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ABSTRACT

The lopsidedness of galaxies is a commonly observed phenomenon, and through different studies, it has been observed
that nearly 30 % of galaxies show this phenomenon. In this work, we study morphological lopsidedness in both stellar and
gas discs in the inner and outer regions using Fourier analysis techniques and compare the results for a sample of nearby
galaxies with different morphologies and environments. Although lopsidedness can result from diverse factors like tidal
interactions, gas accretion, and internal instability, recent studies suggest it is a common feature that is not solely reliant on
rare events, and moderate lopsidedness most likely results from the disc’s response to a lopsided dark matter halo potential.
Assuming lopsidedness originates due to a lopsided halo, we find the morphological and kinematic halo perturbation
parameters in the same radial range. Unlike previous studies, we use 3D kinematic modelled rotation curves for finding
kinematic lopsidedness and, hence, the kinematic halo perturbation parameter. Although the detected linear correlation
between them is not statistically significant for our small sample of 11 galaxies, this approach provides a more uniform
and physically consistent framework to test the theoretically expected similarity between morphological and kinematic
halo perturbation parameters. Further, within this framework, the discrepancy between them does not appear to depend
on the nature of the rotation curve asymmetry of the two sides of the galaxy, in contrast to trends seen in earlier studies.
In future work, we plan to extend this analysis to a substantially larger sample in order to robustly assess these findings.

Key words: galaxies: fundamental parameters — galaxies: general — galaxies: haloes — galaxies: structure — galaxies: kine-
matics and dynamics.

the light, or kinematically, i.e. by checking the asymmetry in

1 INTRODUCTION the velocity field or the rotation curve in the approaching and

It has been frequently observed that the distribution of light and,
hence, the matter inside spiral galaxies is not purely symmetrical.
This phenomenon, named ‘lopsidedness’, was first introduced
through the pioneering work by J. E. Baldwin, D. Lynden-Bell &
R. Sancisi (1980). From the observation of the atomic hydrogen
gas (H 1) in two halves of the galaxies, J. E. Baldwin et al. (1980)
reported the asymmetry in the spatial extent of H I in the outer
region. Several studies investigating different samples of galaxies
have shown that nearly 30 % of late-type galaxies show this lop-
sidedness phenomenon (F. Bournaud et al. 2005; S. Varela-Lavin
et al. 2023, A. Dolfi et al. 2023, etc.).

Different tracers and different approaches have been followed
to quantify this asymmetric distribution of disc galaxies. The lop-
sidedness of the galaxies can be identified mainly in two ways:
morphologically, i.e. by studying the asymmetric distribution of
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receding sides. The morphological lopsidedness has been seen
in both stellar (e.g. D. Zaritsky et al. 2013) and gas discs (J.
Eymeren et al. 2011b). In the earlier studies, lopsidedness in
the stellar disc has been examined using both the young stellar
population with optical observation [e.g. T. A. Reichard et al.
(2009) studied the lopsidedness for a sample of ~25 000 galaxies
using different observation bands of the Sloan Digital Sky Sur-
vey (SDSS)] and the old stellar population with infrared obser-
vation [e.g. D. Zaritsky et al. (2013) used 3.6 um data from the
Spitzer Survey of Stellar Structure in Galaxies (S4G; K. Sheth et
al. 2010) project and studied lopsidedness of 167 nearby galax-
ies]. Further, T. A. Reichard et al. (2009) noted that lopsided-
ness found using SDSS r- and i-band data are, on average, vir-
tually identical and slightly smaller than those obtained using g
band.

In the case of morphological lopsidedness, the asymmetry at
different radii in stellar and gas discs may differ from each other
depending upon the physical origin of the lopsidedness and the
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response time of the star and the gas disc. From the kinematic
point of view also, the response time of the different compo-
nents may be different, resulting in a difference in morpholog-
ical lopsidedness of the stellar and the gas disc. Here, in this
work, we investigate both the morphological and kinematical
lopsidedness of the pilot sample of galaxies from GMRT (Giant
Metrewave Radio Telescope) ARChIve Atomic gas survey (GAR-
CIA; P. Biswas et al. 2022). For the morphological case, we find
the lopsidedness in both the stellar and gas discs and compare
the results in the inner and outer regions of the stellar and gas
discs.

Although the lopsidedness can originate from various phe-
nomena, e.g. tidal interactions, gas accretion (e.g., see A. Dolfi
et al. 2025) , internal instability, etc., recent studies (D. Zaritsky
et al. 2013) of the stellar lopsidedness of 167 nearby galaxies
from the Spitzer Survey (K. Sheth et al. 2010; J. C. Mufioz-Mateos
et al. 2013; M. Querejeta et al. 2015) suggest that lopsidedness is
a generic trait of galaxies and does not solely depend on a rare
event, such as the direct interaction of a satellite galaxy with the
disc of the parent galaxy (D. Zaritsky et al. 2013). Also, in the
study of the lopsidedness of the disc galaxies from TNG50 simu-
lation (D. Nelson et al. 2019), S. Varela-Lavin et al. (2023) and (V.
Fontirroig et al. 2025) suggested that tidal interactions with satel-
lite galaxies or environmental effects are not the primary driving
agent of lopsided modes. D. Zaritsky et al. (2013) also showed that
moderate lopsidedness is likely to occur as the response of the
disc to a lopsided halo potential. Here in this study, we consider
the lopsidedness to be arising due to a lopsided halo and find
the halo perturbation parameter (C. J. Jog 2002). Previous studies
by J. Eymeren et al. (2011b) found that the halo perturbation
parameters found from the kinematic lopsidedness and morpho-
logical lopsidedness can differ significantly depending upon the
nature of differences in kinematics between the approaching and
receding sides of the galaxies, instead of considering the same
perturbed halo potential. The kinematic halo perturbation pa-
rameter found by them was derived using a rotation curve from
two-dimensional (2D) kinematic modelling, i.e. by fitting a 2D
tilted ring model (D. H. Rogstad, I. A. Lockhart & M. C. H.
Wright 1974) to the 2D velocity field. However, P. Kamphuis et al.
(2015) showed there could be significant differences in retrieved
kinematics and hence the rotation curve between 2D kinematic
modelling and three-dimensional (3D) kinematic modelling, i.e.
by fitting a 3D tilted ring model to the 3D data cube. Here in this
study, we found the kinematic halo perturbation parameter using
a 3D modelled rotation curve and the morphological halo pertur-
bation parameter through Fourier analysis techniques and com-
pared the results with the previous work and with past theoretical
predictions.

Section 2 describes the data used for this study. Sections 3 and 4
demonstrate the methodology for finding the morphological and
kinematic lopsidedness and describe the lopsidedness found in
our sample. Using the results of the above sections, in Section 5,
we find the halo perturbation parameter from morphological and
kinematic lopsidedness and compare the results with previous
studies and theoretical considerations. Finally, in Section 6, we
discuss and conclude our results. In all the figures and tables of
this paper, the order of the galaxies is according to their ascending
order of RA (right ascension), i.e. the order of the galaxies is
NGC 0784, NGC 1156, NGC 3027, NGC 3359, NGC 4068, NGC
4861, NGC 7292, NGC 7497, NGC 7610, NGC 7741, and NGC
7800.
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2 DATA

As mentioned in the Introduction, for this study, we are using
the sample of galaxies from the GARCIA survey (P. Biswas et
al. 2022). The sample consists of 11 nearby bright galaxies with
different morphologies, inclinations, and a broad range of H 1
mass and radius (see table 5 of P. Biswas et al. 2022, for the details
of the sample). For investigating the morphological lopsidedness
of the gas disc, we use H I moment zero maps from this survey.
Further, to find the lopsidedness in the stellar disc, we mainly
used Spitzer Infrared Array Camera (IRAC) 3.6 um data (NGC
0784, NGC 1156, NGC 3027, NGC 3359, NGC 4068, NGC 4861,
NGC 7497, NGC 7741, and NGC 7800) from the S4G project (K.
Sheth et al. 2010; J. C. Mufioz-Mateos et al. 2013; M. Querejeta
etal. 2015) and super mosaic data products from Spitzer Heritage
Archive (X. Wu, T. Roby & L. Ly 2010). However, for two galaxies
(NGC 7292 and NGC 7610), the IRAC 3.6 um data were not
readily available; hence, we used the SDSS r-band (M. R. Blan-
ton et al. 2017) data for them. For the kinematic lopsidedness,
we followed the procedure described in P. Biswas et al. (2023)
to extract the extended H I rotation curve using 3D kinematic
modelling.

3 MORPHOLOGICAL LOPSIDEDNESS

The deviation of the isophotes or constant surface brightness
curves from circles for face-on type galaxies suggests the lopsid-
edness of the disc. The earlier studies related to morphological
lopsidedness were limited to the nearly face-on-type galaxies; e.g.
H.-W. Rix & D. Zaritsky (1995) selected their sample of 18 galaxies
with inclination <20° for their work related to morphological
lopsidedness. This is because the inclined galaxies, instead of
having circular discs, may appear elliptical observationally and
indicate false lopsidedness. But, in the later works in this re-
gard (e.g. J. Eymeren et al. 2011b), the galaxies are deprojected
before checking their lopsidedness. This enables the inclusion
of galaxies with all ranges of inclination angles for the study of
lopsidedness. Here, in our work, too, we deproject the galaxies
from our sample before investigating if they appear to be lopsided
or not.

The asymmetric distribution of light or matter is seen in both
star discs using optical or infrared observation (e.g. H.-W. Rix &
D. Zaritsky 1995; D. Zaritsky et al. 2013) and in gas discs using
H 1 observations (e.g. J. Eymeren et al. 2011b). The most natural
way to quantify this asymmetry in the circular discs is through
Fourier analysis. In the past, the Fourier analysis technique has
been used extensively to define the morphological lopsidedness
of the disc (H.-W. Rix & D. Zaritsky 1995; D. Zaritsky et al. 2013,
etc.). Using this technique, the stellar or H I surface brightness at
some radius can be expressed in different Fourier modes in the
following way (J. Eymeren et al. 2011b):

2R, ¢) = I(R) + ) _ In(R) cos(me — ¢n(R)), ey

where X(R, ¢) is stellar, or H 1 surface brightness at radius R;
IH(R) is the mean surface brightness; I,,(R) and ¢, are, respec-
tively, the amplitude and the phase of the mth Fourier mode; and
¢ represents the azimuthal angle in the plane of the galaxy. If
the disc is purely circular, then the surface brightness, X(R, ¢),
will be equal to IH(R) and all other Fourier modes will become
zero. The m = 1 type of distortion suggests the deformation of
a circular disc to a specific direction that may happen due to
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structures like Magellanic spirals or due to interactions with its
surrounding environment or some other galaxies in a specific
direction. The m = 2 mode may arise due to two-armed spirals
or bar-like structures, or due to elliptical discs that may appear
even after the successful deprojection. Correspondingly, in three-
armed spirals, the m = 3 mode will contribute significantly, as
seen in the galaxies ESO 436, NGC 1379, and NGC 7309 from
H.-W. Rix & D. Zaritsky (1995). Thus, these Fourier modes give
us valuable information about the structure of the galaxies. Here
below, we discuss our procedure for finding the morphological
lopsidedness in stellar discs and in gas discs through the Fourier
decomposition method.

3.1 Lopsidedness of the stellar disc

For the stellar disc, we first mask the brightest stars in the fore-
ground so that they do not contribute to any lopsidedness feature
in the Fourier analysis. The resolution in the optical disc is very
high [for IRAC 3.6 um, the resolution is 1.7 arcsec for S4G (K.
Sheth et al. 2010) data and 2 arcsec for Spitzer Heritage Archive
data;! and for SDSS r-band data, the resolution is 1.32 arcsec?) in
comparison to H 1 moment zero maps [with a typical resolution
of ~35 arcsec for an image produced with 5K ultraviolet (UV)
cut-off]. If we use these higher resolution images in the Fourier
analysis to find out the lopsidedness, this will pick up the very
small fluctuations in the stellar disc across the different radii.
These smaller fluctuations are often local and may not neces-
sarily be related to the global lopsidedness phenomenon. That is
why we convolve these images to a resolution size of 5 arcsec x
5 arcsec before carrying out the Fourier analysis. We checked for
two sources in our sample, and the Fourier modes do not change
considerably for the change of the resolution (from 2 arcsec x 2
arcsec to 20 arcsec x 20 arcsec). These convolved images are then
deprojected. Our process of deprojection involves several steps.
In summary, we first take a grid similar to the data, and then this
grid is rotated at an angle equal to the position angle of the galaxy
using a rotation matrix. Then the surface brightness in each grid
of the original data is interpolated in the new rotated grid, and its
value is corrected for the inclination of the galaxy. After that, the
rotated grid is deprojected by correcting the length of the y-axis
of each grid with the inclination of the galaxy. A new mesh grid is
created based on this deprojected grid, and finally, the previously
deprojected surface brightness is interpolated in this new grid.
For the deprojection, we used the optical centres as found from
NED (NASA/IPAC Extragalactic Database). The inclination and
position angle used in this process are the kinematic inclination
and position angle as found by the best possible 3D kinematic
modelling of these sources (see P. Biswas et al. 2023, for more
details). It should be noted that our deprojection method does not
take into account the effect of the galaxy’s vertical thickness. A
better representation of the deprojected galaxy could be achieved
by including this effect. However, in this study, we have limited
our deprojection to a simplified approach that ignores thickness.
This effect will be incorporated in future analyses of additional
sources from the upcoming GARCIA Batch-II. Further, we use
equation (1) to find out the different Fourier modes of these
galaxies.

Lhttps://irsa.ipac.caltech.edu/onlinehelp/heritage/
2https://www.sdss4.org/dr17/imaging/other_info/
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To find the maximum radius up to which the Fourier analysis
can be performed, we followed the following procedure. For the
stellar disc, we fit an ellipse at the 1o contour of the galaxy, and
the semimajor axis of the fitted ellipse is considered the maxi-
mum traceable radius of the stellar disc. For determining the 1o
contour label, we first found out the rms noise in the field of the
image. This is done by plotting a histogram of all the pixels in the
field. The histogram generally shows the distribution of all the
sources in the field. However, the negative values in the histogram
come from the noise only. Hence, the full width at half-maximum
of a Gaussian fitted in the negative part of the histogram gives
the rms noise in the field. After finding the noise, we select a
region roughly based on the ellipse found from FINDGALAXY, a
routine in the MGE package by M. Cappellari (2002), to determine
the region of the galaxy and mask the other regions in the field.
The FINDGALAXY routine finds the largest region of connected
pixels that have flux above a given threshold. This masking helps
in improving the fitting quality.

Initially, we intended to use the radius corresponding to the
major axis of the fitted ellipse at the 1o contour as the maximum
radius for performing the Fourier analysis. The analysis would
be carried out in successive annular regions, each separated by
the convolved beam size (i.e. 5 arcsec), starting from this radius.
However, this radius cannot always be taken as the outer limit
for the Fourier analysis. The reason behind it is the following.
In some annular regions, which mostly happen at the outer part
of the galaxy, there may be some azimuthal angles, ¢, where the
surface brightness falls below the observational detection thresh-
old. However, emission from one part of the annulus being below
the threshold while another is not does indicate morphological
lopsidedness, but the emission from regions below the detection
limit cannot be treated as statistically significant. Thus, these
regions in those annuli will not provide fiducial inputs in the
Fourier analysis procedure, and as a result, the corresponding
lopsidedness cannot be trusted with confidence. This scenario
mostly happens in the last and second last annular regions of the
galactic disc. This is why we start from the radius defined from the
major axis of the fitted ellipse to the 1o contour of the galaxy and
check the distribution of the intensity with the azimuthal angle,
¢, for each annulus. We choose the annulus as the last annulus for
which we have surface brightness above 1o at all the azimuthal
angles. We consider the outer radius of that annulus as the radius
up to which Fourier analysis should be performed.

The results of the Fourier analysis for the stellar disc are shown
in Fig. 1. The associated galaxies are also shown below each of
the plots, showing the radial variation of the ratio of the different
Fourier modes. The red concentric ellipses demonstrate every
second ring where Fourier analysis has been performed. For most
of the cases, we found that m = 2 mode, and hence the ratio of
the amplitudes for m = 2 mode to m = 0 mode dominates over
the other modes, suggesting the presence of the two spiral arms
or a twofold symmetry. For some galaxies (i.e. NGC 1156, NGC
3027, NGC 4861, and NGC 7610), the odd modes are generally
not significant in the inner radius, but towards the higher radius,
they become significant. For some of the galaxies in our sample
in the outermost radius, the m = 1 mode becomes significant, i.e.
I,/Iy > 0.2, which is a cut-off ratio for m = 1 mode for classifying
if a galaxy is lopsided or not by H.-W. Rix & D. Zaritsky (1995).
Hence, six of the galaxies from our sample, i.e. NGC 1156, NGC
3027, NGC 4068, NGC 4861, NGC 7610, and NGC 7800, appear
to have a lopsided stellar disc according to the ratio of the ampli-
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Figure 1. The radial distribution of the ratio of amplitudes of different Fourier modes to the m = 0 mode found in the Fourier analysis of the stellar
disc. The images of the respective galaxies for which the Fourier analysis is done are shown just below each plot of the radial distribution of different
modes. Optical images for most galaxies, excluding NGC 7292 and NGC 7610, were taken from Spitzer IRAC 3.6 pm data, while SDSS r-band data were
used for NGC 7292 and NGC 7610. The concentric red ellipses overplotted in the images of the stellar discs are centred at the optical centre of the
galaxies, separated by an angular distance of 5 arcsec, projected to an angle equal to the inclination angle of the galaxies and rotated according to the
position angle of the galaxies. In these plots, every second such ellipse has been shown, starting from the last ellipse where the Fourier analysis should be

performed.

tude of m =1 to m = 0 mode at the maximum traceable radius
of the stellar disc. In addition to evaluating lopsidedness at the
outermost traceable radius, we also adopted a more robust clas-
sification based on the average amplitude ratios of the different
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Fourier modes in the inner and outer regions of the stellar disc, as
presented in detail in Section 3.3. Further, it is to be noted that, for
NGC 4861, the bright knot in the south-east part of the stellar disc
resulting from a star-forming region of this galaxy (I. F. Fernandes
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et al. 2004; H. R. Schmitt et al. 2006) may be responsible for the
strong asymmetry of the optical disc.

3.2 Lopsidedness of the gas disc

As mentioned earlier, to investigate the lopsidedness in the gas
disc, we use the H 1 moment zero maps from the data products of
the GARCIA pilot survey (P. Biswas et al. 2022). As lopsidedness
isa global phenomenon and should not be confused with the local
fluctuations of the galaxies, we use the lowest resolved maps from
our analysis, i.e. the images prepared from a cube made with a
5K UV cut-off and thus have a typical beam size of ~35 arcsec.
However, the Fourier analysis is performed at radii separated by
half of the beam size of the respective images. Further, unlike
the optical data, the H 1 moment maps do not include any other
sources from the background or in the foreground as they are
prepared from the continuum-subtracted data cubes (see section
3 of P. Biswas et al. 2022). As the H 1 disc extends far beyond the
stellar disc, the Fourier analysis was successfully performed up
to a much larger radius compared to the stellar disc. For tracing
the maximum traceable radius, up to which the Fourier analysis
should be performed in the H 1 disc, we fit an ellipse to the
1 x 10'° cm~2 column density contour level of the H 1 disc. We
have checked that in our data, 1 x 10'° cm~2 column density
matches closely with the 3o sensitivity level of our moment zero
maps.

For the H1 disc, we follow the same procedure as described for
the stellar disc, except that the initial outer radius is defined by
the major axis of the fitted ellipse at the 1 x 10* cm~2 column
density contour. Starting from this radius, the Fourier analysis is
performed in successive annuli separated by half the beam size.
As in the stellar case, we exclude some of the outer annuli where
the surface brightness is not detected at all azimuthal angles. The
outermost annulus that shows H I emission above the detection
limit at every azimuthal angle is adopted as the limiting radius
for the Fourier analysis.

The results of the Fourier decomposition of the gas discs are
shown in Fig. 2. The associated galaxies’ H I discs are shown
below the radial variation of the ratio of the different Fourier
modes. The white concentric ellipses show every second ring
where Fourier analysis has been performed. It is to be noted
that the inclination and position angles that were used in the
deprojection of the moment zero maps are the same kinematic
inclination and position angle as used for the deprojection of the
stellar disc. From Fig. 2, we see that the H I disc appears to be
lopsided in all cases except NGC 0784 and NGC 7497, consider-
ing the outermost radius, with I,,/I, > 0.2 for m = 1. For NGC
0784 and NGC 7497, we see that m = 2 modes dominate over all
other modes almost throughout all the radii, suggesting a strong
twofold symmetry in the gas disc. However, for galaxies NGC
1156, NGC 3027, NGC 3359, NGC 4068, NGC 7292, NGC 7610,
NGC 7741, and NGC 7800, we find that m = 1 mode either dom-
inates over other modes or becomes comparable to m = 2 modes
in mostly the outer region of the gas disc. This scenario suggests
significant lopsidedness in the gas disc in most of the galaxies in
our sample. Similar to the stellar disc, for the gas disc, we also
adopted a more robust classification based on the average ampli-
tude ratios of the different Fourier modes in the inner and outer
regions of the gas disc, which we will describe in the following
section.

Consistency of halo perturbation parameter 5

3.3 Comparison of lopsidedness in the stellar disc and the
gas disc

To compare the lopsidedness of the stellar and the gas disc quan-
titatively, we further found the average of the ratio of the am-
plitudes of different modes (m = 1-3) to the amplitude of m = 0
mode in the inner and outer region of the stellar and the gas disc.

To define the inner and outer regions of the stellar disc, we
first found the disc scale length of the stellar disc by fitting an
exponential profile of the following form to the outer region of
the stellar surface brightness profiles:

R ) @

h,star

2:star(R) = EO.Star €xXp <_

where ¥ g is the surface brightness at the centre of the galaxy,
and Ry, g, iS the disc scale length of the stellar disc. To find the
surface brightness of the stellar disc, we used the MGE method
(M. Cappellari 2002) as described in section 5.1 of P. Biswas et
al. (2023). These surface brightness profiles can be found on the
GARCIA website3. We follow the non-linear least-square opti-
mization procedure for fitting the corresponding surface bright-
ness to the exponential profiles and estimate the parameter. We
consider the region inside Ry, gar to be the inner region of the stel-
lar disc. We checked that the maximum traceable stellar radius for
which the Fourier analysis could be done successfully is >3Ry, gtar
for all the galaxies. Thus, the region between the radius Ry star
and the maximum radius for which Fourier analysis should be
conducted for the stellar disc is defined to be the outer region of
the stellar disc.

For the gas disc, one singular exponential function cannot fit
the H 1 surface density profiles well. Because of the scarcity of
atomic hydrogen or the presence of an H 1 hole in the central re-
gions of the galaxies, the H 1 surface brightness decreases towards
the central region of the galactic disc. Considering this, the H 1
density can be modelled through the following functional form
(W. Dehnen & J. J. Binney 1998; S. Das & N. Roy 2020):

piu(R,7) = Zmai eXp( LA )

Hilk, Z) = - -

! 4Zn 11 R Rn
x sech?(z/2zn 11),

3

where X, 11 is the maximum surface brightness, Ry g, and zy 11,
are, respectively, disc scale length and vertical scale height, and
Ry, is such that the maximum surface density is found at a radius
equal to /Ry 1 Rm ui1- The profile for the H 1 surface brightness
can be found by integrating this profile in the z direction, as
mentioned below:

“4)

R Rh.HI

Zui(R) = Zo.u;exp (—R‘“'H‘ R ) :
where Xy, is the surface brightness found at the radius R =
/RuuRm.u:- To derive the H I scale length, we take the surface
brightness profiles of the gas as derived from the 3D kinematic
modelling (see section 3 of P. Biswas et al. 2023). These, too, can
be found in the GARCIA website. Looking at the H I surface
brightness profiles, we can observe that the brightness of the H
I discs follows an almost exponential profile in the outer region.
Based on this observation, we can enhance the accuracy of our
fitting process by focusing on the surface brightness in the outer
region only. Since our main goal is to determine Ry, 1;, we use
this region only to fit the above-mentioned function. In this case
also, we found the best-fitting parameters through a similar way,
i.e. by a non-linear least-square optimization process. Further, for
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Figure 1.

the gas disc, we define the region inside the radius of Ry y; of
the gas disc to be the inner region, and the region between the
radius Ry y; and the maximum radius for which Fourier analysis
should be conducted for the gas disc in the Fourier analysis to be
the outer region.

Moreover, we compute the average ratio of the amplitudes for
each mode (m = 1-3) to m = 0 mode for both the inner and outer
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NGC7800, N =9, i =49’
0.6 e,
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Continue.

regions of both the stellar and gas discs. We also found it in the
maximum radius for which Fourier analysis should be conducted
for the gas disc. These values are listed in Table 1. The distribution
of the corresponding quantities for m = 1, 2, and 3 modes for
all the galaxies is shown in Fig. 3. We found that there is no
evident correlation between the different modes of the lopsided-
ness of stellar disc or gas disc defined at different regions and the
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Figure 2. The radial distribution of the ratio of amplitudes of different Fourier modes to the m = 0 mode found in the Fourier analysis of the H 1 disc.
The images of the respective galaxies for which the Fourier analysis is done are shown just below each plot of the radial distribution of different modes.
The concentric white ellipses overplotted in the images of the H 1 discs are centred at the optical centre of the galaxies, separated by an angular distance
of half of the beam size, projected to an angle equal to the inclination angle of the galaxies and rotated according to the position angle of the galaxies. In
these plots, every second such ellipse has been shown, starting from the last ellipse up to which the Fourier analysis should be performed.

morphology of the galaxy, or the presence or absence of bars or
have an effect due to interaction with the companion or presence
inside a group for this sample of galaxies.

From Table 1, we see that in the inner region of the stellar
disc, NGC 4068, NGC 7292, and NGC 7800 appear to be lopsided,
considering the averaged amplitude ratios for m = 1 mode to
be greater than or equal to 0.2 (H.-W. Rix & D. Zaritsky 1995).

However, in the outer part of the stellar disc, some of the galaxies
(NGC 3027, NGC 4068, NGC 4861, NGC 7610, and NGC 7800)
appear to be lopsided with m = 1 mode >0.2. In the case of the
gas disc in the inner region, only NGC 4068 and NGC 7741 show
the lopsidedness phenomenon. However, most of the galaxies
are lopsided, considering the outer region of the gas disc with
(I /I) > 0.2. For other odd modes, i.e. for m = 3, we find that
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Figure 2. Continue.

stellar lopsidedness in the inner and outer region and the H I
lopsidedness in the inner region are comparable for some of the
cases, and they, in general, do not depend on the Hubble type
or presence of bar or interaction with its surrounding medium.
However, H 1 lopsidedness in the outer region dominates over
them in most cases.

In the case of the m = 2 mode, we find that the average ratio
of the amplitudes in the inner region of the stellar disc is higher
or comparable with that of the inner region of the H 1 disc.
Similarly, the average ratio of the amplitudes in the outer region
of the stellar disc is generally higher or comparable with that of
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the outer region of the H 1 disc for most of the cases. However,
instead of the average of this ratio, if we consider this ratio at
the outermost radius of the H I disc, then we find a significant
contribution from m = 2 mode for the H 1 disc for some of the
sources.

4 KINEMATIC LOPSIDEDNESS

The lopsidedness phenomenon, as defined morphologically in
the earlier sections, can also be anticipated and defined kine-
matically. In the past, it has been well observed from single-dish
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Table 1. The average ratio of the amplitudes for each mode (m = 1-3) to
m = 0 mode. The first two rows for each galaxy show the average ratio
of the amplitude for the inner (Rop,in) and outer regions (Ropt,out) of the
stellar disc. The third and fourth rows for each galaxy show the average
ratio of the amplitude for the inner (Ry in) and outer regions (R ,out) of
the gas disc. Consecutively, the fifth row for each galaxy shows the value
of this ratio at the maximum traceable radius of the gas disc. It is to be
noted that the quantities in the fifth row for each galaxy are not an average
ratio; these are the values of the ratios at the maximum radius of the H1
disc.

Galaxy Region (hi/Io) (L/Io) (I3/1o)
NGC 0784 Roptin 0.11 0.14 0.08
Ropt,out 0.06 0.28 0.07
Ritvin 0.10 0.18 0.09
Ru1,out 0.16 0.49 0.10
Ri1max 0.18 0.88 0.17
NGC 1156 Ropt,in 0.13 0.24 0.11
Ropt.out 0.19 0.71 0.16
Ryrin 0.16 0.08 0.09
Ritrout 0.39 0.24 0.09
Ru1,max 0.78 0.40 0.16
NGC 3027 Roptin 0.09 0.15 0.12
Ropt,out 0.26 0.32 0.19
Ritiin 0.16 0.15 0.06
Rur,out 0.28 0.17 0.19
Rit1.max 0.58 0.16 0.23
NGC 3359 Roptin 0.12 0.41 0.07
Ropt.out 0.15 0.30 0.09
Ruv1in 0.15 0.14 0.06
R 1 out 0.18 0.22 0.14
Ru1,max 0.51 0.22 0.08
NGC 4068 Roptin 0.20 0.38 0.14
Ropt.out 0.36 0.21 0.18
Ruvin 0.35 0.17 0.14
Ru1,0ut 0.49 0.08 0.09
Rif1.max 0.92 0.24 0.22
NGC 4861 Ropt.in 0.16 0.07 0.03
Ropt.out 0.29 0.21 0.22
Ru1in 0.14 0.18 0.17
Rt out 0.23 0.21 0.11
RH1,max 0.39 0.69 0.25
NGC 7292 Ropt_in 0.44 0.38 0.18
Ropt.out 0.19 0.84 0.11
Ruvin 0.13 0.17 0.12
Ru1,0ut 0.60 0.34 0.21
Ru1,max 0.83 0.46 0.29
NGC 7497 Roptin 0.15 035 0.12
Ropt,out 0.12 0.32 0.10
Ritvin 0.16 0.13 0.17
Rurout 0.09 0.35 0.06
RH1,max 0.19 0.90 0.07
NGC 7610 Ropt_in 0.05 0.14 0.02
Ropt.out 0.20 0.71 011
Ryrin 0.16 0.13 0.08
Ru1,0ut 0.20 0.20 0.14
Ru1,max 0.44 0.38 0.17
NGC 7741 Roptin 0.18 0.34 0.12
Ropt,out 0.12 0.47 0.09
Ritvin 0.26 0.20 0.23
Ri1,0ut 0.31 0.25 0.08
Ri1max 0.76 0.58 0.12
NGC 7800 Ropt,in 0.39 0.33 0.15
Ropt.out 0.45 0.37 0.26
Ritrin 0.14 0.13 0.15
Rit1out 0.40 0.33 0.14
Ru1,max 0.93 0.63 0.25
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observations that a large fraction of galaxies show asymmetry
in their H I line profiles. From the observation of nearly 1700
galaxies, O. G. Richter & R. Sancisi (1994) showed that around
50 % of their sample shows asymmetry in their H I line profile.
However, the asymmetry in the H 1 line profile may arise due to
both morphological asymmetry or kinematical asymmetry, and
it is not possible to infer if kinematic lopsidedness is the sole
origin of the asymmetry in the H 1 line profile. However, in later
times, with the advancement of the radio interferometers and
techniques of synthesis imaging, the kinematic lopsidedness has
been studied through the difference in H I rotation curve between
the approaching and receding sides of the galaxies (e.g. R. A.
Swaters et al. 1999). In recent times, with the H I interferometric
data from the WHISP (Westerbork H I Survey of Irregular and
Spiral Galaxies; R. A. Swaters et al. 2002), J. Eymeren et al. (2011a)
found the kinematic lopsidedness from the difference between
rotation velocity derived from the rotation curve of two halves
(approaching and receding) of galaxies for about ~70 sources.
However, the rotation curves used in their studies were derived
by fitting the 2D tilted-ring model to the 2D velocity field. As
discussed in detail in the study by P. Kamphuis et al. (2015) and
in section 3 of P. Biswas et al. (2023), kinematics and hence the
rotation curve derived from the 2D velocity field may often be
affected by the beam smearing and projection effects; as such,
the 2D modelling may not provide accurate kinematics of the
galaxies. The aforementioned works used samples that, in princi-
ple, are limited to intermediate ranges of inclination. Because the
rotation curves derived from the 2D velocity field of the galaxies
with higher inclinations are highly affected by projection effects
(R. Sancisi & R. J. Allen 1979; Y. Sofue & V. Rubin 2001). Also,
galaxies with lower inclination (<~40°) are not well suited for
doing 2D kinematical modelling from a 2D velocity field (K. G.
Begeman 1987; M. A. Bershady et al. 2010; P. Kamphuis et al.
2015). In this study, we use the rotation curves from the 3D kine-
matic modelling to find the kinematic lopsidedness and compare
our results with J. Eymeren et al. (2011a).

In this regard, we use the 3D tilted-ring model fitting pipeline,
BBAROLO (E. M. Di Teodoro & F. Fraternali 2015), to find the
rotation curves from the approaching and receding sides sepa-
rately. Although the 3D tilted-ring model fitting pipeline, FAT (P.
Kamphuis et al. 2015), in general, gives lower residuals than
BBAROLO in the fitted models (see section 3 of P. Biswas et al.
2023), this pipeline does not have the option to produce the rota-
tion curve separately in the two halves of the galaxy. Hence, we
use BBAROLO to fit the rotation curves separately in the two halves
of the galaxies. The chosen free parameters and the procedure for
guessing the initial values of these parameters and other details
for fitting kinematic modelling using BBAROLO are discussed in
section 3 of P. Biswas et al. (2023). Fig. 4 shows the rotation curves
derived by fitting the approaching side, the receding side, and the
whole galactic disc. Further, J. Eymeren et al. (2011a) categorized
the differences in the rotation curve arising from both sides in five
ways:

(i) Type 1: Rotation curve from the approaching and receding
sides matches in all scales.

(ii) Type 2: There is a constant offset between the rotation
curves from approaching and receding sides.

(iii) Type 3: Rotation curves from approaching and receding
sides differ only at large radii.

(iv) Type 4: Rotation curves from approaching and receding
sides differ only at smaller radii.
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Figure 3. Distribution of the average of the ratio of the amplitudes for m = 1, 2, and 3 modes to m = 0 mode in the inner and outer regions for both
the stellar and gas disc. It is to be noted that the quantities marked as diamonds for each galaxy are not an average ratio; these are the values of the ratios
at the maximum radius of the H 1 disc. The morphologies of the galaxies are noted on the x-axis. For each mode, galaxies are colour-coded based on
whether they are non-isolated (a part of a group or have nearby companions or interacting) or isolated. The galaxy, marked within the green circle NGC
3359), is a widely recognized isolated galaxy (U. Lisenfeld et al. 2007). While the galaxy, marked within the orange circle (NGC 4861), has a well-observed

nearby companion (NGC 4861B; J. Eymeren et al. 2009).

(v) Type 5: The rotation curve from one side crosses the rotation
curve from the other side.

From Fig. 4, the galaxies in our sample exhibit all five kinds
of characteristics. NGC 3359 and NGC 7497 show well-matched
rotation curves on both sides (Type I). NGC 0784 and NGC 7610
display a constant offset between the two sides (Type 2). NGC
7292 differs only at large radii (Type 3), while NGC 3027, NGC
4861, and NGC 7800 differ only at small radii (Type 4). In NGC
1156, NGC 4861, and NGC 7741, the rotation curves cross each
other (Type 5). These differences in the rotation curves from the
approaching and receding sides suggest the lopsided kinematics
of the corresponding galaxies. We further derive the halo per-
turbation parameter from this kinematic lopsidedness, as well as
from morphological lopsidedness, and compare them in the next
section.

5 HALO PERTURBATION PARAMETER

As mentioned in the Introduction, lopsidedness can arise due to
dynamical instability or interaction with the surroundings; it can
also result from a perturbed dark matter halo associated with the

MNRAS 548, 1-15 (2026)

galaxy. In this section, we found the perturbation parameter de-
scribing a lopsided halo from both morphological and kinematic
considerations.

5.1 Halo perturbation parameter from morphological
consideration

From a theoretical consideration, C. J. Jog (2002) showed that
both the kinematic and morphological lopsidedness can be ex-
plained by the response of the galactic disc to a lopsided halo
potential. The perturbed potential (v/,,) corresponding to the mth
mode of the Fourier analysis of the morphological lopsidedness
for a non-rotating case can be expressed in the following form (C.
J. Jog 2000):

Ym = chem cos(me), ©)

where V, is the circular velocity at the flat part of the rotation
curve, ¢ is the azimuthal angle in the plane of the galaxy, and €,
is a small dimensionless parameter describing the perturbation
parameter in the case of the mth mode of the Fourier analy-
sis of the morphological lopsidedness. For an exponential disc,
this parameter can be computed considering the Fourier modes
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Figure 4. The rotation curve of the galaxies from the approaching side, the receding side, and the whole galactic disc.
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Table 2. Average value of the lopsided halo perturbation parameter
found from the morphological distortion of m = 1, 2, and 3 modes in the
outer region of the stellar and gas disc.

Galaxy Region (€1) (€2) (€3)
NGC 0784 Ropt.out 0.03 0.11 0.05
Ru1.0ut 0.08 0.19 0.07
NGC 1156 Ropt.out 0.07 0.24 0.10
Ri1,0ut 0.08 0.06 0.05
NGC 3027 Ropt.out 0.19 0.14 0.14
Ri1,0ut 0.13 0.06 0.13
NGC 3359 Ropt.out 0.07 0.11 0.06
Rs1,0ut 0.05 0.07 0.08
NGC 4068 Ropt.out 0.16 0.08 0.12
Ri1,0ut 0.08 0.02 0.04
NGC 4861 Ropt.out 0.07 0.05 0.11
Rur1,out 0.03 0.04 0.05
NGC 7292 Ropt.out 0.11 0.29 0.08
Rrout 0.22 0.12 0.14
NGC 7497 Ropt.out 0.06 0.13 0.07
Ru1,out 0.01 0.07 0.03
NGC 7610 Ropt.out 0.07 0.22 0.07
Ru1,0ut 0.02 0.04 0.06
NGC 7741 Ropt.out 0.05 0.16 0.06
Rur1,out 0.05 0.05 0.04
NGC 7800 Ropt.out 0.23 0.15 0.18
Rur,out 0.11 0.10 0.08

arising in the morphological lopsidedness analysis of the disc.
For m =1, 2, and 3, we find this parameter following the equa-
tions mentioned below (C. J. Jog 2000):

L/
€1 = >
(2R/Rp) -1
L/l
€©Q=——-—
14+ R/Ry
I /1
€ = & (6)
1+ 2R/7Ry

where Ry, is the scale length considering an exponential disc.
Here in our study, we already considered the optical disc to be
exponential and the H I disc to be nearly exponential in the outer
region of the disc. Thus, using the equations mentioned above,
we find out the halo perturbation parameter for m = 1, 2, and 3
modes for both the H I disc and stellar disc. The averages of these
perturbation parameters are found only in the outer regions of
the star and gas disc, where the ratio of the amplitudes of these
modes is significant, as shown in the previous sections. Table 2
with Figs 5 and Al in Appendix A shows the average value of
this parameter for different modes for all the galaxies. We do not
find any correlation between the halo perturbation parameter of
each mode and the morphology of the galaxies or the presence of
bars, nor any environmental effect for this sample of galaxies.

5.2 Halo perturbation parameter from kinematic
consideration

Considering the same perturbed potential as mentioned in equa-
tion (5), the lopsided halo perturbation parameter can be found
from kinematical consideration for m = 1 mode. In this case, the
halo perturbation parameter (ex,) can be expressed through the
following equation (C. J. Jog 2002):

|vrec 1)appl (7)

€kin = — 5y, >
2Ve
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galaxy are noted on the x-axis.

Where Vrec, Vapp, and V; are the maximum velocity measured from
the flat part of the rotation curve rising, respectively, from the
receding side, approaching side, and considering both the sides
(see section 3.2 of J. Eymeren et al. 2011a). Using the rotation
curves derived in Section 4, we further derive the kinematic halo
perturbation parameter for all the galaxies. In cases of those
galaxies where the rotation curve does not reach the flat part, the
maximum rotation velocity has been considered.

5.3 Comparison of halo perturbation parameters from
morphological and kinematic lopsidedness

We further compare this kinematic halo perturbation parame-
ter arising from the H I rotation curves with the average of the
morphological halo perturbation parameter arising from m =1
distortion of the H 1 disc in the outer region. C. J. Jog (2002)
showed that when a halo perturbation is the underlying cause
of lopsidedness (equation 5), (¢1) and e, should be similar. As
mentioned in the Introduction, earlier studies by J. Eymeren et
al. (2011b) compared the kinematic perturbation parameter and
the morphological perturbation parameter and found that they
can differ depending upon the nature of the differences of the
rotation curves arising from both sides. They found that galax-
ies for which ey, differs most from (¢;) are either of Type 2 or
Type 5. To compare our results with those from J. Eymeren et al.
(2011b), we first calculate (e€;) within the region between Ry, u;
and 2Ry, y; and present the distribution of €y, and (¢;) through
Fig. 6 (similar to fig. 5 of J. Eymeren et al. 2011b). The morpho-
logical halo perturbation parameters and kinematic halo pertur-
bation parameters range, respectively, up to ~0.15 and 0.35 in the
study by J. Eymeren et al. (2011b). Both the morphological halo
perturbation parameters and kinematic halo perturbation param-
eters from our study range up to ~0.2. We found that the rms
orthogonal scatter of the data points from our analysis around
theline €xin = (€1)([Rn.11, 2Rh, 11]) is 0.062. Considering the error
bars, 10 out of 11 sources in our sample lie within the scatter of
this line. For consistency, we also calculated the rms orthogonal
scatter of the data points around this line for the galaxies from J.
Eymeren et al. (2011b), which is 0.057. However, there are many
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Figure 6. Comparison of €y, and (e;) measured between Ry y; and
2Ry, 1 for various types of differences in the rotation curves. The large
data points are from our study, and the small data points are from the
study by J. Eymeren et al. (2011b). The solid blue line and the blue shaded
region, respectively, denote where ey, = (€1) and scatter of represented
data points from our study around this line.

sources in their sample that lie way beyond the scatter around
this line. Since J. Eymeren et al. (2011b) do not provide individ-
ual uncertainties for their data points, a direct error-weighted
comparison is not possible; that is why we have not included
the uncertainties in our data points either to calculate the scatter
around this line. Given the lack of published uncertainties for the
comparison sample (J. Eymeren et al. 2011b), it is not possible
at this point to draw a firm conclusion whether the data points
in our analysis are less scattered than those from J. Eymeren et
al. (2011b). Additionally, we found that the large discrepancies
reported by J. Eymeren et al. (2011b) for Type 2 and Type 5 are
not present in our sample when considering the error for these
galaxies.

It is important to note that the rotation curves used in their
studies to find the kinematic lopsidedness and, hence, the kine-
matic halo perturbation parameter are derived from the 2D ve-
locity field. For galaxies with very high inclinations or very low
inclinations, these rotation curves may be affected due to beam
smearing and projection effect, as discussed in the study by P.
Kamphuis et al. (2015) and in section 3 of P. Biswas et al. (2023).
Our study uses the 3D kinematically driven rotation curves to
find the kinematic halo perturbation parameter. Further, (e;)
were calculated in the region Ry, g, and 2Ry, ; in the study by
J. Eymeren et al. (2011b). However, we found that the differ-
ent modes of lopsidedness can vary significantly beyond 2Ry, 11;.
Thus, we compare (€;) derived within region Ry iy and Riin u:
with egin, Wwhere Ryin 1 is the radius up to which the 3D kinematic
modelling was done successfully. It is to be noted that for some
galaxies, Ryin m; is larger than the radius up to which we should
perform the Fourier analysis of the gas disc to get physically
meaningful results. In those cases, the radius up to which we
should conduct the Fourier analysis is taken as the maximum
radius to calculate (¢;). For this case also, it is referred to as Rin n1
to avoid any confusion. However, we checked that this maximum
radius up to which the Fourier transform can be done is greater
than 2Ry, y, for all the cases. Hence, Riin u1 in our study does not
necessarily imply radius from the 3D kinematically modelling for
all the sources. The corresponding results are shown in Fig. 7 and
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Figure 7. Comparison of €y, and (e;) measured between Ry yy; and
Rmax 11 for various types of differences in the rotation curves. The solid
blue line and the blue shaded region, respectively, denote where ey, =
(€1) and scatter of represented data points from our study around this line.
The dotted yellow line and the yellow shaded region around it denote the
best-fitting line and 1o error around it.

Table 3. Comparison of the halo perturbation parameter derived from
the morphological lopsidedness at the outer region of the H I disc and
kinematic lopsidedness derived from the H I observation.

Galaxy (e1) €kin

NGC 0784 0.08 +0.03 0.12 £ 0.08
NGC 1156 0.08 £ 0.02 0.15+0.04
NGC 3027 0.13 +£0.07 0.07 £0.11
NGC 3359 0.05+0.03 0.03 £ 0.07
NGC 4068 0.08 +0.03 0.04 £0.16
NGC 4861 0.03 +£0.01 0.03 £ 0.08
NGC 7292 0.200 +£ 0.007 0.08 £ 0.06
NGC 7497 0.014 + 0.005 0.15+0.11
NGC 7610 0.021 +£ 0.006 0.10 £ 0.04
NGC 7741 0.05+0.03 0.20 £ 0.12
NGC 7800 0.11 +£0.04 0.04 £0.12

in Table 3. From Table 3, we can see that the halo perturbation
parameter found in both ways is in a similar range [~0.01 to
~0.2].

We further fit a straight line to this data to find out the relation
between them. The resulting slope and intercept are —0.17 & 0.34
and 0.106 £ 0.032, respectively, with an rms orthogonal scatter
of 0.0527 4 0.0030. However, we also find the rms orthogonal
scatter of these points around the line where (€;) = €in, to be
equal to 0.0587. As our sample size is only 11, the best-fitting line
may not represent the correct relation between them. However,
the scatter of the data points around the best-fitting line is a little
smaller or nearly similar to the line where (¢,) is equal to €y, and
is similar.

Further, a Pearson correlation test between (¢;), measured be-
tween [Ry y; and Ryin 1), and ey, yields ¥ = —0.17 with p = 0.62.
Now, if we take (¢;) measured between [Ry y; and 2Ry, ;] and
find its correlation with €;,, then its value comes out to be r =
—0.12 with p = 0.73. Finally, for the J. Eymeren et al. (2011b)
sample, this correlation coefficient comes out to be r = 0.098 with
p = 0.46. These correlation coefficients indicate that both for the
significantly large sample of J. Eymeren et al. (2011b) and for
our smaller sample (e€;) shows little to no linear correlation with
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€xin. However, comparing the three cases suggests that (¢;) and
€xin are relatively better linearly correlated when (e;) is measured
between [Ry 111, Riin,11] and €y is derived from 3D kinematically
modelled rotation curves, despite the small sample size of 11
galaxies.

Moreover, in J. Eymeren et al. (2011b), the largest discrepan-
cies between (¢;) and €, were observed for rotation curve dif-
ferences of Type 2 and Type 5. In contrast, in our analysis, the
discrepancies for Type 2 and Type 5 are not significantly larger
than for other types. In fact, these discrepancies are smaller than
those found in the previous part, where (€;) was computed over
the radial range [Rp a1, 2Rn 1] instead of [Rp m1, Rkinui]- Thus,
despite having a small sample size, we can infer that (e,) is likely
to be consistent with €, most when ¢y, is derived from the 3D
kinematically modelled rotation curves and (¢;) is measured in
between [Ry u1, 2Rh H1)-

6 CONCLUSION

In conclusion, through this study, we have studied the morpho-
logical lopsidedness of the stellar and gas discs in different re-
gions through the Fourier decomposition method. We also found
the kinematic lopsidedness from the rotation curves derived by
fitting the 3D tilted ring model separately in the approaching and
the receding sides. We further estimated the halo perturbation
parameter independently of both morphological and kinematic
lopsidedness. Although no statistically significant linear corre-
lation is detected within our present small sample, the use of
3D kinematic modelling and consistent radial ranges (both eval-
uated between Ry y; and Ryin u;) provides a more uniform and
physically consistent framework to examine the theoretical ex-
pectation that (e1) and ey, should be similar. Further, within this
framework, the discrepancy between (e;) and e, is independent
of the nature of the differences between the rotation curve from
two sides of the galaxy, unlike the trends seen in the study by
J. Eymeren et al. (2011b). We emphasize, however, that these
conclusions are based on a sample of 11 galaxies.

We need to include more sources in this study to state whether
these results hold only for these selected 11 galaxies or it holds
in general for all galaxies. However, the results of this paper with
these 11 galaxies with different morphology, mass range, and in-
clination angles clearly demonstrate the importance of recheck-
ing the consistency between the halo perturbation parameter
found morphologically and kinematically and reverify the the-
oretical prediction by C. J. Jog (2002). Hence, as a future aspect
of this work, we would expand our sample of the current star-
forming systems to a large number of galaxies across the Hubble
sequence and different evolutionary stages (e.g. V. Kalinova et al.
2021, 2022) and in different environments to state whether our
results are statistically significant.
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APPENDIX A: COMPARISON OF THE HALO
PERTURBATION PARAMETER RISING FROM
DIFFERENT FOURIER MODES

Distribution of the average value of the lopsided halo perturba-
tion parameter found from the morphological distortion of m = 2
and 3 modes in the outer region of the stellar and gas disc is
shown in Fig. Al.
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Figure Al. Distribution of the average value of the lopsided halo pertur-
bation parameter found from the morphological distortion of m = 2 and
3 modes in the outer region of the stellar and gas disc. For each figure,
galaxies are colour-coded to indicate if they are non-isolated or isolated.
The morphologies of each galaxy are noted on the x-axis.
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