We built our sample focusing on host late-type galaxies embedded
in DM haloes with a My between 10''° and 10'>° My, where
M is defined as the total mass of the halo enclosed in a sphere
whose mean density is 200 times the critical density of the Universe
at z = 0. We considered only central galaxies, so we do not consider
satellites within our sample. To properly quantify lopsidedness in
the galaxies outskirts, we selected well-resolved galaxies with more
than 10 000 stellar particles, identified and assigned to each host by
the SUBFIND algorithm (Springel et al. 2001). Finally, we selected
disc-dominated galaxies by requiring the disc-to-total mass ratio
(D/T) to be greater than 0.5. This last parameter was extracted
from a catalogue provided by Genel et al. (2015), and represents
the fractional stellar mass within 10 x Rs?> with a circularity
parameter |e€| > 0.7. That last parameter is defined as € = J,/J(E),
where J, is the angular momentum component perpendicular to
the disc plane of a stellar particle with orbital energy E, and
J(E) is the (estimated) maximum possible angular momentum for
the given E in a circular orbit (Tissera, White & Scannapieco

2The stellar half-mass radius, Rsg, is defined as the radius that encloses
50 per cent of the total stellar mass of a subhalo.
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Figure 1. Stellar mass distribution of our selected sample (see Section 2.2).
The solid line depicts a KDE of this distribution.

2012). That last selection about D/T place a strong limit on the
mass contribution of the spheroidal components to the simulated
galaxies.

After applying the selection criteria, the final sample comprises
240 late-type galaxies at z = 0. In Fig. 1, we show the total stellar mass
distribution of the selected sample. The stellar mass distribution of
our TNG50 sample ranges from 10°2 to 10" M. The mean stellar
mass of our galaxy sample is ~10'>3 M. In Section 4.5, we expand
our sample to compare with previous results from the literature. Only
for this purpose, we select central haloes with My ranging from 10"!
to 10" M.

3 METHODS

3.1 Characteristic scales

To measure asymmetries in the mass and light distribution of the disc
component of our simulated galaxy suite, it is important to define the
different radial scales within which the analysis will be performed.
In our work, these characteristic scales are estimated by using the
projected stellar mass and light on to the rotational plane of the
disc. First, we generate radial SB profiles in the V photometric band.
The SB profiles are created through the binning of the luminosity
distribution of the stellar particles in radial annuli of 0.5 kpc of
width. For better accuracy, we have smoothed the SB profile with a
polynomial fit. This smoothed profile is used to define the position
outermost edge of the disc, Ry65, as the radius where the SB profile
falls to a magnitude of 26.5 magarcsec™2. Ry is also known as
optical radius, and here it is used as a proxy of the size of galaxies.
The Ryss in our TNG50 sample are within the range [9.5, 46.75]
kpc with a median of 22.53 kpc. In Fig. 2, we show examples of
four lopsided and four symmetric disc galaxies in our sample (top
and bottom panels, respectively). In this figure, we also illustrate the
sizes of the galaxies as measured by Ryss (white dashed circles),
illustrating how well this parameter traces the size of disc galaxies
with different characteristics.

From now on, we consider all star particles located within a sphere
of radius Ry, to estimate the parameters in this sub-section. We
define the stellar half-mass radius, Rj, as the position that enclosed
the 50 percent of stellar mass, Mj,, of the corresponding disc.
Similarly, we define Ry, as the position that enclosed 90 percent
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Figure 2. Face-on and edge-on projected stellar density for eight galaxies from our TNG50 sample at z = 0. The images at the top correspond to the most
lopsided galaxies while those at the bottom to the most symmetrical ones. The dashed circles indicate Ry 5. The solid circles represent the lower and upper
radial limit considered to compute Ay, which are between 0.5R26 5 and 1.1R2¢ 5, respectively. More details in Section 3.2.

of the disc stellar mass, Mg,. We find that R5, varies between 2.02
and 13.69 kpc with a median of 6.57 kpc, while R3, varies within 5.91
and 36.26 kpc, with a median of 15.81 kpc. These parameters allow
the estimation of the stellar concentration defined as C, = Rg,/R3,,
and central stellar density, u, = MZ,/m R;OZ.

3.2 Quantification of m = 1 asymmetries

In order to quantify the asymmetry in the mass and light distributions
of the disc stellar component of our galaxies, we adopt the Fourier
mode approach (Rix & Zaritsky 1995; Zaritsky & Rix 1997; Quillen
etal. 2011; van Eymeren et al. 2011; Grand et al. 2016). In particular,
we focus our analysis on lopsided perturbations, which can be
characterized as a displacement of the centre of stellar mass with
respect to its centre of density. Such asymmetric perturbations can
be quantified through the amplitude of the m = 1 Fourier mode.
Within a given thin radial annulus, R;, the complex coefficients of
the m Fourier mode can be estimated from a discrete distribution as

N
Cu(R)) =Y Mje ™, ¢))

i
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where M} and 6; are the mass and azimuthal coordinate of the ith
stellar particle that belongs to the jth radial annulus in a given galaxy.
The angle ¢; is defined as ¢; = atan2(y;, x;), where x; and y; are the
Cartesian coordinates of the ith stellar particle for galaxies oriented
in a face-on configuration.> Then, we define the amplitude of mth
Fourier mode as

Bm(Rj) =1/ am(Rj)z + bm(Rj)zs )

where a,, and b,, are the real and imaginary part of C,, (equation 1).
The amplitude B;(R;) corresponds to the strength of the m = 1 mode
within a given jth radial annulus. Finally, since each radial annulus
has a different total stellar mass, we express B;(R;) relative to the
corresponding m = 0 mode,

B((R))
By(R))’

Ai(R)) = 3

3atan2() is a function of two parameters that returns the phase angle of the
position of a ith star particle in the respective quadrant, thus phase angles
have values within the range —m to .
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Figure 3. Top panel: Radial distribution of the amplitude m = 1 Fourier mode
(A1(R)), for five galaxies lopsided of A;(top sub-panel) and five symmetric
galaxies (bottom sub-panel). The black dashed lines indicate the lower and
upper radial limits considered to compute a global mass-weighted mean of
m = 1 Fourier amplitudes, A; for each galaxy. Note that lopsided cases show
an increase of Aj(R) when increasing radius, and for symmetrical cases A1 (R)
approaches zero in the whole galaxy (see Section 3.2). Bottom panel: Radial
distribution of phase angle of the m = 1 component, ¢ 1 (R). Similar to the top
panel, we show five lopsided and symmetrical disc examples. The lopsided
galaxies show a nearly constant phase angle in their outer disc, in agreement
with previous studies (Li et al. 2011; Zaritsky et al. 2013).

where B, is given by equation (2) for m = 0, and it is equal to the total
mass in the given jth radial annulus. Thus, equation (3) corresponds
to the mass-weighted amplitude of the m = 1 Fourier mode as a
function of radius.

In Fig. 3, we show the radial A; profile (top panel) obtained
from five of our most lopsided (top sub-panel) and five of our
most symmetrical models (bottom sub-panel). We note that all
galaxies, independently of whether they are lopsided or not, show
very small A; values within R ~ 0.5 Ryss5. However, for lop-
sided galaxies, A, starts to rapidly increase after this galactocen-
tric distance. The radial distribution of A;(R) in our model is
similar to that found in Rix & Zaritsky (1995), who used near-
IR observations from a sample of 18 galaxies to characterize
the properties of lopsided galaxies. Rudnick & Rix (1998) and
Bournaud et al. (2005) also found that the amplitude of the
lopsided perturbations increases steadily (A; > 0.1) within the
outer disc regions (radial range of 221.5-2.5 exponential disc scale
lengths). Jog (2000) suggested that the self-gravitational potential
of the galaxy exerts a resistance to some external gravitational
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perturbation. However, the resilience exerted by self-gravity is
more significant at smaller radii, and indeed the values of A;(R)
are low in the inner disc. For lopsided galaxies, the gravitational
pull by self-gravity is weaker at larger radii, so A;(R) grows.
Otherwise, the symmetric cases could be gravitationally more
cohesive, and consequently the radial distribution of A;(R) keeps
lower values in the whole disc. In Section 4.3, we explore this in
detail.

In the bottom panel of Fig. 3, we show the radial phase angle
of the m = 1 component, ¢;(R). Note the nearly constant value
of ¢(R) in the outer disc for lopsided examples, region where the
corresponding asymmetry becomes significant. This feature is typical
in lopsided galaxies (Zaritsky & Rix 1997; van Eymeren et al. 2011;
Ghosh et al. 2022). The radial variation of ¢(R) is a useful tool
for understanding the nature of the lopsidedness and how long it
takes to wind around the galaxy (Baldwin et al. 1980). Previous
results (Saha, Combes & Jog 2007; Ghosh et al. 2022) suggest that,
in lopsided galaxies, the outer galaxy region does not wind up as
quickly as their inner region, suggesting a weak self-gravity in these
galaxies.

Since the outer region of galactic discs is more prone to developing
lopsidedness, we estimate, for each galaxy, a unique global mass-
weighted mean of the m = 1 Fourier mode, hereafter A;. This allow
us to compare the level of lopsidedness among galaxies in our sample.
The global A; is computed by taking the mean of the A|(R) in outer
galaxy regions. We consider eight radial annular regions, of width
0.075R54 5, located within the interval 0.5Rx 5 to 1.1R5¢ 5. This region
is highlighted by the dashed lines in Fig. 3 and the solid circles shown
in Fig. 2).

3.3 Estimating the asymmetries in DM haloes and stellar
component

In this work, we are interested in characterizing the origin and
evolution of lopsided perturbations. A possible mechanism triggering
such perturbation is the response of the galactic disc to a distorted DM
halo. As discussed in Section 1, these halo distortions arise as a result
of interactions between the host DM particles and an external agent
(Jog 1997, 1999; Gao & White 2006; Gomez et al. 2016; Laporte et al.
2018b). To quantify such distortions in the DM halo of our numerical
models, we focus on offsets of the halo CoM with respect to its
density cusp. Typically, the dipolar response of the DM halo density
field is the strongest. Thus, it can be used to identify perturbed DM
distributions.

Here, we follow the analysis performed by Gao & White (2006).
First, we identify the DM halo density cusp, reup, based on the
position of the most bound particle of the central halo, given by
SUBFIND. We then computed the DM halo CoM, rpy;, considering all
DM particles located within the inner three and five times Ryg5. We
note that, as shown by Gémez et al. (2016), perturbations in the
DM halo at further galactocentric distances are not efficient at
disturbing the embedded galactic disc. None the less, to compare
with Gao & White (2006) we also compute rpy considering all
DM particles assigned to the main host halo by SUBFIND (Ryg).
Finally, we compute the offset of rpy with respect to reyp
as

Ar]l)l\/[ = |rcusp - r]l)Mls (4)

where the supra index i = 3Ry 5, SR26.5, and Ry indicates the spatial
region within which rpy is calculated.
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Figure 4. Distribution of the sample of global (mean) A| parameter com-
puted for each simulated galaxy in our sample at z = 0. The solid blue line
shows the A distribution built using KDE method. The dashed red line is the
median of A;distribution, A; ~ 0.12, which is used to differentiate between
symmetric and asymmetric galaxies, the grey dashed line corresponds to 0.1
threshold, typically used to defined lopsided galaxies, note that A; > 0.1, this
means that a little more than half of our sample has A} > 0.1 values. The blue
and red shaded areas indicate the first and fourth quartiles of the distribution,
used to define the sub-sample of strong symmetric and asymmetric groups,
respectively.

4 RESULTS

4.1 General disc morphological properties

In this section, we analyse the main morphological characteristics
of the 240 stellar discs, selected according to the criteria defined
in Section 2. In Fig. 4, we show the distribution of the global A,
parameter, which correspond to the average A;(R) values computed
within the radial range [0.5—1.1Ry65] (see Section 3.2). We note
that the distribution is similar to the one reported by RO8 (see their
fig. 10), obtained using a sample 25 155 galaxies from the SDSS. It
is worth noting that, even though the stellar mass range of our sample
(Fig. 1) is similar to that in RO8 (108 —10''M,, see fig. 8 in R08), the
latter includes a population of early-type galaxies, which are missing
from our sample. None the less, the RO8 sample is dominated by late-
type objects, allowing us to compare our results with the data. The
characteristic galaxy A, values in RO8 were obtained by averaging
over the radial range between Rsy and Rgo. The outer radius limit is
imposed due to limitation with the observational data (see section
2.2 of RO8 for more details). We have computed our distribution
considering smaller outer limits, finding no significant variation in
our results. Similar results were obtained by previous works such as
Rix & Zaritsky (1995) and Bournaud et al. (2005).

The red dashed line in Fig. 4 indicates the median of the A,
distribution, which takes a values of Al ~ 0.12. This Al is used
from now on to differentiate galaxies between symmetric (A; <
Ay) and asymmetric or lopsided cases (A; > A}). We note that this
value is only slightly larger than the 0.1 threshold, typically used to
define lopsided discs (Zaritsky & Rix 1997; Bournaud et al. 2005;
Jog & Combes 2009). We further subdivide our sample into strongly
symmetric and asymmetric cases by selecting galaxies located in
the first and fourth quartiles of the A; distribution, respectively. The
strong cases are highlighted in Fig. 4 with shaded areas.

MNRAS 523, 5853-5868 (2023)

40
—— Total
35 A asymmetric
,—— symmetric
301 === Strong asymmetric
—== Strong symmetric
25 A
=
C
3 204
O
15 A
10 A
5 7 == \\\~~ =
0

0.50 0.55 0.60 0.65 0.70 0.75 0.80

D/T

Figure 5. Distribution of disc-to-total mass ratio, D/T, for the total sample
(black line), only asymmetrical galaxies (orange line), and only symmetrical
galaxies (cyan). The red and blue dashed lines correspond to strong asymmet-
ric and symmetric sub-samples, respectively. The distribution was obtained
using a KDE method. Asymmetrical galaxies tend to be more disc dominated
than their symmetrical counterpart. The medians for each group are 0.61 and
0.64, respectively. A similar trend is observed for the strong sub-samples.

We now explore whether there are correlations between the D/T
(see Section 2.2) of our simulated galaxies and the symmetry of
their azimuthal mass distribution. We recall that the parameter
D/T allows the quantification of the disc mass contribution to
the galaxy’s total stellar mass. The black solid line in Fig. 5
shows the D/T density distribution obtain using the kernel density
estimation (KDE)* of the D/T values obtained from our full sample.
Note that our selection criteria imposes a lower D/T limit of
0.50. The distribution has a median value of ~0.62, indicating
a significant presence of strongly disc-dominated galaxies in our
sample. Interestingly, asymmetric galaxies tend to be more disc
dominated than their symmetric counterparts, with medians of 0.64
and 0.61, respectively. The blue and red dashed lines show the
same distribution, now for the strong asymmetric and symmetric
samples. The difference in the median D/T values is slightly more
pronounced than in the previous sub-samples, with values of 0.64
and 0.58 for the asymmetric and symmetric sub-samples, respec-
tively. This suggests that the presence of more significant central
pressure-supported component could be playing a role on limiting
the strength of lopsided perturbations. This is further explored in
Section 4.3.

4.2 Structural properties of lopsided galaxies

As discussed in the previous section, our sample of disc-dominated
galaxies show different degrees of lopsided asymmetry, as quantified
by the value of their A; parameter. In this section, R, stellar mass
concentration, C,, and central stellar surface density, u,, present
significant differences between the asymmetric and symmetric sub-
samples.

To highlight the main differences between the asymmetric discs

and their symmetrical counterparts, we focus on the strongly sym-

4We implement KDE using the GAUSSIAN_KDE function from the SCIPY
library. More details can be found at https://scipy.org
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metric and strongly asymmetric galaxy samples defined in Fig. 4.
The top left panel of Fig. 6 shows the distribution of R}, and u,.
The distributions are represented with a two-dimensional KDE. The
top and the right sub-panels show the marginalized 1D distribution
for R, and p., respectively. Interestingly, both strong types show
different distributions in this plane. We find that asymmetric galaxies
tend to have larger R3, than their symmetric counterparts. In addition,
they tend to show lower values of 1, at given R3,. These differences
are highlighted on the 1D KDE, with median values of R, and u,
for the symmetric and asymmetric sub-samples of (4.62, 7.22) kpc
and (10%%, 1077%) Mg kpc 2, respectively.

Following R08, in the middle and bottom panels we show 2D KDE
of our simulated galaxy sample in u, versus total stellar mass, M*,
and in M* versus stellar concentration, C,, respectively. RO8 show
that, among these structural parameters, the strongest correlation
with A, is obtained for u,. Indeed, our results are in good agreement
with these observations. Note that the most pronounced difference
between the distributions of these strong types is obtained for . The
marginalized C, distribution (bottom panel) shows that both types
of galaxies present nearly indistinguishable distribution of stellar
concentration. Interestingly, within the stellar mass range considered
in this work, we find that symmetric galaxies tend to be slightly more
massive than lopsided galaxies. In addition, the lopsided sub-sample
shows a narrower distribution in M*. To quantify these results, we
estimate Pearson correlation coefficient between the previously de-
fined parameters. In Table 2, we show both the correlation coefficients
obtained using only the strong samples and also using all lopsided and
symmetrical galaxies (fourth column). As previously indicated, the
strongest (anti)correlation is obtained between A and u,. This signif-
icant anticorrelation is obtained for both the strong and the complete
samples.

4.3 The role of the central mass distribution

As discussed in the previous section, our sample of galactic models
shows a significant correlation between A; and the central stellar
density, u,. Galaxies with lower w, typically show higher values of
A,. Additionally, we also find that lopsided galaxies tend to show
larger values of RZ. This suggests that galaxies with lower density
and more extended central regions could be more prone to develop
lopsided perturbations.

Indeed, discs with denser inner regions are likely to be more grav-
itationally cohesive. To explore whether the disc self-gravity plays a
significant role in the onset and amplitude of lopsided perturbations,
we show, in Fig. 7, the distribution of M5/ R§6.5 versus u, for all
galaxies in the strong symmetric and asymmetric samples. Here, Mg
represents the total mass of all particles enclosed in a sphere of radius
R, and includes contributions from the stellar, the gas, and the DM
components. We note that the quantity Ms,/ R;G.S represents a proxy
of the tidal force exerted by the inner galaxy region (R < RZ,) on
material located a distances equal to the disc optical radius, Ry s.
As before, we focus on the strong symmetric and asymmetric types.
From this figure, we observe that these two subgroups represent
very distinct populations in Msy/R3 5 versus p, space. Present-day
asymmetric galaxies exert a much lower tidal field on their outer disc
regions, where lopsided perturbations show the strongest amplitudes.
This is clearly shown on the 1D KDE histogram displayed in the
top panel. Indeed, the (anti)correlation between A; and Msy/ R§6_5
is the strongest among the structural parameters explored in this
work. This is quantified in Table 2, which also highlights that this
anticorrelation is even greater than the one found between A; and
U+. We emphasize that the anticorrelation is not limited to the
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Figure 6. Top panel: Central stellar density, u,, as a function of stellar half-
mass radius, R, for the strong symmetric and asymmetric sub-samples that
are defined in Fig. 4. Middle panel: 1, as a function by the total stellar mass,
Mg, Bottom panel: Stellar mass concentration, Cy, as a function Mg,. These
panels were built using KDE bivariate distribution for the central sub-panel,
and simple KDE distribution for edge sub-panels. The strong sub-sample was
separated between strong symmetric (blue region) and strong asymmetric
(red region). Note that strong asymmetric galaxies tend to have their central
regions more extended and slightly less massive than symmetric galaxies.
Furthermore, a clear difference between both sub-samples are in their central
stellar density, where in asymmetric galaxies tend to be lower ones.
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Table 2. Correlations coefficients for relations between the analysed param-
eters discussed in Sections 3.3 and 4.3.

P1 P2 Correlation coefficient
Strong sample All sample
logio Ay logio 4« —0.68 —0.54
logio A1 R, 0.53 0.37
logio Aj C. —0.03 —0.01
logio A log,y Mso/R3 5 -0.72 —0.60
logo s logy Mso/R3 s 0.60 0.52
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Figure 7. Distribution of the proxy of the tidal force exerted by the inner disc
on its outskirts, Msg/ Rgas’ versus central stellar density, i, for all galaxies in
the strong symmetric and asymmetric samples. The top and right-hand panels
show the corresponding one-dimensional distribution. All distributions were
obtained using a KDE method. A clear correlation between ., and Msg/ Rgﬁ.s
is seen. Strong asymmetric galaxies tend to have a lower values of M5/ Rge,s s
suggesting that weakly gravitationally cohesive galaxies are susceptible to
lopsided distortions in their stellar distribution.

strong subtypes, and that it remains large even if we consider the all
galaxies in the sample, as can be seen from the rightmost column of
Table 2.

Several previous studies have explored different scenarios for the
origin of lopsided modes based on environmental interactions, such
as fly-bys, minor and major mergers, perturbed underlying DM den-
sity field, and misaligned accretion of cold gas, among others (Wein-
berg 1994; Walker et al. 1996; Jog 1997, 1999; Zaritsky & Rix 1997;
Levine & Sparke 1998; Noordermeer, Sparke & Levine 2001; Korn-
reich et al. 2002; Bournaud et al. 2005; Gémez et al. 2016; Garavito-
Camargo et al. 2019). Our results instead hint towards a population of
galaxies susceptible to develop lopsidedness, and not to a particular
external perturbation source. In other words, galaxies with weakly
cohesive inner regions could develop a lopsided mode when faced
with any sort of external perturbation. Indeed, as we show later in
Section 4.5, the strong present-day connection between the strength
of the lopsided modes and of the inner tidal force field is independent
of the past interaction history of our simulated galaxies with their
environment.
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4.4 Evolution of lopsided galaxies

Around 30 per cent of late-type galaxies in the nearby Universe show
lopsided perturbations (Rix & Zaritsky 1995; Jog & Combes 2009).
This could indicate that either lopsided perturbations are long lived,
or that a significant fraction of galaxies are prone to develop such
perturbations even in absence of significant external interactions, as
suggested in the previous section. Here, we explore the time evolution
of the main structural parameters that differentiate symmetric and
lopsided galaxies, as well as the time evolution of the amplitude of
the lopsided mode.

4.4.1 Time evolution of structural parameters

As previously discussed, lopsided galaxies tend to show lower values
of i, as well as larger R% at the present-day. In Fig. 8, we explore how
these structural parameters evolved over time. As before we focus on
the strong types to better highlight the differences between perturbed
and unperturbed galaxies. The top panel shows the time evolution
of the central stellar surface density, ., over the last 6 Gyr. The
blue and red solid lines depict the median u, obtained after stacking
the strong asymmetric and symmetric sub-samples, respectively. The
shaded areas are determined by the 25th and 75th percentiles of both
distributions. It is interesting to note that, at the present-day, the
difference in u, is very significant, and that this difference increased
over the last 6 Gyr. In particular, we notice a significant decay of
1, over time for the strong lopsided cases, while for the symmetric
counterparts (i, remain nearly constant. To understand what is behind
this decay, we show in the middle panel of Fig. § the time evolution of
the stellar mass enclosed within the stellar half-mass radius, M3,. We
notice that, on average, lopsided galaxies tend to enclose less stellar
mass within R%;. However, the difference in M3, between symmetric
and asymmetric galaxies remains nearly constant over the last 6 Gyr.
This is in contrast for the time evolution of R%, shown in the bottom
panel. Note that 6 Gyr ago, both sub-samples had, on average, very
similar values of R,. However, lopsided galaxies experienced a
significant growth of R3, while, for symmetric galaxies, it remained
nearly constant, specially over the last 3 Gyr.

The previous analysis shows that what drives the decay of pu,
for lopsided galaxies is mainly the growth of the stellar disc size.
Using the Auriga simulations, Grand et al. (2017) investigated the
mechanisms that set present-day disc sizes, and found that they are
mainly related to the angular momentum of halo material. In their
models, the largest discs are produced by quiescent mergers that
inspiral into the galaxy and deposit high angular momentum material
into the pre-existing disc. This process simultaneously increases the
spin of DM and gas in the halo. On the other hand, early violent
mergers and strong AGN feedback strongly limit the final disc size
by destroying pre-existing discs and by suppressing gas accretion on
to the outer disc, respectively. Interestingly, they find that the most
important factor that leads to compact discs, however, is simply a
low angular momentum for the halo. To explore whether the halo
spin, A (see equation 12, Grand et al. 2017) plays a role on the
development of lopsided galaxies by partially setting the size of the
disc and thus their radial mass distribution, in Fig. 9 we show the
distribution of A versus Msy/ R;GAS for galaxies in our sample. The
colour coding indicates the strength of the A; mode. Interestingly,
we find that galaxies with high X typically show smaller values of
Mo/ R3s s and high values of A;. On the other hand, galaxies with low
A values are dominated by strongly self-gravitating discs and, thus,
low A, values. Interestingly, using the EAGLE and Fenix simulations,
Cataldi et al. (2021) reported that haloes with less concentration
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Figure 8. Time evolution of the central stellar density, the stellar half-mass,
and stellar half-mass radius (from top to bottom). Quantities are shown as a
function of lookback time. The solid blue and red lines show the median of
the distributions obtained from the strong symmetric and asymmetric sub-
samples, respectively. The shaded areas indicate the 25th and 75th percentiles
of the corresponding distributions. The central stellar density evolution of the
strong asymmetric sub-sample tend to have a sharp decrease in time compared
to strong symmetric sub-sample. This is a consequence of the rapid growth
of R, over time.

tend to host extended galaxies. These results highlight an interesting
morphology—halo connection for late-type galaxies.

4.4.2 Frequency of A;

As previously discussed, Fig. 4 shows that, at the present-day, a
62 per cent of our simulated galactic discs are significantly lopsided
(A;>0.1). This suggest that this type of perturbations are either long
lived (e.g. Jog & Combes 2009) or short lived, but repeatedly re-
excited by subsequent perturbations (see e.g. Ghosh et al. 2022). We

Lopsided galaxies in a cosmological context

5861

0.10 >0.25
[ ]
[ ]
° ®
0.08 4 ) Lo.2
[ ]
e o
® o0 " ®
0.06 ° "'0 °
]
~ tafifod™ 1A ) Loz o
° o - %® . s L4 o © : g
[ ] ( ]
0.044 ® . ° e o °
[ )
° ® g% b o.08
° @ ® o o
[ ] ' [ ]
() [ ]
0.02 4 ° o 85
[ ] [} i [ ] @
[ ]

0.00 T T T T T T
5.8 6.0 6.2 6.4 6.6 6.8 7.0 7.2

10910 Mso/R3¢ 5 [G™1M o kpc=3]

Figure 9. Distribution of halo spin parameter, A, versus proxy of the tidal
force exerted by the inner disc on its outskirts, Msy/ R§’6_5. The dots are
coloured according to the present-day value of A;, which the palette of
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to the 25th and 75th percentiles of A distribution, used to define strong sub-
sample. Note that asymmetrical galaxies tend to have higher halo spin than
their symmetrical counterpart.
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Figure 10. Top panel: Fraction of galaxies that show A; > 0.1 during the
last 6 Gyr. Bottom panel: Distribution of A; in the sample in function of time.
The green line corresponds to the median of A; and the green region covers
the 25th to 75th percentile of the A distribution. We see that the medians of
A are around 0.125 during the last 6 Gyr. Our sample show that the fraction
of galaxies with high lopsidedness are between 60 and 70 percent in that
range of time.

explore this by following the time evolution of our simulated galaxies,
and quantifying the fraction of time they present a significant lopsided
perturbation over the last 6 Gyr. In practice, we proceed as follows.
We identify our galactic models in the 36 snapshots available during
the last 6 Gyr of evolution and compute, on each of them, the
A; parameter. This parameter is calculated by fixing the value of
Ry 5 at its present-day value. We have tested that our results do not
significantly vary if we take into account the evolution of the optical
radius. In Fig. 10, we explore the distribution of A; in our sample
over the past 6 Gyr (bottom panel). The median of A; (green line) is
around 0.125 during this period. The green region cover the 25th to
75th percentiles of the A; distribution of our sample, which does not
exceed 0.2 for the 75th percentile and does not fall below 0.075 for the
25th percentile. In the top panel, we show the fraction of galaxies that
display a high amplitude of m = 1 component (A; > 0.1), showing
that around 60-70 percent of the galaxies in our sample exhibit
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Figure 11. Distribution of the central stellar density versus M50/R§6A5, which
is a proxy of the tidal force exerted by the inner disc on its outskirts. Galaxies
are separated between symmetric (square) and asymmetric (star), using A; at
z = 0. The symbols are colour coded according to the fraction of time they
experienced of significant lopsided perturbation (A; > 0.1) during the last
6 Gyr of evolution. Galaxies with lower Mso/ R;G.S tend to show lopsided
distortions for longer periods. Interestingly, there are symmetric cases at
the present-day that have spent long periods as lopsided (red squares). This
galaxies typically show low M5/ R;’“. Conversely, it is less common to see
present-day lopsided galaxies with small A; > 0.1 frequency.

high lopsidedness during this time range. This suggests that lopsided
perturbation is a very frequent phenomenon for disc galaxies.

Fig. 11 shows the distribution of galaxies in 11, versus Mso/R3; s
space, colour coded according to the fraction of time each simulated
galaxies experienced A; > 0.1 within the last 6 Gyr. Present-
day lopsided galaxies, defined as in Section 4.1, are shown with
star symbols, whereas their symmetrical counterparts with square
symbols. In general, we find that symmetric galaxies (high p, and
Ms/ R3 5 values) show low A; values throughout the latest 6 Gyr of
evolution. In other words, strongly gravitationally cohesive galaxies
have remained symmetric over most of the corresponding period
of time (blue colours). On the other hand, we find that lopsided
galaxies (typically weakly gravitationally cohesive) have remained
lopsided (A; > 0.1) over a significant fraction of the latest 6 Gyr (red
colours). There are, however, several examples of galaxies that have
been lopsided over most of this period, but at the present-day have a
symmetric configuration (see red squares). Note as well that it is less
common to find present-day lopsided galaxies with low frequency of
Ay

Our results suggest that lopsided perturbations are typically long
lived, rather than short lived but repeatedly re-excited. We further
explore this in the following section, where we follow the time
evolution of a number of representative galaxy models.

4.5 Main driving agents

As discussed in Section 1, several different mechanisms have been
proposed as main driving agents for this type of morphological
perturbation. The mechanisms range from direct tidal perturbations
from relatively massive satellites, torques associated with perturbed
underlying DM haloes, and the non-axisymmetric accretion of cold
gas, among others. In this section, we explore whether there is a
dominant mechanism driving lopsidedness in our simulated galaxies.
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4.5.1 Individual examples

Before analysing the whole sample of galaxy models in a statistical
manner, we first analyse in detail a couple of typical examples of
present-day symmetric and lopsided galaxies.

We first focus on two examples of typical present-day symmetric
galaxies. The top panels of Fig. 12 show that, as discussed in Section
4.4.1, symmetric galaxies typically do not experience a substantial
growth in size over the last 6 Gyr of evolution. Both discs show
nearly constant R}, and Rj, values over this period of time. In
the second panel (top to bottom), we show the time evolution of
.. As expected, both galaxies show u, values larger than the
z = 0 median (red dashed line, 2, = 107°%). In addition, y, show
nearly constant values over this period of time. The large central
surface density and small size render strong cohesiveness and thus
resilience to perturbations. Indeed, as shown in the third panel, their
A value remains mainly below the Al threshold, indicating that these
galaxies have remained symmetric over most of this period. We note,
however, that the evolution of A; shows moderate increments over
short span of times. For example, for galaxy S1, A; rises over Al
at a lookback time, #f, ~ 5 Gyr. To explore the origin of this short-
lived lopsided mode, we quantify in the fourth and fifth panels the
interaction of this galactic disc with its environment. We first look
at the time evolution of the offset of the halo CoM with respect
to its density cusp, Arjy, (fourth panel). Interestingly, Arj,, peaks
during the same period. This is noticeable when considering DM
particles up to a distance of 5R,5. Note as well that this offset of
the DM halo CoM is short lived and directly related to a strong
tidal interaction with a massive satellite galaxy. This is shown in
the bottom panel, where we show the time evolution of tidal field
exerted on the host by its 10 most massive satellites as a function
of time, i.e. |asy| = GMgy/ Rsat. Here, M, and R, are the total
mass of the satellite and the distance between the satellite and its
host galaxy. We notice that the galactic disc strongly interacts with
a massive satellite (M ~ 10'° Mg) at f, ~ 5 Gyr. This strong
interaction is behind the brief distortion of the host outer DM halo,
and the temporary onset of a mild A, perturbation. For this large
1, simulated galaxy, and in agreement with Ghosh et al. (2022),
the perturbation rapidly dissipates and the amplitude of the disc
m = 1 mode remains below Al for the rest of the period, even
though a second significant interaction takes place later on (#, ~
2.5 Gyr).

In the right-hand panels of Fig. 12, we analyse a second example,
S2, of a present-day symmetric galaxy. As before, the galaxy shows
small and nearly constant scale lengths over the whole the last
6 Gyr of evolution. It shows as well a nearly constant u, value,
but with a value larger than in the previous example, S1. The A,
parameter typically remains below A, except for short periods where
it slightly raises over this threshold. When inspecting interactions
with its environment, we observe that S2 experienced two very
strong interactions with a satellite galaxy of My &~ 10105 M. These
interactions take place at fj, ~ 5.5 and 1.5 Gyr (fifth panel), and
both resulted in significant perturbations of the host DM halo (fourth
panel). Yet, due to the large u,, no associated response is observed
in the evolution of the A parameter.

In Fig. 13, we now explore two examples of strongly lopsided
galaxies, L1 and L2. The top panels show that, contrary to the
symmetric cases, these galaxies experienced a consistent growth
in size over the latest 6 Gyr, which resulted in a decrement of
their w,. As a result, the central surface density of these simulated
galaxies is significantly lower (second panels) than in the symmetric
examples. The third panels show that, in both cases, A; has mainly
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Figure 12. Examples of two typical present-day symmetric galaxies, S1 and S2. From top to bottom: First panel: Time evolution of the scale length parameters,
R, and Ry, during the last 6 Gyr of evolution. Second panel: Evolution of the central surface density, j4,. The red dashed line on the riAght-hand side of each
panel shows the corresponding present-day median of .. Third panel: A; as a function of time. The black dashed line corresponds to the A threshold, extracted
from the full sample distribution at z = 0. Fourth panel: Time evolution of the offset between the DM halo CoM and its density cusp, Arli)M. We show the
evolution of Ar{DM calculated within two spatial regions, 3Ry6 5 and 5Ry¢ 5 (see Section 3.3). Fifth panel: Time evolution of tidal field exerted on the host galaxy
by its 10 most massive satellites. Triangles indicate tidal field values that are above the Y-axis limit. Symbols are colour coded as a function of the total mass of

the corresponding satellite.

remained above our threshold, Al, indicating long-lived lopsided
modes. In particular, for L1 (left-hand panels), we find that the
galaxy experienced a relatively strong tidal interaction with a satellite
of Mg ~ 10'%5 My at #, & 5 Gyr. Due to the low values of
W+, and contrary to the S1 case, this interaction excited a strong
lopsided mode as well as a shift of the DM CoM with respect
to its density cusp. The lopsided perturbation slightly wanes over
time, but it always remains over Al Aty ~ 2 Gyr, the disc
experienced a second significant tidal interaction (M, ~ 10'° M)
that enhances the lopsided perturbation, raising the value of A,
~ (0.35 until the present-day. On the other hand, even though L2
(right-hand panels) shows a value of A; > Al over most of the
last 6 Gyr, it did not experience any significant interaction with
massive satellites (Mg, > 10'© My,). Interestingly, the CoM of outer
DM halo shows a significant shift with respect to its cusp during
this period, with values Arf)f,f"'s as large as 20 percent of Rygs.
Such perturbed DM halo could be behind the long-lived lopsided
perturbation in this galactic disc (see e.g. Jog & Combes 2009). We
will explore in detail this particular kind of models in a follow-up
study.

4.5.2 Statistical characterization of the impact of interactions

In the previous section, we discussed two examples of stellar discs
that interacted with their nearby environment and developed very
strong lopsided perturbations. On the other hand, we also discussed
examples of galaxies that strongly interacted with their environments
but did not develop significant lopsided modes on their discs. The
main difference between these two sets of objects is their central
surface density, (., which set the gravitational cohesiveness of the
disc outskirts. In this section, we explore what are the main agents
driving lopsided perturbations in low p, galaxies.

We start by quantifying significant tidal interaction with satellite
galaxies within the last 6 Gyr of evolution. As in Section 4.5.1,
for each galaxy in our sample, we compute |ag,| as function of
lookback time. Based on Figs 12 and 13, and the results shown in
Gomez et al. (2017), we first quantify the fraction of time galactic
discs were exposed to |ag| > 10 from satellites with mass ratios
M /Mpose > 0.005. Lower values of |ag,| do not yield to global
perturbations in the discs. For a MW mass host, the chosen threshold
in the mass ratio allows interaction with satellites of M > 10%°
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Figure 13. Asin Fig. 12, for two typical present-day lopsided galaxies, L1 and L2.

M. Lower mass satellite are unlikely to induced significant global
vertical perturbations (Gémez et al. 2017). Fig. 14 shows our sample
of galactic discs in satellite interaction frequency versus Mso/ R s
space. Points are colour coded by the fraction of time each disc
presents a significant lopsided perturbation (see Section 4.4.2). As
before, we notice that galaxies with lower frequencies of A; > 0.1
(light colours) tend to have lower values of M5,/ R%G'S. Interestingly,
we find no significant correlation between the fraction of time galactic
discs display lopsided perturbations and the fraction of time they
experienced significant satellite tidal interactions. In particular, a
significant number of simulated disc galaxies (35 per cent of the full
sample) did not experience significant interactions during the last
6 Gyr, but nevertheless, have a long-lasting lopsided perturbation
over most of that period. This supports our conclusion that direct
tidal interaction with satellite galaxies is just one plausible channel
for inducing lopsided perturbation, and not the main driving agent.
Our results are in agreement with those presented by Bournaud et al.
(2005), who show with a sample of 149 observed galaxies that the
m = 1 amplitude is uncorrelated with the presence of companions.
In addition to direct tidal torques exerted by satellites, galactic
discs can respond to the gravitational interaction with a distorted
DM halo (Gémez et al. 2015; Laporte et al. 2018a; Garavito-
Camargo et al. 2019). One of the first attempts to statistically study
asymmetries in the inner regions of dark haloes, and their possible
relation to the accretion of external material on to these regions,
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Table 3. Number of haloes for each M»( range between the two homologous
runs; baryonic + DM simulation and only DM.

TNG50-1
Baryon + DM DM-only
101-5 x 10" Mg 1251 1352
5% 101-10"2 Mg 190 185
1012-5 x 102 Mg 168 172

was provided by Gao & White (2006, hereafter GW06). Based on
the large statistic provided by the Millennium Simulation (Springel
et al. 2005), they studied asymmetries in the density distribution of
DM haloes, selected with masses ranging from MW mass to cluster
mass hosts. They showed that such asymmetries are not uncommon,
and that the frequency with which they arise depends on host mass.
While 20 percent of cluster haloes have density centres that are
separated from barycentre by more than 20 percent of the virial
radius, only 7 per cent of MW haloes have such large asymmetries.

Following GW06, we examine the distribution of the offsets of
central DM haloes extracted from the TNG50-1 simulation and its
DM-only simulation counterpart. Our goal is to test whether we
recover the results presented in GW06, based purely on DM-only
models, and test whether the addition of baryons has an effect on
this statistics. Since our work is centred around late-type galaxies,
we focus on three sets of models selected by halo mass, Myy. The
less massive set contains haloes with M, between 10'! and 5 x
10" My; the intermediate set between 5 x 10'! and 10'> M, and
the more massive between 10'> and 5 x 10'>Mg. In Table 3, we
show the results of this selection for each simulation.

For each simulated galaxy, we compute Argﬁo (see equation 4)
at the present-day considering DM particles within Ryy. In the top
panel of Fig. 15, we show the Argﬁ[’ cumulative distribution function
(CDF) for the three halo subsets. The solid and dashed lines show
the results obtained from the full hydrodynamical simulation and the
DM-only, respectively. To facilitate the comparison between these
different haloes, each Arpy has been normalized by the correspond-
ing Rogp. Our results based on the DM-only simulations are in good
agreement with GW06. We find that more massive haloes tend to have
larger asymmetries. Indeed, while ~8 percent of haloes with 10'2
< My < 5 x 10'2 Mg show ArDRﬁ0 >20 per cent, for haloes with
10" < Myyy < 5 x 10" Mg only ~1.5 percent show such large
asymmetries. Comparison with the results obtained with the full-
physics models shows that these trends are not significantly affected
by the addition of baryons. The shaded areas highlight the differences
between the DM-only and the hydrodynamical simulations. Note
that only the larger mass halo subset shows a slightly larger fraction
of haloes with Arf:® > 0.15 in the hydrodynamical simulation.
However, this difference mainly arise from the low number statistics
associated with mass bin.> The similarities between both simulations
are better highlighted in the bottom panel of Fig. 15, where we show
the difference between both CDFs.

As previously discussed in GW06, these DM halo asymmetries
could be related to visible asymmetric phenomena in galaxies,
among them lopsidedness. To explore this, we show the Ar},, CDF,
now considering only galaxies selected by the criteria defined in
Section 2.2. For this analysis, we focus on perturbations within the
inner DM halo, 3 x Ryss (Fig. 16), since this is the region that
can exert significant torque on the embedded discs (e.g. Gémez

5We have confirmed that his difference is due to low number statistics by
repeating the analysis on the larger volume simulations TNG100-1.
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et al. 2016). We first explore the subset of galaxies that are strongly
symmetric and strongly lopsided. The corresponding CDFs are
shown in solid red and blue lines, respectively. The vertical green
line indicates the mean of the gravitational softening length, €pym
(see Table 1), obtained after normalizing epy by the Ryes5 of each
galaxy. The shaded region covers 25th and 75th percentiles of this
distribution. The figure clearly shows that symmetric galaxies tend
to have small Aré';,f"j, indicating very similar spatial location for the
DM CoM of the centre of density. Only 5 per cent of the symmetric
galaxies show values of Argl:,fﬁ's >0.05. The CDF for the asymmetric
galaxies shows a different behaviour. It is clear that asymmetric

galaxies tend to show significantly large Argl;,f“'s than their symmetric

counterparts. Indeed, ~30 per cent of the disc galaxies show Aré};f“
>0.05. Yet, as discussed in Section 4.5.1, we find a large number of
lopsided galaxies show very small Aré‘i}f’j, indicating that this is not

necessarily the main driver behind their perturbations.

5 CONCLUSIONS AND DISCUSSION

In this paper, we have studied disc galaxies that display a global m =
1 non-axisymmetric perturbation in their stellar mass distribution,
more commonly known as a lopsided perturbation. We focused the
analysis on a sample of MW mass-like galaxies from the fully cos-
mological hydrodynamical simulation, TNG50 from IllustrisTNG
project. Our sample was built selecting central subhaloes with Mg
within the range 10''-10'2> Mg,. To consider well-resolved disc-
dominated galaxies, we imposed a threshold in the D/T ratio of 0.5,
and only selected galaxies with more than 10* stellar particles within
a subhalo. From this criteria, 240 late-type galaxies with total stellar
mass between 10°3 and 10''? M, were selected. Lopsidedness
in the discs were quantified by computing the amplitude of the
m = 1 Fourier mode of the stellar density distribution, A;. Based
on this parameter, we classified our galaxies as symmetrical and
asymmetrical (i.e. lopsided) cases.

We find that in our simulated galaxy sample the main char-
acteristics of such lopsided perturbations are in good agreement
with observations. In lopsided galaxies, the radial profile of the
m = 1 mode amplitude, A;(R), increases with radius in the outer
disc regions, while in the inner parts it remains flat and close to
zero. The radius at which the transition takes place is ~0.5R s, in
agreement with previous observational works (e.g. Rix & Zaritsky
1995; Bournaud et al. 2005). Furthermore, lopsided galaxies exhibit
anearly constant or midly varying radial distribution of phase angles,
indicating a slow winding of the phase angle in the outer disc (Saha
et al. 2007; Ghosh et al. 2022). Based on this, we computed for
each simulated galaxy a characteristic A; value, which corresponds
to the average of A|(R) between 0.5Ry5 < R < 1.1Ry55. We find
that the distribution of this characteristic A; parameter is also in good
agreement with observations, that measured in large observational
samples the A, distribution, considering similar galactic regions
(Bournaud et al. 2005; Reichard et al. 2008). To highlight differences
between lopsided and symmetrical galaxies, we focus on the analysis
on the first and fourth quartiles of the A, distribution. We call
these subsets strong symmetric and strong asymmetric galaxies,
respectively.

When analysing the present-day structural parameters of our
sample, we find that lopsided galaxies tend to be more disc dominated
than their symmetrical counterparts. This trend suggests that the pres-
ence of centrally pressure-supported component plays an important
role on setting the lopsidedness strength. This is in agreement with
previous works, which found that the fraction of lopsided galaxies
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increases with galaxy Hubble type, being late-type galaxies the popu-
lation with the highest fraction (Rix & Zaritsky 1995; Conselice et al.
2000; Bournaud et al. 2005). Following RO8, we also characterized
our sample through the following present-day structural parameters:
stellar half-mass radius, RZ, total stellar mass, M*, central surface
density, ., and stellar concentration, C,. Focusing on the strong sub-
samples, we find that both lopsided and symmetric galaxies show
very similar C, distributions. We also find that strongly lopsided
galaxies tend to have more extended central regions and to be slightly
less massive than their symmetrical counterpart. However, the most
strong (anti)correlation we find is between pu, and A,. Indeed, the
strong sub-samples show very different distributions of u,, with
lopsided disc systematically showing lower u, values. These results
are consistent with the observational findings from R08, suggesting
that galaxies with lower central density could be more susceptible to
different types of interaction and, thus, more prone to the excitation
of a lopsided modes. Based on these results, we show that what
regulates whether a galaxy develops strong lopsided modes is the
self-gravitating nature of the inner galactic regions. Discs with denser
inner regions are more gravitationally cohesive and thus, less prone to
develop lopsided perturbations in their external regions. Hence, our
results hint towards a population of galaxies susceptible to lopsided
perturbations, and not to a particular external driving source.

We have explored the time evolution of the main structural
parameters that differentiate symmetric and lopsided galaxies, as
well as the time evolution of the amplitude of the lopsided modes.
We focus on their behaviour during the last 6 Gyr of evolution. We
observed that the percentage of galaxies in our sample with A; > 0.1
are between 60 and 70 during this range of time. Interestingly, we
find that, while for symmetric galaxies u, remains nearly constant
through time, a significant decay of u, is observed in lopsided
galaxies. The main reason for this is the faster growth of the half-
mass radius, R%,, displayed by lopsided galaxies with respect to their
symmetric counterparts. While both galaxies experienced similar
growth rates of their MZ,, lopsided galaxies grow faster in size thus
reducing their inner self-gravitational cohesion. Following Grand
et al. (2016), we analysed whether the halo spin, A, is behind this
faster growth rate of Rj, in lopsided objects. Interestingly, we find
that galaxies with higher present-day A are typically less cohesive
and show higher values of A;. On the other hand, galaxies with low
A values are dominated by strongly self-gravitating discs and, thus,
low A; values. Our results highlight an interesting morphology—halo
connection for late-type galaxies.

We have also analysed the main agents driving these perturbations.
In agreement with previous studies, we have shown that satellite in-
teractions can excite lopsided modes (Weinberg 1995; Zaritsky & Rix
1997; Bournaud et al. 2005). However, we find that up to ~35 per cent
of the sample galaxy shows significant lopsided perturbations but,
during the last 6 Gyr of evolution, did not experienced interactions
with any satellite of mass ratio M, /My > 0.005. Interestingly those
galaxies present low values of u,. This supports the conclusion that
direct tidal interaction with satellite is a possible channel for inducing
lopsided perturbation, but not the main driving agent. Our results are
in agreement with those presented by Bournaud et al. (2005), who
show with a sample of 149 observed galaxies that the m = 1 amplitude
is uncorrelated with the presence of companions.

Several studies have shown that galactic discs can also respond
to tidal torques exerted by global perturbations of the host DM halo
density distribution (Weinberg 1998; Gémez et al. 2016; Laporte
et al. 2018a, b; Hunt et al. 2021; Grand et al. 2022). To examine
whether this mechanism is an important driving agent of lopsided
perturbations in our simulations, we quantified the distribution of
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offsets between the CoM DM halo and the density cusp, 7cusp, of our
haloes, Argﬁ”. Previous studies based on the DM-only Millennium
simulations (Gao & White 2006) found that significant distortions in
the DM haloes are not uncommon, and that the frequency with which
they arise depends on host mass. Our analysis, based on simulations
that incorporate a self-consistent treatment for the evolution of
baryons, yielded very similar results. While ~8 per cent of haloes
with 10?2 < My < 5 x 10'> Mg, show Argﬁo >20 per cent, only
~1.5 per cent of haloes with 10'! < My <5 x 10!! Mg show such
large asymmetries. Given this result, we studied whether haloes with
large offsets typically host lopsided galactic discs. Interestingly, we
find that symmetric galaxies tend to have smaller distortions in their
inner DM haloes (within 3 X Ry 5) than their lopsided counterparts.
While only 5 percent of the symmetric galaxies show values of
Aré‘ij"j >0.05, ~30 percent of the lopsided galaxies do so. This
results place torques from DM halo overdensity wake as another
important mechanism behind the excitation of lopsided modes in
galaxies with low central surface densities. In a follow-up study, we
will quantify such torques by decomposing the density and potential
distributions using basis function expansions (Cunningham et al.
2020; Garavito-Camargo et al. 2021; Johnson et al. 2023; Lilleengen
et al. 2023). Furthermore, we found that lopsided galaxies tend to
live in high spin DM haloes. Using the same simulation suite, Grand
et al. (2017) showed that the present-day size of a stellar disc is
strongly related to the spin of its halo. High spin haloes tend to
host extended galaxies with lower central surface densities, thus
prone to develop lopsided perturbations. This result, together with
the lopsided response of discs to overdensity wakes, indicates a new
direction for understanding the halo—galaxy connection in lopsided
galaxies.

In this work, we have shown that lopsidedness is a very frequent
phenomenon in the history of galaxies. The discs of these galaxies are
extended with low central surface densities. Their self-gravity makes
them cohesively weak, and therefore easily susceptible to any type of
interaction such as tidal torques exerted by distorted DM haloes and
minor mergers. Such galaxies tend to reside in high spin and often
highly asymmetric DM haloes, revealing a connection between the
haloes and lopsided discs.
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