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ABSTRACT

WLM is a dwarf irregular that is seen almost edge-on that has prompted a number of kinematical studies investigating its rotation
curve and its dark matter content. In this paper, we investigate the origin of the strong asymmetry of the rotation curve, which shows a
significant discrepancy between the approaching and the receding side. We first examine whether an m = 1 perturbation (lopsidedness)
in the halo potential could be a mechanism creating such kinematical asymmetry. To do so, we fit a theoretical rotational velocity
associated with an m = 1 perturbation in the halo potential model to the observed data via a y—squared minimization method. We
show that a lopsided halo potential model can explain the asymmetry in the kinematic data reasonably well. We then verify that
the kinematical classification of WLM shows that its velocity field is significantly perturbed due to both its asymmetrical rotation
curve and also its peculiar velocity dispersion map. In addition, based on a kinemetry analysis, we find that it is possible for WLM
to lie in the transition region, where the disk and merger coexist. In conclusion, it appears that the rotation curve of WLM diverges
significantly from that of an ideal rotating disk, which may significantly affect investigations of its dark matter content.
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1. Introduction

It has been found that disk galaxies have massive dark mat-
ter halos but little is known about the shape of such halos and
their content. Dark halos were modeled as spherical until Binney
(1978) suggested that the natural shape of dark halos is triax-
ial. Triaxial dark matter halos come to pass naturally in cosmo-
logical simulations of structure formation in the universe. These
simulations also illustrate that there may be a universal density
profile for dark matter halos (Navarro et al. 1996; Cole & Lacey
1996), but the accurate distribution of halo shapes is still unclear.
The observed distribution of the shapes of dark matter halos can
be a constraint on the scenarios of galaxy formation and evo-
lution. Investigating the shapes of dark halos can be done in
two parts: measuring the ratio c/a, namely, flattening perpen-
dicular to the plane of the disk and measuring the intermediate
to major axis ratio b/a, namely, the elongation of the potential,
which is of type m = 2 perturbation in the potential and useful
to measure the elongation of orbits. The effects of a global elon-
gation of the dark matter halo are similar to an m = 2 spiral arm
(Schoenmakers et al. 1997).

Asymmetries in the distribution of light and the neutral
hydrogen gas HI are often observed in spiral galaxies and it has
been known for a long time that the light distribution and there-
fore the mass distribution in disks of spiral galaxies is not closely
axisymmetric; for example isophotes of M 101 and NGC 1637
are elongated in one half of these galaxies (Edmondson 1961).
Such an asymmetry, which was detected for the first time in the
spatial extent of the atomic hydrogen gas in the outer regions
in two halves of some galaxies and also in the distribution of
light (Baldwin et al. 1980). A galaxy showing a global non-
axisymmetric spatial distribution of type m = 1 perturbation in

the potential or a cos(¢) distribution, where ¢ is the azimuthal
angle in the plane of the disk, is a lopsided galaxy (Jog 1997).
The asymmetric distribution of HI gas (morphological lopsided-
ness in HI gas) in spiral galaxies such as M 101 was reported in
the early HI observations (Beale & Davies 1969). These kinds
of galaxies, which are more extended on one side than the other,
were named lopsided galaxies.

Morphological lopsidedness was confirmed in a Fourier-
analysis study of a large sample of 149 galaxies, with about
one third of galaxies of this sample showing asymmetry in the
amplitude of the m = 1 Fourier component (Bournaud et al.
2005). Thus, morphological lopsidedness in the disk is a gen-
eral phenomenon. So, it is important to investigate the origin
and dynamics of the lopsided distribution in the galaxies. The
lopsided (perturbed) distribution in the atomic hydrogen gas
has been mapped morphologically (Haynes et al. 1998) as well
as kinematically for a few galaxies (Schoenmakers et al. 1997;
Swaters et al. 1999) and by global velocity profiles for a larger
sample (Richter & Sancisi 1994). Also, such an asymmetry has
been found in dwarf galaxies (Swaters et al. 2002) and in the
star-forming regions in the irregular galaxies (Heller et al. 2000).
The asymmetry may affect all scales in a galaxy, but the large-
scale lopsidedness is more conspicuous. This kind of m = 1
perturbation is expected to have a significant impact on the
dynamics of the galaxies, their evolution, and the star forma-
tion within them; in addition, it may also play an important
role in the growth of the central black hole and on the nuclear
fueling of the active galactic nucleus (AGN) in a galaxy (Jog
1999; Jog & Combes 2009). A perturbation in the gravitational
potential of a dark matter halo can make a galaxy asymmet-
ric and create asymmetry in the gas surface density profile (Jog
1997, 2000). Also, a symmetric dark matter halo can produce an
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asymmetric galaxy if the disk orbits of-center with respect to the
overall potential (Levine & Sparke 1998).

A new area that is beginning to be investigated is the asym-
metry at the centers of mergers of galaxies. A systematic study
was recently carried out by Jog & Maybhate (2006), in order to
understand the lopsidedness of the intensity and luminosity dis-
tribution and hence the mass asymmetry within their central few
kpc regions of mergers. Recently Ghosh et al. (2021) did a simu-
lation study of lopsided asymmetry generated in a minor merger
to investigate the dynamical effect of the minor merger of galax-
ies on the excitation of lopsidedness. The lopsided modes and
the central asymmetry that is merger-driven can play an impor-
tant role in the dynamical evolution of the central regions, espe-
cially with regard to the star formation taking place within it,
and on the nuclear fueling by outward transporting of the angu-
lar momentum. Therefore, these process can be important in the
hierarchical evolution of galaxies (Jog & Combes 2009).

Kinematical lopsidedness or a cos(¢) asymmetry is often
also observed in the kinematics of the galaxies and therefore in
the velocity fields (Schoenmakers et al. 1997) and in the rota-
tion curves on two halves of a galactic disk (Swaters et al. 1999;
Sofue & Rubin 2001). A galaxy showing a spatial asymmetry
between two sides of the galaxy would naturally show kinemati-
cal asymmetry except in the cases of face-on galaxies. A face-on
galaxy may show morphological asymmetry but not kinemat-
ical asymmetry (Jog 2000, 2002; Jog & Combes 2009). How-
ever, in the past, a number of authors have made a distinction
between the spatial or morphological lopsidedness and kinemat-
ical lopsidedness (Swaters et al. 1999; Noordermeer et al. 2001)
and have even claimed (Lovelace et al. 1999) that the veloc-
ity asymmetry is not always correlated with the morphological
asymmetry.

Dwarf irregulars are the most common type of galaxies in the
local universe (see, e.g., Dale et al. 2009). Such galaxies with
extended HI disk distributions allow measurement of rotation
curves and hence investigate dark matter halo properties and its
shape to large radial distances, beyond the optical disk. These
types of galaxies contain a huge reservoir of dark matter halo
that dominates over most of disk (Ghosh & Jog 2018).

WLM is a near edge-on gas-rich dwarf irregular galaxy in the
Local Group. This galaxy is rotationally supported and clearly
rotating and isolated from massive galaxies (Kepley et al. 2007).
It is worth noting that WLM in the local group, as well as most
of those dwarf irregular galaxies identified as kinematically lop-
sided, is an isolated system and does not show any signs of
strong tidal interaction and there is currently no clear evidence
for ongoing accretion of satellite galaxies. The dwarf irregular
galaxy WLM exhibits interesting dynamics, which was recently
studied in a number of works. Its rotation curve is asymmetric,
the rotation curves for the approaching and the receding halves
of WLM are not symmetric and they are distinctly different. In
this galaxy, the rotation curve of the receding side rises much
more slowly than for the approaching side, while the velocity
gradient for the approaching side is steeper than for the reced-
ing side in the outer region for this galaxy. The rotation curve of
the approaching side rises and then flattens at a certain radius,
whereas the rotation curve for the receding side continues to rise
(Kepley et al. 2007). WLM’s velocity field map obtained from
an observational HI data cube is asymmetric too. The spider-like
shape of iso-velocity contours are curved more strongly on the
approaching side and take on the characteristic shape of differen-
tial rotation, while the iso-velocity contours on the receding side
remain more or less straight and mostly parallel to the minor
axis, which is consistent with regular solid-body rotation. Dwarf
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irregular galaxies usually have a slowly rising rotation curve
close to a solid body and there is lack of differential rotation in
dwarf irregular galaxies (Kepley et al. 2007; Lelli et al. 2012).
Also, the global HI emission profile of WLM shows a strong
asymmetry (Kepley et al. 2007; Ianjamasimanana et al. 2020).
Global HI line profiles are influenced by both of the kinemat-
ics and the HI distribution. The shape of the global line profile
has been determined by both the kinematics and the density dis-
tribution of the gas. Galaxies with such asymmetric global line
profiles often have rotation curves that are steeper on one side of
the galaxy than on the other side (Swaters et al. 1999).

This paper is organized as follows. In Sect. 2, we derive
the velocity fields map from two different kinematic models for
this galaxy, solid body rotation, and differential rotation, if it is
shown that this galaxy orbits in the potential of an axisymmetric
dark halo. In Sect. 3, we review the dynamics of orbits in a lop-
sided halo potential (non-axisymmetric potential) and extract the
rotation curve of WLM by fitting a theoretical rotational velocity
associated with an m = 1 perturbation in the halo potential model
to the observed data for both of receding and approaching sides.
We also generate a velocity field map and surface density map
for the HI gas disk and stellar disk from this model, associated
with an m = 1 perturbation in the halo potential (a lopsided halo
potential model). In Sect. 4, based on kinematic asymmetries, for
the purpose of investigating whether a merger could have cre-
ated such a lopsidedness in the halo potential, we determine the
amplitude of velocity asymmetry and the strength of deviation
of the velocity field of a perturbed rotation model (an m = 1 per-
turbation in the potential) from that of an ideal rotating disk case
by obtaining the relative level of deviation of the velocity field
from that of an ideal rotating disk case. In addition, based on o —
centering, we classify this galaxy as having perturbed rotations.
Finally, in Sect. 5, we present our concluding remarks.

2. Modeling the velocity fields of the rotating disks
and different types of galactic rotation

In a rotating disk, the bulk motions can be projected as ellipses
on the sky. The orientation of such ellipses depends on the disk
inclination and kinematic position-angle. The observed line-of-
sight (LOS) radial velocity, vjos, extracted along such ellipses can
be expressed as:

Vies(R, ) =ve(R, ) sin(i) cos(¥y) + v,(R, ) sin(i) sin(y)+
V(R ) cos(i) + vyys. (D

Here, vy is the systemic velocity of the galaxy that corresponds
to the galaxy red-shift, v.(R) is the circular (rotational) velocity
in the azimuthal ¢ direction, v, is the radial velocity in the disk
plane, and v, traces the vertical motions. The azimuthal angle
is measured from the projected major axis in the plane of galaxy,
R is the radius of a circular ring in that same plane (or the semi-
major axis length of the ellipse once projected on sky), and i
is the inclination of the disk (i = O for a disk seen face-on)
(Hammer et al. 2017).

2.1. Velocity fields of axisymmetric disk galaxies (2D model:
Rotating disk)

If the cold HI gas in a disk galaxy orbits in the potential of an
axisymmetric dark halo (a static, spherically symmetric grav-
itational potential field), the resulting density field and veloc-
ity field are axisymmetric as well. This means that the velocity
field will only show pure circular rotation and the predominant
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motion of gas in a spiral galaxy is rotation and the observed
velocity fields of disk galaxies generally can be fitted perfectly
by circular motion. Assuming that at radius R, a gas cloud fol-
lows a near-circular path with speed v.(R). All we can detect of
this motion is the LOS radial velocity, v)os, toward or away from
us; its value at the galaxy’s centre, vqys, is the systemic velocity.
For an ideal rotating disk (a disk with pure rotational motion),
the observed velocity fields are fitted with circular velocity and
with no radial or out of plane motions (noncircular motions).
In such an ideal rotating thin disk, the bulk motions draw cir-
cular orbits in the plane of galaxy, projected on-sky as ellipses
(Krajnovic et al. 2006). For a given projected elliptical HI ring,
the projected velocity along the LOS (radial velocity) is:

Vios(R, ) = vc(R) sin(i) cos(y) + vsys, @)

where vy is the systemic velocity of the galaxy, v.(R) is the
circular (rotational) velocity of the gas at radius R, ¢ is the
azimuthal angle of the rings in the plane of the galaxy (giving
a star’s position in its orbit), and i is the disk inclination (i = 0
for a disk seen face-on). The observed LOS radial velocity, vy,
toward or away from an observer, is usually measured using the
Doppler shift of emission line or absorption line in the spectra of
HI gas or stars.

2.2. Solid-body rotation

A homogeneous density distribution produces solid-body rota-
tion with Q = v.(R)/R = constant. When we plug this into
Eq. (2), we obtain:

Vios = QR sin(i) cos(y) + Vys. 3)
Since x = R cos(y), this gives:
Vios = Qx8in(i) + Vgys. “)

Therefore the velocity does not depend on y and contours of con-
stant velocity will be parallel to the y axis. Vertical contours of
the constant velocity near the centre of a two-dimensional veloc-
ity field is indicative of the solid-body rotation.

2.3. Differential rotation

A simple model for differential rotation is cored logarithmic
potential that can produce a rising rotation curve that flattens at
a certain radius (rising-to-flat rotation curve):

vo(R) = %vg In[R? + R?], 5)
with
ve (R) = —2& ©)

where R, and v, are constants that vy is circular velocity at large
R. At R < R, this corresponds to solid-body rotation and at
R > R, the rotation curve is flat; this model is therefore a good
representation of a rising-to-flat rotation.

By programming in Python, we generated the velocity field
maps from two different kinematic models for this galaxy: solid
body rotation (slowly rising rotation curve) and differential rota-
tion (steeply rising-to-flat rotation curve), as shown in Fig. 1.
This figures show contours of constant velocities and the major
axis of these velocity field map is horizontal for each of these
models.

In Table 1, Col. 1 gives position angle of major axis, mea-
sured in degree, Col. 2 gives the median inclination angle of
galaxy in unit of degree, and Col. 3 gives heliocentric distance.
Column 4 gives systematic velocity of galaxy, Col. 5 gives the
ellipticity, € = 1 — b/a, where a and and b are the semi-major
axis length and semi-minor axis length, respectively. The ratio
of the semi-major axis a and the semi-minor axis b quantifies
how far the isophote (contour of constant surface brightness)
differs from a circle. Column 6 gives half-light radius in par-
sec and Col. 7 gives radius of extension of HI gas in parsec.
Column 8 gives absolute visual magnitude, Col. 9 gives con-
version factor from arcsec to pc, and Col. 10 gives mean stellar
metallicity.

3. Dynamics of orbits in a lopsided potential
(description of a perturbed velocity field model)

A simple rotating disk cannot reproduce the asymmetries that are
seen in the observed velocity field and in the rotation curve of
WLM. The asymmetry in the rotation curve between approach-
ing and receding sides of the galaxy, rising more steeply on one
side than on the other side, is a signature of the kinematical lop-
sidedness in the galaxy (Swaters et al. 1999). We are going to
investigate whether the kinematical asymmetry in WLM may
be related to lopsidedness in the halo potential and kinematic
lopsidedness can be caused by a perturbed halo potential and
whether this galaxy is lopsided in its kinematics.

Assuming that the galaxy is a rotating disk and then inves-
tigating the model deviations to verify the accuracy of this
assumption is a simple way to study kinematics of a galaxy
(Hammer et al. 2017).

Here, we analyse the case of the small deviations from
axisymmetry of the potential v of a filled gaseous disk, which
can be written as a sum of harmonic components. The assump-
tion that the potential includes a small perturbation and that the
gas moves on the stable closed orbits allow us to use epicycle
theory to analyse the velocity fields that are caused by such a
perturbed potential.

The orbits are solved via first-order epicyclic theory. The
treatment of orbits in the weak non-axisymmetric potentials is
closely related to the epicycle theory of nearly circular orbits
in an axisymmetric potential. To aid in the description of the
non-axisymmetric features of the motion of the gas, the velocity
fields have been decomposed into harmonic components along
individual elliptical rings following the approach presented by
Schoenmakers et al. (1997). For studying the dynamics of par-
ticles (HI gas) in a galactic disk perturbed by a lopsided dark
matter halo potential, we use the equations of motion in this
perturbed potential for the possible closed orbits. In this way,
the observed velocity field can be directly related to the poten-
tial of disk galaxies. Here, we analyze the case of a small
perturbation in the potential v, which can be written as a
sum of harmonic components. Schoenmakers et al. (1997) pre-
sented a method for measuring small deviations from sym-
metry in the velocity field of a filled gas disk which arises
from small perturbation in the potential. This method is based
on a higher-order harmonic expansion of the velocity field of
the disk. This expansion was done by first fitting a tilted-
ring model to the velocity field of the gaseous disk and sub-
sequently expanding the full velocity field along each ring
into its harmonic terms. The epicycle theory has been used to
derive equations for the harmonic terms in a perturbed potential
(Schoenmakers et al. 1997).
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Fig. 1. Pure circular rotations: (a) Velocity field map for the solid body rotation model, obtained from the model cube. Iso-velocity contours are
mostly parallel to the minor axis, indicating a solid-body rotation. (b) Velocity field map for a differentially rotating disk model (rising-to-flat),
obtained from the model-cube. Iso-velocity contours of the velocity field map display strong curvatures indicating of differential rotation.

Table 1. Photometric and structural parameters of WLM.

1) 2 3) “) ) (6) () (®) 9 10
Position angle Median inclination Distance vy, (km s‘l) e=1- Z Ry (pc) Rmax (pc) M, (mag) f. F,/H
(degree) angle (degree) (kpc)

4@ 75®) 933@  _122+4©@ 0659 2111@ 2304® _142@ 48@ _127@

References. (McConnachie 2012), ®(Kepley et al. 2007), (Ianjamasimanana et al. 2020) and ”(lorio et al. 2017).

Harmonic expansion

The symmetries in kinematic of galaxies can be measured via the
kinemetry method developed and explained by Krajnovic et al.
(2006) and Shapiro et al. (2008). A velocity field map can be
divided into a number of elliptical rings and along each elliptical
ring, the moment as a function of angle is extracted and decom-
posed into the Fourier series:

Vios() = co + ). € COSY) + 5, Sin(ni), @
n=1

where ¢y, gives the systemic velocity of each elliptical ring. This
allows the velocity profiles to be described by a finite number of
harmonic terms as well. So, we can express the LOS velocity as

Vios (R, 1) = Vyys + Y € COS(Y) + 5, Sin(rih). @®)
n=1

We can calculate the amplitude k, of each Fourier harmonic
order n from the ¢, and s, coeflicients:

\C+ 52 )]

The LOS velocity field in an ideal rotating disk (in pure circular
rotation) is dominated by the cos(y) term. The velocity field of
a disk that orbits in a non-perturbed potential shows only pure
circular rotation that is given by:

Vios = Ve (R) sin (i) cos ().
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ky =

(10)

We project the velocity field on the sky. The LOS velocity field
is given by:

Vios(R) = [ Vi COS(8 = Oops) = vy sin(8 — Gons) | sin(i),
Vios =V COS(® = Bobs) = v SIN(P — hons)] sin(i). ()

This velocity field is observed from a direction (6ops, I), where the
angle i is the inclination of the plane of the disk with respect to
the observer and R and 6 are polar coordinates in the rest frame
(non-rotating frame) of the galaxy and 6, is is defined as the
angle between the line & = 0 and the observer (see Fig.2), but
dobs 1S the viewing angle, the angle in the rotating frame that
corresponds to s (the angle between the line ¢ = 0 and the
observer that is zero along the major axis of the orbits).

By introducing the variable ¢ = —0ops+7/2 = d—Pops +7/2,
we then have:

Vios = Vg sin(y) sin(i) + vy cos(y) sin(i). (12)

The angle ¢ is measured along the orbit, this angle is zero at the
line of nodes. Sometimes this angle called the azimuthal angle
and is defined by the orientation of the galaxy on the sky and is
independent of the internal coordinate system.

By replacing ¢ — ¥ + ¢obs — /2 in the expressions for vg
and vy, expanding the LOS velocity in multiple angles of ¢ and
defining:

Ve = ve(R) sin i, (13)
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Z

Fig. 2. Geometry of the projected orbit which is indicated by green
ellipse and lies in X—Y plane. The orbit is elongated along the Y—axis.
The Z—axis is perpendicular to X—Y plane, i.e., the plane of the orbit.
The viewing angle 6., and i are the polar coordinate of the line-of
sight. The inclination angle i is measured from the Z—axis. The angle
Oops 1s measured from the line § = 0. The azimuthal angle y is the
angle in the plane of the orbit and it’s defined to be zero at the line of
nodes.

and also assuming to the first order ¢y9 ~ ¢, the LOS veloc-
ity field has the following form (Schoenmakers et al. 1997,
Schoenmakers 1999):

Vies = ) € COS(Y) + 5, Sin(rip), (14)
Vios = C1 COSY + Sy, sin(m — 1Y + ¢,—1 cos(m — D+
Sm1 Sin(m + 1Y + ¢ppq cos(m + 1y, (15)
where
Cl =V,

et = Vo (= 01+ Do + 0l + (1= )] sin(mg)

+ 30 = ) + Il = ) = 1+ lasy) cosimp,),
et = V2 m = = Dy = @l = (1 = w,)as) sinme)

+ %{m(l — W) = [m(1 = w,,) + 1 = laz,)} cos(mp,,)),
Cme1 = V*(_i {Im = (m = Dy, — alar, — (1 = w,)as,} cos(me,)

+ %{m(l — W) — [m(1 = wy,) + 1 = alay,} sin(me,.)),  (16)

where v, = v.(R)sini, « = dIn[v.(R)]/dIn(R) and ¢,, =
dobs — /2 — ¢,(R). The explicit computations and derivation
of the kinematic asymmetry based on the harmonic expan-
sion have been presented by Schoenmakers et al. (1997) and
Schoenmakers (1999). From Eq. (16), we can find whether the
potential includes a perturbation of harmonic number m, the
LOS velocity field includes the m+1 and m—1 terms. Thus, in the
case of a harmonic number m = 1 term in the potential (causing
morphological lopsidedness), the LOS velocity field will include
anm = 0 term and an m = 2 term.

3.1. Model velocity field map, rotation curve and surface
density in a lopsided potential

In this section, we generate a velocity field map, rotation curve,
and surface density map for a perturbed potential to investigate
whether such a potential is capable of creating asymmetry in the
kinematics and the distribution of the galaxy.

3.1.1. Effect of m=1 distortion and making some simplifying
assumptions

We can map the velocity field in a lopsided potential from the
measured harmonic terms. For this aim we make some simpli-
fying assumptions: (1) the m = 1 potential perturbation is dom-
inant over the m = 3 term; (2) the pattern speed of the m = 1
perturbation is zero: w; = 0; (3) there is no radial dependence of
the phase of perturbation: ¢1(R) = const. = ¢|(R) = 0. So the
LOS velocity field can be obtained as follows (the explicit com-
putations were previously derived by Schoenmakers et al. 1997
and Schoenmakers 1999) :

Vios = Z cp cos(mp) + s, sin(my). (17)

If the potential includes a perturbation of harmonic number m,
the LOS velocity field includes m + 1 and m — 1 terms:

Vips = €1 COSY + Syu—1 sin(m — DY + ¢,,—1 cos(m — D+

Sm1 SIN(m + 1Y + ¢pppp cOs(m + 1. (18)

In the case of a harmonic number m = 1 term in the potential,
the LOS velocity field will include an m = 0 term and an m = 2
term. So, for m = 1, we have:

Vies = €1 COSY + co + 52 Sin(2y) + ¢ cos(2y), (19)
with:
Ve sini ,

. 2v.(1 + 2a) B+ @+ kv R)]cos g1, 20

= (R) ok (R)] @1
2T T 1 2 Y T @EDICOS 1

sin i ,

=—— (R - aRV,(R)]si 22
5 2vC(1+2a)[V1( ) — aRv,(R)] sin ¢y, (22)
c1 = v sin(i). (23)

with i as the inclination angle of the galaxy and ¢ = @ops—7/2 =

2
the plane of the orbit between the minor axis of the elongated
orbit, and the observer; ¢ps is the viewing angle of the external
observer, the angle between the line ¢ = 0 and the observer that
is zero along the major axis of the orbits. The explicit equations
were derived by Schoenmakers et al. (1997) and Schoenmakers
(1999).

s . S .
arctan (——2). Here, ¢, is one of the viewing angles, the angle in

The cored logarithmic potentials

A simple model set-up for a non-perturbed potential to cause a
velocity pattern that corresponds to differential rotation (rising
to flat rotation, a rising rotation curve that tend to be flat at large
radius) is a cored logarithmic potential:

1
vo(R) = Evg In[R? + R?], (24)

A7, page 5 of 12
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which has
VoR
VR + R

where R, and v are constants that vy is circular velocity at large
radius R. At R <« R, this equation corresponds to a solid-body
rotation and at R > R, the rotation curve is flat. Thus this model
is a good representation of a rising-to-flat rotation curve (differ-
ential rotation).

The orbit in a non-rotating logarithmic potential (perturbed
potential, planar non-axisymmetric potentials), which is just the
potential of the harmonic oscillator is the sum of independent
harmonic motions (Binney 1978; Binney & Tremaine 1987).

For a potential that is perturbed by an m = 1 distortion and
is changed by first-order perturbation, we can take the net poten-
tial, v, at a given radius, R, to be a sum of the non-perturbed
potential, vy, and the first harmonic component of the perturba-
tion, v{(R) cos(¢), therefore, the total potential is:

ve (R) = (25)

V(R, ) = vo(R) + vi(R) cos ¢, (26)
where chose the perturbation v (R) to take the form (Jog 1997):
i(R) = eop(R)V;, 27)

where €, is a small perturbation parameter and v, is the velocity
of the flat part of the rotation curve. Thus, the net potential is

V(R, $) = vo(R) + €op(R)V; cos 4, (28)
with this choice for v;(R) we have
461
an = 5——, (29)
vi(l +2a)
2(1 = 2)e,
az = ————". (30)
vi(l +2a)
The orbits can be found as follows
R
R= v_;’ (1= 2610p(R) cos g (1)
t
(3 = 2a)€0p(R) sin ¢
= + s 32
& =¢o (1 - 2a) (32)
where
R
W) = LB 33)
and the velocities can be given as
2v.(R .
= 258 (R sinao), (34)
t
R
ve = ve(R) |1+ 6“’*’2 ) cos ¢0], 35)
V,
The LOS velocity field is
Vios = Z ¢, cos(ny) + s, sin(ny), (36)
Vios = [Vr sinyr + v, cos ] sin i, (37)
and
Vios = C1 COSY + co + 52 Sin(2y) + ¢; cos(2y). (38)
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Finally, we can obtain the measured harmonics as follows:

C . . 3
co = :—tz smz(m) €iop(R) cos ¢, (39)
C . . l
c) = —% Slnl(m) €iop(R) cos ¢, (40)
. .. 1 .
5 = :_,2 sin i (m) €iop(R) sin ¢y, 1)
c1 = v sin(i). 42)

We note that the LOS velocity field of a pure rotational disk (a
disk in pure circular rotation) is vios = V.(R) sinicos .

For an m = 1 perturbation in the halo potential model, the
LOS velocity field is presented by Eqgs. (38)—(42). Our analysis
is based on a reduced—y? as the goodness-of-fit statistic. We fit
the theoretical rotational velocity extracted from the theoretical
LOS velocity field, which is a function of three free parameters:
€lop Ve, and ¢ to the observed data points via an y—squared min-
imization method (least squares fitting) for both of the approach-
ing and receding sides by programming in Python.

Vios = f(R, €lops Ve o1).

The best-fit value of each parameter, €p, Ve, and ¢; in this
model for the best fit to the observed rotation curve are obtained
by minimizing this function:

oot i [vc,the(R,») —veam(R) |
W-M) i=1

(43)

(44)

g

The sum runs over the observational data points, with N, the
total number of data points from the observed rotation curve and
M = 3, which is the number of free parameters. In Eq. (44),
Ve.obs(R;) 1s the observed rotational velocity related with ith data
point at radius R;, o; is the observational error bar related with
each data point, and v g, is the theoretical rotational velocity of
approaching and receding sides extracted from the LOS velocity
for an m = 1 perturbation in the potential model.

In contrast to Kepley et al. (2007), we are able to fit the
WLM rotation curve simultaneously for both approaching and
receding sides with a lopsided halo potential model. Our results
for value of the best-fit parameters for both of receding and
approaching sides are €., = 0.11, ¢; = 0°, and v, = 44 (km s7h.

Figure 3 shows the extracted asymmetric rotation curve of
WLM from this model associated with an m = 1 perturba-
tion in the halo potential (a lopsided halo potential model) and
also asymmetric rotation curve from the observational data by
Kepley et al. (2007). By comparing the shape of rotation curve
and asymmetry between approaching side and receding side
obtained from lopsided halo potential model with the shape of
observed rotation curves for two sides of this galaxy (see Fig. 3),
we can see the good agreement between corresponding gas kine-
matics of a perturbed halo potential and the observed gas kine-
matics. Thus, a lopsided halo potential model is able to explain
the asymmetry in the kinematic data reasonably well.

By considering that the non-perturbed surface density have
an exponential dependence on radius as:

R } 43)

unR = -
Hun(R) ,erXP[ Rewp

where (1 is the central surface density and R.;, is the exponential
disk scale length. We present the non-perturbed surface density
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Fig. 3. Asymmetric rotation curve extracted from the perturbed halo
potential (lopsided halo potential) model and from the observational
data (Kepley et al. 2007) for the approaching and the receding sides of
WLM. A perturbed halo potential (a global m = 1 mode in the poten-
tial) can create kinematical asymmetry between two halves of galaxy.
By comparing the shape of rotation curve and asymmetry between
approaching side and receding side obtained from lopsided halo poten-
tial model with the shape of observed rotation curves for two sides of
this galaxy, we can see the good agreement between corresponding gas
kinematics of a perturbed halo potential and the observed gas kinemat-
ics.

map for the exponential gaseous disk in Fig. 4a and the exponen-
tial stellar disk in Fig. 4b.

A lopsided gravitational halo potential can perturb an
axisymmetric galactic disk as the disk surface density responds
to the total asymmetry (Jog 2000). Since the circular velocity
varies along the perturbed orbit, the related surface density also
varies as a function of the azimuthal angle ¢. This changes for
particles (gas and stars) on these orbits are governed by the equa-
tion of continuity:

0 0
3 [RHR. D@ + 50 [u(R. 9vo(@)] = . (46)

According to the equation of continuity and paper (Jog 1997),
the effective surface density for an exponential disk with per-
turbed orbits in a lopsided halo potential may be written as:

R (1 €iso cos¢)
Rexp 2 ’

where €, is the ellipticity of an isophote at R for m = 1 pertur-
bation, as follows:

Rmin _ 2AR
Rux R’

HU(R, §) = po exp [— 47)

€iso = 1- (48)
where Ry, is the maximum extent of an isophote and Ry, is the
minimum extent of that isophote.

By using the equation of continuity and the relations for the
orbits (coordinates and velocities), we can obtain the relation
between €, and €, at a given radius R (Jog 2000):

€iso RCXP

=4(1- . 49
€lop ( 2R) ( )
For this lopsided halo potential model (a global m = 1 in

the potential) by using Egs. (47) and (49) and programming in

Python, we extracted the surface density distribution map in the
X-Y plane for the gaseous disk in Fig.4c and the stellar disk in
Fig. 4d for an m = 1 perturbation in the potential with €0, = 0.11
which is the best-fit value of this parameter for best fit to the
observed rotation curve in Fig. 3. These figures, which show the
surface density contours of the lopsided disk (a global m = 1
mode), indicate the azimuthal variation in the surface density
for an exponential disk in a lopsided halo potential. The isopho-
tal shapes have aligned egg-shaped contours and the center of
the inner isophotes are displaced from the center of the outer
isophotes (see Jog 1997). The outward contours are more and
more deviated from the unperturbed surface density contours,
showing a more lopsided distribution in the outer regions.

For this perturbed potential, by using the measured har-
monics and other equations in this section and programming
in Python, we also mapped the velocity field in Fig.5 for an
m = 1 perturbation in the potential. This perturbed velocity
field map like the observational velocity field map (see Fig. 5 of
Kepley et al. 2007) is clearly asymmetric and shows the strong
curvature of the iso-velocity contours on one side and the weaker
curvature on the other side (iso-velocity contours are more
curved on one side than them on the other side). Thus, a lop-
sided gravitational potential of a dark matter halo can produce
an asymmetry in the rotation curve of WLM, in the velocity field
map, and in the morphology of the galaxy, as well as in the gas
surface density and stellar surface density (see also Jog 1997)
between two sides of this galaxy. So such a (cos ¢) asymmetry
of type m = 1 potential perturbation in the halo potential (the
lopsidedness of the dark matter halo) can create such a kinemat-
ical asymmetry between two sides of this galaxy.

In Table2, Col. 1 gives the exponential stellar disk scale
length for inner part, Col. 2 gives the exponential stellar disk
scale length for outer part, and Col. 3 gives the exponential
gaseous disk scale length. Column 4 gives the logarithm of cen-
tral surface density for stellar disk, Col. 5 gives the central sur-
face density for HI gas disk, Col. 6 gives the central surface den-
sity for the total gas (HI and He) disk, and, finally, Col. 7 gives
the HI radius.

4. Classification based on pure kinematics

Extremely lopsided mass distribution seems to occur in strongly
disturbed galaxies with ongoing merger events or those that have
undergone a recent merger (Jog 1997). Such non-axisymmetry
in the luminosity distribution and in the mass distribution with
the isophotes which are off-centered with respect to each other
is seen in the centers of mergers of galaxies (Jog & Maybhate
2006). For an m = 1 perturbation in the potential, the isophotal
shapes have aligned egg-shaped contours (Jog 1997), as we have
plotted in Figs.4c and d, the center of the inner isophotes are
displaced from the center of the outer isophotes.

Lopsidedness is a deviation from the ideal case that might
occur in a disk. We consider what the origin of the dark mat-
ter halo lopsidedness might be for an isolated galaxy. A vari-
ety of processes such as gas accretion, interactions, and minor
mergers can excite asymmetries and an m = 1 lopsidedness in
disk galaxies (e.g., Bournaud et al. 2005; Zaritsky & Rix 1997;
Mapelli et al. 2008). Thus, a disturbed structure in a galaxy
may result from such interacting processes with former com-
panions that occurred sufficiently long ago, no longer exist-
ing (Fulmer et al. 2017). It is thus possible that even an iso-
lated galaxy could hold signs of an earlier minor merger such
as central asymmetry and a tidal stream for a few Gyr after
the merger, as shown by observational evidence for the very
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Fig. 4. Exponential surface density maps of the gaseous disk and the stellar disk in a non-perturbed halo potential and a perturbed halo potential,
projected in the X—Y plane. (a) Exponential surface density map of the gaseous disk for a non-perturbed halo potential. (b) Exponential surface
density map of the stellar disk for a non-perturbed halo potential. (¢) Asymmetric gas surface density map associated with a lopsided (perturbed)
halo potential model-cube (contours of constant surface density for an m = 1 perturbation in the potential). (d) Asymmetric stellar surface density
map associated with a lopsided (perturbed) halo potential model cube. The exponential gaseous disk scale length is Reypgas = 1.04 kpc and the

central surface density for the total gas (HI and He) disk is zo gas = 11.2M§un Jpc-

There is symmetry between two halves of gaseous disk surface density map in (a)

the central surface density for stellar disk, o sentar = 1.4M§Lm Jpe-

The exponential stellar disk scale length Reyp eiiar = 1.24 kpc and

and stellar disk surface density map in (b) in a non-perturbed halo potential and there is asymmetry between two halves of gaseous disk surface
density map in (c) and stellar disk surface density map in (d) in a perturbed (lopsided) halo potential.

isolated spiral galaxy NGC 5523, supporting the idea that some
galaxies may have become isolated because they have experi-
enced a historic merger with former companions (Fulmer et al.
2017). Fulmeretal. (2017) have favored a historic (in the
recent past) merger as the source of perturbation that produced
a long-lived asymmetry in NGC 5523. Asymmetry in galax-
ies has also been found in low-density environments without
any direct signs of recent interactions (Matthews et al. 1997;
Matthews & Gallagher 2002). Recently, Ghosh et al. (2021) car-
ried out a simulation study of lopsided asymmetry generated in
a minor merger to investigate the dynamical effect of the minor
merger of galaxies on the excitation of lopsidedness. They have
shown that a minor merger can trigger an m = 1 lopsided dis-

A7, page 8 of 12

tortions in the stellar and gas velocity field of the host galaxy
and its stellar density. We aim to determine the strength of such
a deviation of the velocity field from the ideal rotating disk case
and investigate whether merger could have created such a lop-
sidedness in the halo potential.

4.1. Kinemetric analysis, quantifying asymmetries with
kinemetry and merger-disk classifications based on
kinematic asymmetries

Kinematics provides the only way to infer whether a galaxy is
dominated by a relaxed rotation or by gravitational perturbation
that is often linked with major merger events or minor merger



M. Khademi et al.: Kinematical asymmetry in the dwarf irregular galaxy

Velocity (km/s)
-

I_so

F—100

=120

r

—-140

\ 4

-3 -2 -1 0 1 2 3

-160

Fig. 5. Perturbed velocity field map caused by a lopsided halo potential
model cube with a perturbation (a global m = 1 mode in the potential),
projected in the X—Y plane. The perturbed velocity field map is clearly
asymmetric. This model shows strong curvature of the iso-velocity
contours on one side and weaker curvature on the other side. The HI
kinematics is slightly lopsided. A perturbed potential can produce the
asymmetric velocity fields.

and galaxy interactions. The asymmetries in the kinematic type
of galaxy, such as the asymmetries that seen in the velocity
field map and rotation curve of galaxy, can be measured via the
kinemetry method developed and described in Krajnovié et al.
(2006), Shapiro et al. (2008). A velocity field map can be divided
into a number of elliptical rings and along each elliptical ring,
with the moment being decomposed into the Fourier series:

Vios(¥) = o+ ), cucos(mp) + s, sin(n), (50)
n=1

where ¢y, gives the systemic velocity of each elliptical ring. This

yield velocity profiles to be described by a finite number of har-

monic terms via Fourier series as well. So we can express the

LOS velocity as:

Vios(R, ) = Vgys + Z ¢ cos(myp) + s, sin(myr).

n=1

61V}

The observed LOS radial velocity fields for an ideal rotating
disk (pure rotating disk in pure circular rotation) are expected
to be dominated by the cos(i) term and are fitted with no radial
or out of plane motion. So, the power in the ¢; term therefore
represents the circular rotation at each ring, while power in the
other coefficients (normalized to the rotation curve, c;) repre-
sents deviations from pure circular motion (Shapiro et al. 2008).
From the kinemetry decomposition, the amplitude k, of each
Fourier harmonic order n is obtained from the ¢, and s, coef-
ficients (Krajnovi¢ et al. 2006):

= |24
ky, = {Jci + 52

The information about kinematic asymmetries in the velocity
field of galaxies is contained in higher-order terms than k;. So,
the average amplitude of velocity asymmetries k., has been
defined by a limited number of terms:

1 m
kavg = m ; k.

(52)

(53)

If the potential includes a perturbation of harmonic number m,
the LOS velocity field includes m + 1 and m — 1 terms. In the
case of a harmonic number m = 1 term in the potential, that is,
a global m = 1 mode in the potential, the LOS velocity field is
expected to include an m = 0 term and an m = 2 term. Therefore,
for this perturbed potential model, the information on kinematic
asymmetries is contained in term k, which is of a higher order
than k. The amplitude k, of Fourier harmonic order n = 2 is
calculated from the ¢, and s, coeflicients:

2 2
NG+ 55,

whereby the ¢, and s, coefficients are calculated in Sect. 3.1.1.
By normalizing this average deviation k. to the pure circular
motions, as measured by ¢, we can derive the relative level of
deviation of the velocity field from that of an ideal rotating disks
Or asymmetry vasym (Shapiro et al. 2008):

kavg,v
Vasym = c s
/R

where the average is over all radii. This can be applied to velocity
dispersion field too. But for the velocity dispersion field, cg is
the only nonzero kinemetry coefficient for an ideal rotating disk.
So, the information about kinematic asymmetries in the velocity
dispersion field is contained in the amplitudes & » — &, ». Thus,
the average amplitude of velocity dispersion asymmetries Kayg o
has been defined via a limited number of terms:

m
1
kavg,o’ = — § kn,o',
m
n=1

and the asymmetry in the velocity dispersion field is defined as
(Shapiro et al. 2008):

kay .0
Oasym = c .
L /R

The average amplitude of velocity asymmetries K,y for the per-
turbed potential model (an m = 1 perturbation in the potential)
is:

ky = (54)

(55)

(56)

(57)

kave = . (58)

Thus, the asymmetry v,sym (or the relative level of deviation of
the velocity field from that of an ideal disk for this model — a
global m = 1 mode in the potential) is given by

Vasym = =\ -
Cl R C1 R

The merger-disk classifications based on kinemetry analysis are
used to kinematically classify galaxies in disk and merger. This
method relies on velocity asymmetries and can be used to dis-
tinguish unvirialized systems or those involved in major merger
events from galaxies dominated by ordered rotational motion.
Thus, we can differentiate disks and mergers based on sym-
metries of warm gas kinematics. We determine the strength
of such a deviation of the velocity field from the ideal rotat-
ing disk case to investigate whether merger could have cre-
ated such a lopsidedness in the halo potential. An ideal rotat-
ing disk in equilibrium is expected to have an ordered veloc-
ity field, described by the spider-like diagram, and a centrally
peaked velocity dispersion field (Shapiro et al. 2008). It has been
shown that the merger templates have v,gm, and oaym larger than

(59)
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Table 2. The exponential disk scale lengths R, and the central surface densities o for WLM.

(1) (2) (3) (4) (5) (6) (7)
Rexp,* Rexp,* Rexp,gas log(llo,*) HO,HI H0,gas RHI
(inner) (kpe) ~ (outer) (kpe)  (kpe)  log(M3, ) (Mg, .0 (Mg, )  (kpc)
1.24@ 0.57@ 1.04® 0.15@ g (@D 11.2 3.5@

References. ¥ Zhang et al. (2012), ® Read et al. (2019), > Oh (2015) and ” Kepley et al. (2007).

0.5 (Shapiro et al. 2008). There is a defined parameter, namely,

Kasym = 4 /(vgsym) + (o-%sym), total kinematic asymmetry, for
which Kygymopt = 0.5 has been established as an optimal empir-
ical limit for separating the two classes and the classification of
a system as a disk or merger can be done by this limit and major
mergers or unvirialized systems can be identified via Kysym > 0.5
(Shapiro et al. 2008). Bellocchi et al. (2016) has kinematically
classified galaxies as disks with a Ky, < 0.16(0.14), while
a merger would have a Ky, > 0.94(0.66), with the galaxies
lying in the transition region, where disks and mergers coexist,
with 0.16(0.14) < Kygym < 0.94(0.66). Additionally, for the ideal
case, we have (Vyym = 0 and 07yym = 0). However, this requires
a finer adjustment of the limit distinguishing mergers from the
rotating disk.

For WLM, in Fig. 6a, we plot c¢;, which is the pure circu-
lar velocity in terms of radius namely, the rotation curve for an
ideal rotating disk in pure circular motions. To obtain the devi-
ations from pure rotational velocity (circular motion), we plot
the amplitude of velocity asymmetries, k,, in terms of radius for
an m = 1 perturbation in the potential in Fig. 6b based on kine-
matic asymmetries. In addition, we have determined the strength
of deviation of the velocity field, vasym, from the ideal rotating
disk case (a purely rotating disk) by obtaining the relative level
of deviation of the velocity field from that of an ideal rotating
disks or the asymmetry in the velocity field, vaym, for the per-
turbed potential model from an ideal disk (with vueym = 0 and
Oasym = 0) in terms of radius in Fig. 6¢ by normalizing the aver-
age deviation k,y, (here kaye = k) to the pure circular motions,
as measured by c;.

To obtain Figs.6a,b,c, we averaged between two sides
(approaching and receding sides), so we neglected the asymme-
try between the two sides, which is the dominant asymmetry in
the WLM velocity field. Also, in addition t0 Vaym, Kasym con-
tains Oasym t00, and o eym is greater than zero, since the disper-
sion map indeed presents a minimum at the center, which is not
expected for an ideal rotating disk (Hammer et al. 2017). Thus,
Kasym value is expected to be higher than vugym, which is shown in
Fig. 6¢. Then it is possible that WLM lies in the transition region,
in which disk and merger coexist. So, a merger may be one of the
possible origins of the dark matter halo lopsidedness for this iso-
lated galaxy (according to the classification by Bellocchi et al.
2016).

4.2. Classification based on o centering

There is a parameter Ar representing the distance between the o
peak (c,) and dynamical centre (cyg) (Flores et al. 2006):
Ar = |cg — cvEl. (60)

The kinematics of IMAGES galaxies has been visually classified
using this parameter and and the alignment of both kinematic
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and optical P. A (Flores et al. 2006; Yang et al. 2008). It has lead
to three classes of kinematics, described as follows.

The first are rotating disks, which have a prominent signa-
ture in their velociy dispersion map, expressed as a central peak
at the dynamical centre (with Ar ~ 0). The velocity field shows
an ordered gradient and the rotation axis in the velocity field
almost aligned with the optical major axis (the kinematical major
axis is aligned with the morphological major axis) and the o-
map (velocity dispersion map) shows a single peak close to the
kinematical center, oo maps should show a clear peak near the
galaxy dynamical centre where the velocity gradient in the rota-
tion curve is the steepest (Flores et al. 2006; Puech et al. 2006;
Yang et al. 2008).

Next, in perturbed rotations, the velocity field shows rotation
(the kinematics shows all the features of a rotating disk) and the
axis of rotation in the velocity field is aligned with the optical
major axis, but the o-map shows a peak that clearly shifted away
from the kinematical centre (with Ar > 0) or does not show any
peak (Flores et al. 2006; Puech et al. 2006; Yang et al. 2008).

Finally, complex kinematics exist in systems with a near-
chaotic velocity field, while both velocity field map and o-map
(velocity dispersion map) display complex distributions; this is
very different from what is expected for rotating disks. Here,
neither the velocity field map nor the o-map (velocity disper-
sion map) are compatible with regular rotation, including the
velocity fields that are not aligned with the optical major axis
(Flores et al. 2006; Puech et al. 2006; Yang et al. 2008, see also
Hung et al. 2015).

In a minor merger, the disk is not destroyed and the kine-
matics of the remnant does not appear too complex. The galaxy
should be observed to still be rotating along its main optical axis.
with a dispersion map that does not show any peak at the cen-
tre. This could correspond to the perturbed galaxies (Puech et al.
2006).

An ideal rotating disk in equilibrium is: expected to have
an ordered velocity field that is described by the spider dia-
gram structure and a centrally peaked velocity dispersion field,
with the observed velocity fields fit with circular velocity and
with no radial or out of plane motions (non—circular motions)
(Shapiro et al. 2008). The galaxies with the main kinematics gra-
dient well aligned with respect to the principal morphological
axis can be described as a rotating disk (Plummer 1911).

For WLM, the rotation (an ordered velocity field, described
by the iso-velocity contours with a spider diagram structure)
is seen in the observational velocity field map, with the veloc-
ity field showing rotation (see Fig. 5 of Kepley et al. 2007). The
kinematics shows all the features of a rotating disk and the axis
of rotation in the velocity field follows the optical major axis (see
optical images of WLM in Little Things Data'), but the velocity
dispersion (second moment) map for WLM does not show any

! https://science.nrao.edu/science/surveys/
littlethings/data/wlm.html


https://science.nrao.edu/science/surveys/littlethings/data/wlm.html
https://science.nrao.edu/science/surveys/littlethings/data/wlm.html

M. Khademi et al.: Kinematical asymmetry in the dwarf irregular galaxy

Rotation curve for an ideal rotating disk

354

304

254

20 A

151

101

Circular velocity (km/s)

010 0?5 1;0 1?5 2j0 2?5 3?0 315 4?0
Radius (kpc)

(a)

The amplitude of velocity asymmetries in terms of radius

The amplitude of velocity asymmetries (km/s)

1.0 15 2.0 2.5 3.0
Radius (kpc)

(b)

. Level of deviation from an ideal rotating disk in terms of radius

0.30

0.25

0.20

0.15

0.10

Asymmetry in the Velocity Field

0.05

0.00

1.0 15 2.0 2.5 3.0 35
Radius (kpc)

(©

Fig. 6. The information about kinematic asymmetries in the velocity
field of WLM and deviation of this galaxy from an ideal rotating disk.
(a): Rotation curve for an ideal rotating disk in pure circular motions,
c1, in terms of radius R. (b): Amplitude of velocity asymmetry, k,, in
terms of radius R. (c): Level of deviation from an ideal rotating disk or
the asymmetry in the velocity field, vygym, in terms of radius.

peak at the center, which would otherwise be expected for an
ideal rotating disk (see Fig. 6 of Kepley et al. 2007 and Fig. 6,
bottom left of lanjamasimanana et al. 2020). The strong asym-
metry between two sides (approaching and receding sides) of
the galactic rotation curve indicates an abnormal rotation. Thus,
this galaxy is found not to be an ideal rotating disk, but a rotating
disk with perturbed rotations and non-circular motions, in addi-
tion to pure circular motion, and its kinematics is classified as a
perturbed rotation.

4.3. Morpho-kinematic classification

Neichel et al. (2008) found a fine agreement between the kine-
matic classification and classification based on pure morpholog-
ical analysis. Furthermore, Hammer et al. (2009) defined three
different morpho-kinematical classes: (1) rotating spiral disks
are galaxies that show a rotating velocity field and a dispersion
peak at the dynamical centre (see e.g., Flores et al. 2006) and
with the appearance of a spiral galaxy; (2) non-relaxed (nonviri-
alized) systems are galaxies with velocity fields that are incom-
patible from a rotational velocity field and are characterized by a
peculiar morphology; (3) semi-relaxed (semivirialized) systems
show either a rotational velocity field and a peculiar morphol-
ogy or a velocity field incompatible from rotation and a spiral
morphology.

This kind of classification and the degree of virialization
scheme was previously presented by Hammer et al. (2009) and
on its basis, WLM apepars to be in an intermediate category
between non-virialized and semi-virialized systems.

5. Conclusion

In this study, we investigate the origin of the strong asymmet-
ric rotation curve of the dwarf irregular galaxy WLM by exam-
ining whether an m = 1 perturbation (lopsidedness) in a halo
potential could be considered the mechanism behind such kine-
matical asymmetry. To do so, we fit the rotation curve of a lop-
sided halo potential model to that of WLM. There is a good
agreement between corresponding gas kinematics of a perturbed
halo potential and the observed gas kinematics of WLM. In
constrast to Kepley et al. (2007), our model provides a good fit
to the WLM rotation curve simultaneously for both approach-
ing and receding sides, with a lopsided halo potential model
with the best-fitting parameters of €., = 0.11, ¢; = 0°, and

v, = 44 (kms™!). For this best-fit model, we mapped the surface
density field for gas disk and stellar disk, as well as the velocity
field. The latter shows asymmetric characteristics that is com-
parable to the observed one, as shown, for instance, in Fig.5 in
(Kepley et al. 2007). We conclude that a lopsided halo potential
model can explain the asymmetry in the kinematic data reason-
ably well.

WLM shows an ordered velocity field (see Fig. 5 of
Kepley et al. 2007) and the kinematical axis is well aligned with
the optical major axis. However, its velocity dispersion map
does not show any peak at the centre (see Fig. 6 of Kepley et al.
2007 and Fig. 6 of Ianjamasimanana et al. 2020), which is not
expected for an ideal rotating disk. We studied the kinematical
classification of the velocity field of WLM with various meth-
ods (see Sect.4) and we found that its velocity field is signifi-
cantly perturbed due to both its asymmetrical rotation curve and
also its peculiar velocity dispersion map. Based on a kineme-
try analysis, we determined the strength of such a deviation of
the velocity field from the ideal rotating disk case by obtaining
the relative level of deviation of the velocity field from that of
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an ideal rotating disk case. Thus, it is possible that WLM lies
in the transition region, where disk and merger coexist. Thus, a
merger may indeed be one of the possible origins of the dark
matter halo lopsidedness for this isolated galaxy. In conclusion,
it appears that the rotation curve of WLM diverges significantly
from that of an ideal rotating disk, which may significantly affect
investigations of its dark matter content.
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