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ABSTRACT

We present an analytical model to identify thin discs in galaxies, and apply this model to a sample of SDSS MaNGA galaxies.
This model fits the velocity and velocity dispersion fields of galaxies with regular kinematics. By introducing two parameters ¢
related to the comparison of the model’s asymmetric drift correction to the observed gas kinematics and n related to the dominant
component of a galaxy, we classify the galaxies in the sample as ‘disc-dominated, ‘non-disc-dominated’, or ‘disc-free’ indicating
galaxies with a dominating thin disc, a non-dominating thin disc, or no thin disc detection with our method, respectively. The
dynamical mass resulting from our model correlates with stellar mass, and we investigate discrepancies by including gas mass
and variation of the initial mass function. As expected, most spiral galaxies in the sample are disc-dominated, while ellipticals
are predominantly disc-free. Lenticular galaxies show a dichotomy in their kinematic classification, which is related to their
different star formation rates and gas fractions. We propose two possible scenarios to explain these results. In the first scenario,
disc-free lenticulars formed in more violent processes than disc-dominated ones, while in the second scenario, the quenching
processes in lenticulars lead to a change in their kinematic structures as disc-dominated lenticulars evolve to disc-free ones.

Key words: galaxies: evolution — galaxies: kinematics and dynamics — galaxies: structure.

1 INTRODUCTION

Galaxy morphology classification is a fundamental tool for research
into galaxy formation and evolution. Since Hubble first arranged
galaxy images into a tuning fork (Hubble 1926), several further
classification schemes have been developed (e.g. Morgan 1958; de
Vaucouleurs 1959). In these schemes, galaxies are mostly classified
by their components: spiral galaxies contain an extended exponential
disc with clear spiral arm structure and usually a concentrated centre
regarded as a bulge, while elliptical galaxies are mostly structurally
smooth without distinguishable features. Lenticular or SO galaxies
share the smooth structure of ellipticals, but do have a clear disc
structure.

Generally, visual classification is subject to observational bias and
is a time-consuming process. Moreover, the rise of large galaxy
surveys makes it almost impossible to classify galaxy morphologies
by eye. A series of techniques have therefore been developed
to automate this process. Photometric parameters, such as Sérsic
index (Sersic 1968), are widely used for quantitative morphology
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classification. Conselice (2003) developed the CAS classification
systems which has as quantitative parameters the concentration (C),
asymmetry (A), and clumpiness (S) of a galaxy. Making use of large
numbers of amateur volunteers instead of professionals to classify
by eye has also proved to be an efficient and effective way to obtain
galaxy classifications (e.g. Galaxy Zoo: Lintott et al. 2008; Willett
et al. 2013). Recently, the development of deep learning algorithms
has also begun to contribute to automated galaxy morphology clas-
sification (e.g. Huertas-Company et al. 2015; Dominguez Sanchez
et al. 2018).

Galaxy images alone, however, do not provide the intrinsic
information of individual galaxy components, and therefore should
be complemented by kinematic information to build a complete
picture of a galaxy’s structure. One straightforward way to utilize
galaxy kinematic information is through well-defined parameters,
such as Ag., which is defined as the quantified projected stellar
angular momentum per unit mass. Introduced by Emsellem et al.
(2004), this parameter is used to study the intrinsic structure of
galaxies, and separate early-type galaxies into slow and fast rotators,
which are physically distinguished by their dominant motions of
stars. This parametrization has been applied to classify large samples
of galaxies (e.g. vande Sande et al. 2017; Falcon-Barroso et al. 2019).
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Dynamical modelling is another way to study kinematic properties
and to recover individual galaxy components. The collision-less
Boltzmann equation allows us to describe the steady state of stellar
systems with distribution functions (DF) (Jeans 1915). The stars
in different galaxy components populate different orbital states,
which means they can be distinguished by dynamical modelling.
Although numerical dynamical modelling methods are powerful for
decomposing galaxy kinematic components (e.g Zhu et al. 2018),
these methods can be quite computationally intensive.

An alternative way to study galaxy kinematic properties is through
analytical models, which is less time consuming compared to
numerical dynamical modelling, and can provide additional infor-
mation on kinematic parameters. A number of analytical models
were developed to describe DFs for different systems, such as
the Osipkov—Merritt Models (Osipkov 1979; Merritt 1985) for
anisotropic spherical systems and the Evans model (Evans & de
Zeeuw 1994) for axisymmetric systems. For disc galaxies with
intermediate inclinations, a simple analytical model is built to extract
the shape of stellar velocity ellipsoid from line-of-sight velocity
dispersions (Gerssen, Kuijken & Merrifield 1997, 2000; Noorder-
meer, Merrifield & Aragén-Salamanca 2008). The asymmetric drift
phenomenon, which is the difference between the mean stellar
tangential velocity and the circular velocity, caused by the stellar
density and velocity dispersion gradient (Binney & Tremaine 2008),
also offers us a scheme to help build analytical models. Quantifying
asymmetric drift in an axisymmetric system provides a possible way
to identify the dynamical states of galaxies (e.g. Bershady et al.
2010).

In this paper, we build an analytical model based on the asym-
metric drift correction in the Evans model to identify thin discs,
which are well described by the thin-disc approximation (Weijmans
et al. 2008), in galaxies. We classify a sample of galaxies with
regular rotating features as disc-dominated, disc-free, and non-disc-
dominated according to whether the model holds, and then study
their kinematic properties and morphologies. The paper is organized
in the following way: we introduce the observations and sample
selection in Section 2, and in Section 3 we describe our model in
detail, and introduce a morphological classification based on our
model. We show the results of applying our model to the sample
in Section 4. The galaxy properties of these different morphology
classes are shown in Section 5 and we summarize our work and
conclusions in Section 6.

2 OBSERVATIONS AND SAMPLE

2.1 Observation, reduction, and analysis

Mapping Nearby Galaxies at Apache Point Observatory (MaNGA;
Bundy et al. 2015) is an integral-field spectroscopic survey, part of
the fourth-generation Sloan Digital Sky Survey (SDSS-IV; Blanton
et al. 2017). MaNGA employs 17 Integral Field Units (IFUs), with
each IFU consisting of 19 to 127 fibres arranged in a hexagonal
bundle (Drory et al. 2015). MaNGA makes use of the BOSS
spectrographs (Smee et al. 2013) on the 2.5m Sloan Telescope
(Gunn et al. 2006), covering a wavelength range of 3600—10 000 A
with a spectral resolution of 60kms~' (instrumental dispersion).
The MaNGA galaxy sample is selected such that the galaxies
have a spatial coverage of 1.5 (primary sample) or 2.5 (secondary)
effective radii (R.), while maintaining a flat sample distribution
in i-band absolute magnitude (Wake et al. 2017). The MaNGA
observing strategy is described in Law et al. (2015), while the
spectrophotometric calibration strategy can be found in Yan et al.

Identifying thin discs in MaNGA galaxies 2659
(2016). Law et al. (2016) describes the MaNGA data reduction
pipeline or DRP.

The MaNGA data analysis pipeline (DAP) processes and analyses
the data cubes generated by the DRP, and delivers maps of stellar and
gas properties for the MaNGA galaxies (Westfall et al. 2019). The
DAP obtains the stellar kinematics that we will use in this paper by
fitting the observed spectra with the penalized pixel-fitting (pPXF)
method (Cappellari & Emsellem 2004), using the MILES stellar
template library (Sanchez-Blazquez et al. 2006; Falcén-Barroso et al.
2011) as templates. The gaseous kinematics are fitted simultaneously
with pPXF using constructed emission line templates.

The MaNGA data and maps used in this work were released in data
release 15 (DR15; Aguado et al. 2019) and we work with the Voronoi
binned (Cappellari & Copin 2003) stellar and gas kinematics. The
Voronoi binned spectra have a minimum signal-to-noise ratio S/N =
10, to ensure that the kinematic properties are accurately measured.
In this work, we mainly use the line-of-sight mean velocity and line-
of-sight velocity dispersion maps for the stellar kinematics, and the
Ho emission line velocities for the gas kinematics.

We note that the line-spread function (LSF) in MaNGA DR15 (and
in previous releases) is underestimated, as determined in the recent
internal MaNGA data release MPL-10 (see Law et al. 2021), and
will be corrected in future data releases. This leads to the systematic
overestimation of the velocity dispersion, and we discuss this LSF
effect to the results in the corresponding sections of this paper.

2.2 Sample selection

Our parent sample consists of galaxies from the MaNGA DR15
sample that also have a classification in Galaxy Zoo 2 (Willett et al.
2013; Hart et al. 2016). The overlap between DR15 and Galaxy Zoo
2 is 3841 galaxies.

In order to apply the analytical model, the galaxies in this sample
are required to have the following features: (i) regular morphologies;
(ii) fairly face-on (to allow for modelling the velocity and velocity
dispersion fields together); (iii) regular kinematics, including aligned
stellar and gaseous velocity field. For our first criterion, we select
galaxies without odd features in their optical images according to
Galaxy Zoo 2 (as captured by the requirement t06_odd_al5_no_flag
equals 1.0). We then pick reasonably face-on galaxies by requiring
Sérsic profile axis ratios between 0.5 and 0.996 as reported by the
NASA Sloan Atlas (NSA) catalogue (Blanton et al. 2011), within
where we find that the fitting of the kinematic fields measured by
reduced- x? (see Section 3.2 for definition) has no correlation with
the axial ratio. Finally, we visually inspect the kinematic maps of the
galaxies, and remove those with misaligned stellar and Ho velocity
fields or other irregular kinematic features. The colour-mass map
of the initial sample at this stage (558 galaxies) is shown in Fig. 1,
compared to the DR15 parent sample. The sample contains both red
and blue galaxies, as well as a number of green valley galaxies,
representative of the colour and mass distributions of the DR15
sample.

Accurate position angles (PA) and inclinations (i) are important for
our analytical model. We use the package KINEMETRY (Krajnovic¢
et al. 2006) to measure these quantities from the stellar velocity
maps. We use the velocity maps instead of imaging, as in this
way we directly trace the stellar disc and minimize the influence
of e.g. the thickness of the stellar disc or other galaxy components.
KINEMETRY generates best-fitting ellipses on the velocity maps by
analysing the high-order moments of harmonic expansions along
every ellipse. The kinematic PA and axial ratio Q at each radius are
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Figure 1. The colour—mass relation of the initial sample (red dots, 558 galax-
ies) compared to the DR15 parent sample with Galaxy Zoo 2 classification
(black dots, 3841 galaxies). The NUV-r colour and the photometric mass are
obtained from the NSA catalogue (Blanton et al. 2011).
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Figure 2. The distribution of PAs and Qs on each ellipse of an example
galaxy (8135-12704). The blue plus signs stand for the values on the ‘good’
ellipses which are included in the average, and the black plus signs show the
values on the discarded ellipses. The red solid and dashed lines show the PA
and Q of the galaxy and their 1-o uncertainties. We exclude the radii at which
AQ > 0.1 or Qpeg = 0.2 or 1.0.

recorded, and the inclination of the stellar disc can be obtained using
Q =cosi.

We adopt the following method to measure the kinematic PA and
Q, and their uncertainties, for each galaxy. We perturb the stellar
velocity maps 100 times with random Gaussian noise and fit the
ellipses at the same radial positions for all perturbed maps with
KINEMETRY. A typical distribution of PAs and Qs of a sample
galaxy is shown in Fig. 2.

Qs are often difficult to constrain or hit the fitting boundaries both
in the very centre and in the outskirts of galaxies. In the centre of the
galaxy their measurement can be affected by bulges or bars, or be
hindered because of the limited amount of data points on the smaller
ellipses. In the outskirts, the Voronoi bins are usually large due to
the individual spectra having lower S/N. Therefore, we adopt the
following method to obtain a robust inclination for each galaxy. We
first empirically exclude the ellipses with a standard deviation of Qs
(AQ) higher than 0.1 or the ellipses at which the median value of
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Figure 3. The distribution of the ‘effective’ inclinations of example galaxy
8135-12704 (defined as the inclinations on the ‘good’ ellipses without hitting
the fitting boundaries). The red solid and dashed lines show the inclination
and 1-o uncertainties.
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Figure 4. The ‘good’ range of example galaxy 8135-12704 overlaid with its
SDSS r-band image (left-hand panel) and velocity field (right-hand panel).
The region between the dashed lines in each panel marks the radial range
where we measure PA and Q.

Qs (Qmea) hits the allowed limits ([0.2, 1.0]). The remaining ellipses
are regarded as ‘good’ ellipses. We then exclude the outliers and the
measurements that are hitting the fitting boundaries on these ‘good’
ellipses, leaving us with a smaller number of reliable ‘effective’ data
points. We then take the average of these ‘effective’ data points on the
‘good’ ellipses to obtain the PA and the inclination of the galaxy, as
marked in blue in Fig. 2. As an example, the inclination distribution
of galaxy 8135-12704 after converting the obtained Qs is shown in
Fig. 3. We mark the radial ‘good’ range in its SDSS r-band image
and velocity field for galaxy 8135-12704, as shown in Fig. 4. The
central region affected by a bulge or bar and the outskirts with a large
bin size are thus excluded in the measurements of PA and Q.

Some galaxies display a uniform inclination distribution, and
therefore we cannot decide a best-fitting inclination: these galaxies
are excluded from the sample. We finally are left with a reliable
best-fitting PA and inclination for 465 galaxies.

3 METHODS

In this section, we first introduce our analytical model, including
the descriptions of the stellar velocity and dispersion profiles, the
asymmetric drift correction of the stellar velocity based on a thin-
disc assumption and the dynamical mass densities. We then introduce
the data analysis procedures and our classification scheme based on
our model.
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3.1 Models

3.1.1 Stellar velocity and dispersion

We assume that the stellar azimuthal velocity v, follows the Evans
model (Evans 1993; Evans & de Zeeuw 1994), which considers the
odd parts of the distribution function to describe the distribution of
velocities in a flattened spherical system:

AR

vy = , ()
(RC2 +R>+ Zz/qé)l/ﬂs/4

where A is a constant, R. is the core radius, § stands for the
logarithm slope of the rotation curve, and g, reflects the flattening
of the equipotentials. R, ¢, and z are used in their usual capacity as
cylindrical coordinates.

Because the field of view for MaNGA is limited to 1.5 or 2.5 R, at
most, we cannot determine the logarithmic slope of the rotation curve
8 from these data. We therefore simplify the model by assuming a
flat rotation curve with § = 0 and under this assumption A equals the
maximal rotation velocity vp,y. In the disc plane (z = 0), the stellar
velocity reduces to

Umax * R

Vp = ———. 2
CCURIR @

The line-of-sight velocity field is given by
Vios(R, @) = vy(R) cos ¢ sini. 3)

We build the velocity dispersion model with an anisotropic
component o4 and an isotropic component ois,. We assume the
anisotropic component follows an exponential profile of og 4
= 0¢,4eXp(— R/h, q) (Freeman 1970), describing the rotation-
dominated component under a thin-disc assumption. The line-of-
sight velocity dispersion will have the following form under the
Evans model (Weijmans et al. 2008):

R?cos?i
in (R2 + 2R02) + R?

R?sin? i cos® ¢
2(R>+ R2)

G

2 _ 2
Olos.d = OR.d

where for the thin-disc assumption with 7 < <R, « is defined as:

VL _ (0Ra = 92a) )

0z R
k 1is varied between 0 and 1, from the alignment of the velocity
ellipsoid with the cylinder coordinate system to the spherical one.
The gravitational potential ® of the galaxy is not directly known,
but if we assume the circular velocity V. >~ vy, then the gravitational
potential from the Evans model becomes

2
&~ %111(R3+R2+z2/q;). 6)
According to Amendt & Cuddeford (1991),

RZCD,Rzz
K =
30 g+ RO zp —4RD .. |

; @)

=0
where @ = dD/IR, D ggr = > P/IR?, etc. We then obtain that « is
a function of ¢; by

R2
(2-a3) R+ 2Rz (1—q3)
k and g, are both related to the flattening of galaxies. For a spherical

case, we have ¥ = 1 and g, = 1, while for a typical disc g4 >~ 0.7 and
k 22 0.6 (Amendt & Cuddeford 1991). Since « and g4 always appear

(®)

K =
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in the form of qu% in our model, we parametrize k and g4 together
empirically by

Kkqy = (1 —1)exp(—R/h;) +1, ©)

where 0.1 < ¢ < 1, which allows us to fit velocity profiles with both
flattening cores and steep cusps in the centre of a galaxy. The vertical
velocity dispersion of the rotation-dominated component o, 4 is then
given in our model by

RZ
- «kqy (R>+2R?) + R?

024/0ka = (10)

We introduce the isotropic component to describe the velocity
dispersion field which is not included in the thin disc component.
We assume it follows an exponential profile oo iso = 00, is0€XP (—
R/hg iso). The line-of-sight velocity dispersion then becomes

2 2 2
Olos = Ulos.d + Ulos.iso' (1 1)

Here we emphasize that equation (11) is not a component decom-
position method which can obtain velocity distribution profiles for
different components. This isotropic component is merely introduced
to guarantee the fitting of the disc component, and we do not link
this isotropic component to any one or multiple physical components
(e.g. bulge, bar, nuclear disc/ring and AGN effect, etc).

3.1.2 Asymmetric drift correction

The asymmetric drift is the difference between the stellar velocity v,
and the circular velocity V., which is approximated by the velocity
of He in our model. If we correct the asymmetric drift for v, under a
thin-disc assumption, we will obtain V.. correctly only for the galaxies
whose rotational velocity has a contribution from a thin disc. This
then provides a kinematic way to identify thin discs in galaxies.

The asymmetric drift correction has the following form under a
thin-disc assumption in the Evans model (Binney & Tremaine 2008;
Weijmans et al. 2008),

2 2 2 |:8ln//.d

dlnoj, R?
Veorr = v¢ —ORyd 9InR

dlnR  2(R*+R2)

K R?
gy (R*+2R2) + R?

+ (12)

Here we only adopt the velocity dispersion of the anisotropic
component ¢} for asymmetric drift correction, while the isotropic
component o2, which is introduced only for the fitting of velocity
dispersion and in our model is taken to represent the non-rotation
component with low tangential velocities, is not included in the
thin-disc model and therefore ignored in the correction. We also
assume the flux density of the disc 114 follows an exponential profile
with g o U,%_d (Binney & Tremaine 2008) and substitute « (see
equation 8), resulting in

201no2 R?
Ve XV — Op g < ke 4 ) : (13)

dnR ' R2+R?

3.1.3 Dynamical mass density

The dynamical mass density of an isothermal thin disc is shown
by Binney & Tremaine (2008) to be

0.2

72’ 14
km Gh, 19

Ydynd =
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which is a function of vertical velocity dispersion o, and disc scale
height /.. k is a parameter that indicates different vertical mass
distributions, and we adopt k = 1.5 as approximate for an exponential
one (Bershady et al. 2010). o, is derived in our velocity dispersion
model following equation (10), and we only need to obtain 4,.

Due to the low inclinations of the sample galaxies, we need to
estimate the disc scale heights from scaling relations. We adopt two
independent scaling relations and take a weighted average of them.
The first relation is the scale height versus the rotation velocity (van
der Kruit & Freeman 2011),

h.1 = (0.45 £ 0.05)(Vie/100kms™") — (0.14 + 0.07)kpc. (15)

We take the maximal velocity v« of the Evans model as the rotation
velocity. The second relation is the scale height versus the scale
length (Bershady et al. 2010),

log(h,, /h-.») = 0.367log(h,, /kpc) + 0.708 % 0.095. (16)

We adopt h, = 0.5h, ¢ (Martinsson et al. 2013), with the latter
obtained from the fitting of the velocity dispersion profile. We then
take the weighted average of &, | and &, , as the scale height /2,. We
also use the intrinsic scatter of these two scaling relations to estimate
the uncertainties of &, | and A », and then to obtain the uncertainty
of h.

3.2 Data analysis

There are eight free parameters directly fitted from the data in our
thin-disc model, which are summarized as follows. The maximum
stellar velocity vmax and core radius R, fitted to the stellar velocity
field according to equations (2) & (3). The parameters regarding to
the stellar velocity dispersion (o, iso and h,_is, for the exponential
isotropic component, o 4 and &, _4 for the exponential radial profile
of the disc component) and the flattening of the velocity ellipsoid
(parametrized as f and A, using an exponential profile) are fitted to
the stellar velocity dispersion field according to equations (4), (9),
and (11). These parameters and their corresponding statistical uncer-
tainties are obtained with the non-linear least-squares fitting program
MPFIT (Markwardt 2009).

We convolve the modelled kinematic maps with the MaNGA PSF
before comparing with observations. Following the procedure as
outlined in Begeman (1989), we construct the convolved models by
convolving a kernel which takes the seeing of each galaxy and the
spatial sampling of the kinematic maps (0.5 arcsec) into consider-
ation. This method is equivalent to convolving a Gaussian kernel
which takes the size of the reconstructed MaNGA PSF (FWHM =
2.5 arcsec; Law et al. 2016).

The goodness of the fitting of the kinematic map (velocity or
velocity dispersion) is measured by its reduced- x 2, defined as

2 Uobs — Umod ’
x?/dof [j{: ( o ) /dof, a7
where u,,s stands for the observed data and eq, stands for the
uncertainties of the observed data, u,,q stands for the modelled data,
and dof is the degree of freedom for which we adopt the number of
data points as an approximation. We obtain the reduced- x> for both
velocity and velocity dispersion to measure whether the kinematic
map is well fitted.

We have built our thin-disc model to describe galaxy kinematic
properties with two major assumptions:

(1) The stellar velocity corrected for asymmetric drift matches the
Ho velocity for galaxies with a thin disc.

MNRAS 504, 2658-2669 (2021)

(ii) The velocity dispersion is composed of a disc component and
an isotropic component, the former taking a dominant role in the
galaxy and the influence of the latter being negligible for a disc-
dominated galaxy.

We examine whether these assumptions are fulfilled by building
corresponding criteria.

The case that assumption (i) is not fulfilled indicates our model
detects no thin disc features in the galaxy. Considering the strong non-
circular motion and low S/N data in the gaseous velocity field, it is
difficult to measure the similarity of the corrected stellar velocity field
and the gaseous velocity field as a reduced- x 2. We therefore quantify
the difference between these two velocity fields by introducing a
parameter ¢, defined as the median of the relative residuals of the
map:

; = median(l(vgas - Ucorr)/vgas|)~ (18)

For the rest of the galaxies with a thin disc, we need to check
if assumption (ii) is fulfilled, which demands the thin disc taking
a dominant role in the galaxy by guaranteeing the effect of the
isotropic component of the dispersion is insignificant. We introduce
a parameter 7, which accounts for both the magnitude and influence
area of the dispersion components:

1 = 00,0l 160/ 00.4h% 4. (19)

A high n value indicates the isotropic component in the galaxy takes
a dominant role.

4 RESULTS

In this section, we introduce the results of applying our model to the
sample following the methods described in Section 3.

The kinematic fitting of the observed kinematic maps with this
model converged for 430 galaxies, and we show the histograms
of reduced-x? of the stellar velocity and the stellar dispersion in
Fig. 5. We subsequently make a cutoff at reduced- x> = 4.0 for both
velocity and velocity dispersion empirically to exclude the galaxies
which are poorly modelled. We also exclude galaxies with thin-
disc parameters poorly fitted i.e. og_q has an uncertainty higher than
0.5 dex or h,_4 has an an uncertainty higher than 1 dex in logarithmic
scale, which will result in the dynamical mass density in logarithmic
scale have an uncertainty higher than 1dex. The parameters of the
isotropic component o i, and A, i, are not well constrained for
some galaxies, but we do not exclude these galaxies because it has
little impact on the results. After this, we have 389 galaxies left in
the sample. We show an example of the fitted models in Fig. 6.

We compare the corrected stellar velocity for asymmetric drift
with the Ho velocity representing the circular velocity for 378 out
of our 389 galaxies which have regular Ho velocity fields in the
outskirts as our final sample. For most galaxies, the corrected stellar
velocity derived from our model is consistent with Ha velocity, while
for some of galaxies, the corrected stellar velocity strongly deviates
from the He velocity, indicating the failure of our thin-disc model.
We show an example for each case in Fig. 7.

According to the distributions of ¢ (defined in equation 18) shown
in Fig. 8 and based on visual inspection, we make a cut-off at £ =
0.4. Galaxies with ¢ > 0.4 are regarded as no detections of thin discs
and therefore classified as disc-free galaxies. We make a cutoff at
n = 1.0 (defined in equation 19), where the two components have
a comparable influence, and further divide the galaxies with a thin
disc detection into disc-dominated galaxies (7 < 1.0) and non-disc-
dominated galaxies (n > 1.0).
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The galaxies right of the dashed lines are regarded as poorly modelled and
are excluded from further analysis.
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Figure 6. Stellar velocity (top) and velocity dispersion (bottom) fitting of
galaxy 8135-12704. From left to right: data, model, and residuals. This galaxy
is well represented by our analytical thin disc model.

The colour—mass relation of the classifications is shown in Fig. 9,
in which disc-free galaxies are predominantly located on the red
sequence, while the disc-dominated galaxies show a larger variety in
both colour and mass. We further explore the visual morphology of
our kinematic classification in Section 5.3.

We examine the stability of the fitting of the velocity dispersion
fields for a subsample of galaxies which are randomly selected
from each kinematic type. We perturb the velocity dispersion fields
by adding Gaussian noise to the data, and the standard deviations
of the Gaussian noise being the 1 — o uncertainties of observed
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Figure 7. Comparison between Ho velocity and asymmetric drift corrected
stellar velocity of galaxies 8135-12704 (top) and 7957-3701 (bottom). From
left to right: Ha velocity, corrected stellar velocity, and the relative difference.
8135-12704 is an example of a galaxy with matched corrected stellar velocity
and Ho velocity, while 7495-3701 represents a failed case.
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Figure 8. ¢-distribution of the final sample (378 galaxies). The galaxies right
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Figure 9. The colour-mass plane of the final sample (378 galaxies). The
blue triangles stand for disc-dominated galaxies, yellow squares stand for
non-disc-dominated galaxies, and red circles stand for disc-free galaxies. We
find that the disc-dominated galaxies can be found in both the blue cloud and
red sequence, while the disc-free galaxies are mostly located in the latter.

velocity dispersion. For each galaxy in this subsample, we create 100
perturbed velocity dispersion fields and repeat the fitting. The results
show that our classification of galaxies is stable to the perturbation,
therefore, the classification scheme based on the model is valid. In
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general, the model parameters related to the thin disc (09,4, /o q5 1,
and h,) are stable to the perturbation for disc-dominated galaxies, with
a typical uncertainty compatible to the statistical errors given by the
fitting procedure (within 10 per cent). We also find a slight correlation
between o 4 and &, 4 around the best-fitting values such that %, 4
decreases as o4 rises. The fitting of the isotropic component (o ¢, iso
and K, is) are less stable with larger uncertainties affects the values
of 1. Since the variations hardly cross the cut-off of n = 1.0, they
have little effect on the classification.

As we have mentioned in Section 2.1, the LSF effect section
introduces a systematic overestimation of velocity dispersion in
MaNGA DR 15, especially in the outskirts of galaxies (about
3 per cent at 80kms™', about 10 per cent at 30-40kms~!, see
Law et al. 2021). This affects the fitting of velocity dispersion fields
systematically with the disc parameters being overestimated (mainly
h, 4 being overestimated by no more than 10 per cent). This LSF
effect has little impact on the classification.

We remind the readers that the velocity dispersion model is
descriptive, therefore, we cannot link the isotropic component to
any physical structure of the galaxy (e.g. bulge, bars, and nuclear
discs or rings, AGN effects, etc). As a consequence, we believe our
thin-disc model is able to distinguish thin-disc features in galaxies
in general and to study the overall trends of galaxies of different
kinematic types, but is not completely reliable on the measurements
of the model parameters in a specific individual galaxy.

5 DISCUSSIONS

5.1 Stellar angular momentum

Emsellem et al. (2007) introduced A as a proxy of stellar angular
momentum per unit mass, which correlates with the intrinsic mor-
phology and dynamics of galaxies. According to their positions on the
Ar — € diagram, early-type galaxies are classified as fast and slow
rotators dominated by circular and random motions, respectively
(Cappellari et al. 2007; Emsellem et al. 2007), while late-type
galaxies are expected to be dominated by circular motions (Falcon-
Barroso et al. 2019).

The galaxy sample we worked with was selected with the require-
ment of regular rotation features, and hence consists of mostly late-
type galaxies and the early-type fast rotators. To investigate whether
our classification is able to distinguish intrinsic morphology, we
adopt the spin parameter Ag, introduced as a proxy for the stellar
angular momentum within the half-light ellipse, and ellipticity € ob-
tained from Graham et al. (2018). We plot the Az, — € diagram show-
ing our galaxies in common with their sample in Fig. 10. The figure
shows that disc-dominated galaxies and disc-free galaxies are clearly
distinct in the Az, — € diagram. The disc-dominated galaxies occupy
the top region in the diagram (Lg, > 0.5) while the bottom (Ag, <
0.5) is occupied by the disc-free galaxies. The non-disc-dominated
galaxies lie in between these regions. This distribution is consistent
with the result obtained by Oh et al. (2020), which decomposes bulges
and discs with stellar kinematics and find they occupy the bottom
and top of the Ag, — € diagram, respectively. This result indicates
that the thin-disc model is capable of discerning thin discs, which are
correlated with higher A, , and that our classification method reflects
the different kinematic properties between the three different types.

5.2 Mass property

Mass distribution is a fundamental property of galaxies and plays
a crucial role in galaxy evolution. The dynamical mass density can
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Figure 10. Xp, versus ellipticity € for 230 galaxies in the sample. The blue
triangles stand for disc-dominated galaxies, yellow squares stand for non-
disc-dominated galaxies, and red circles stand for disc-free galaxies. The
contours plot half the maximum densities of each type. The black solid line
Ar, = 0.31/€ distinguishes fast and slow rotators (Emsellem et al. 2011),
and the green solid line corresponds with the theoretical curve of anisotropy
8 = 0.7€intr, Where €ipyr is the intrinsic ellipticity (Cappellari et al. 2007). The
green dotted lines show the locations of galaxies with intrinsic ellipticity €ine
varied between [0.35, 0.95] in steps of 0.1. The disc-dominated galaxies and
disc-free galaxies are clearly distinct in the plot, and the non-disc-dominated
galaxies lie in between these two types.

Zdyn (log M/M,,,)  Zstar (log M/My,,)  (Zdyn—Zstar)/err

x . 3.0

10 4 2.0

g 0 = 1.0
g 0 #% 0.0
o _5 ’#'%. -1.0
-10 -2.0
—15 -3.0

—10-50 5 10 -10-50 5 10 —10-50 5 10
arcsec arcsec arcsec

Zdyn (log M/Mg,,) Tstar (log M/M,,,)
10.0 10,0

(Zdyn—Zstar)/err
[}

- 3.0
5 95 K I' : 2.0
o : '-'l“‘ 1.0
b -
[ 9.0 H =140.0
©
o - b i -1.0
-5 B il -2.0
8.0 -3.0
-5 0 5 -5 0 5
arcsec arcsec arcsec

Figure 11. Comparison between dynamical and stellar mass densities
(Mg ™' kpe™? in logarithmic scale) of a disc-dominated galaxy 8135—
12704 (top) and a disc-free galaxy 7957-3701 (bottom). From left to right:
dynamical mass density, stellar mass density, and the relative difference.

provide constraints on the stellar mass density, thereby constraining
stellar evolution models and the dark matter density.

We obtain the disc dynamical mass density Xgy, ¢ with disc
vertical velocity dispersion o, 4 and scale height /., and obtain the
corresponding uncertainty of Xgy, ¢ from the fitting error of o 4
and the uncertainty of %, using error propagation. We compare the
disc dynamical mass density X4y, ¢ With the stellar mass density in
the DR15 MaNGA FIREFLY value added catalogue (Goddard et al.
2017). The stellar mass density is obtained with the spectral fitting
code FIREFLY using high spectral resolution stellar population
models (Maraston & Strombick 2011) and a Kroupa initial mass
function (IMF; Kroupa 2001).

In Fig. 11, we show a comparison between the disc dynamical
and stellar mass densities, using the same two example galaxies
shown in Fig. 7. For galaxy 8135-12704, the disc dynamical mass
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Figure 12. Dynamical mass versus stellar mass (in logarithmic scale) within
MaNGA coverage. From top to bottom: disc-dominated galaxies, non-disc-
dominated galaxies, and disc-free galaxies. For disc-dominated and non-
disc-dominated galaxies, we also fit a linear regression to the logarithmic
stellar and disc dynamical mass as shown in the legends (the dark grey solid
line), and light grey lines are the corresponding uncertainty range including
the uncertainties of regression coefficients (slope and intercept). The black
dashed lines in each panel are the 1-to-1 lines.

density is in agreement with the outskirts of the stellar mass density,
indicating a small fraction of non-stellar matter. In the inner region,
although the velocity dispersion field is fitted by parameterizing /cqq%
and introducing an isotropic component, the thin-disc assumption
in our model might be invalid because of the possible existence of
components other than the thin disc. Therefore, the disc dynamical
mass density probably cannot trace the real mass distribution in the
inner region. In contrast, the dynamical mass density of galaxy 7495—
3701 difters from the stellar mass density throughout, mainly a result
of the failure of the thin-disc model in Fig. 7.

The comparison between disc dynamical mass density and stellar
mass density for each galaxy is not always straightforward. To
ease comparison, we calculate global parameters representing the
disc dynamical mass and stellar mass within the MaNGA IFU, by
integrating over the spaxels. We will use these parameters, Mgy,
and M, in further discussions within this paper. The corresponding
uncertainties of My, and M, are calculated from the uncertainty
of Xayn, ¢ and the uncertainty of stellar mass density in the DR15
MaNGA FIREFLY value added catalogue, respectively.

We show the My, — M, correlation of each galaxy type in Fig. 12.
In general, the data points in each panel are distributed around the
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1-to-1 line in the figure. The dynamical mass and stellar mass of
disc-dominated galaxies are well correlated, while the correlation for
non-disc-dominated galaxies has a larger scatter and several outliers.
There is no clear correlation for disc-free galaxies as the intrinsic
scatter of the linear fitting is higher than 2 dex, and the failure of the
thin-disc assumption no longer allows us to measure the dynamical
mass for these galaxies. We note that some galaxies have lower
dynamical mass than stellar mass, and the differences are not within
the 1 — o error bars, which is likely due to the error bars in the
figures being underestimated compared to the true uncertainties for
these galaxies. We therefore emphasize again that the interpretations
of our results are based on the average of different types of galaxies
and not for individual galaxies.

We notice that the disc dynamical mass is higher than the stellar
mass on average for our disc-dominated galaxies in the high-mass
end in the top panel of Fig. 12. We first note that the disc dynamical
mass density might not trace the real mass density in the inner region
of the galaxy because of a possible failure of thin-disc assumption,
which might affect the correlation between the disc dynamical mass
and the stellar mass for the disc-dominated galaxies. However, we
find that the same correlation between the disc dynamical and stellar
masses still exists when we exclude the central area within a radius of
1/4 of the side-length of the IFU from the mass calculation, as shown
in Fig. 13. This result indicates the discrepancy of the mass densities
in the inner region is negligible for explaining the difference between
the dynamical and stellar masses for the disc-dominated galaxies, so
we turn to other reasons to explain this difference.

The total baryonic mass contains not only stellar mass but also
the mass of other baryonic matter, such as gas and dust, which are
not negligible in spiral galaxies. Therefore, we first examine whether
the dynamical mass is consistent with the total baryonic mass by
including the atomic and molecular gas. We adopt the gas mass within
the coverage of MaNGA estimated from the dust attenuation in the
MaNGA PIPE3D value added catalogue (PIPE3D VAC; Sanchez
et al. 2018), which are obtained with the PIPE3D pipeline (Sdnchez
et al. 2016a, b) including the mass of H1 and H, estimated with
the method described in Barrera-Ballesteros et al. (2020). According
to Martinsson et al. (2013), the total atomic and molecular gas mass
density is connected to the H1 and H, density by

Eamm = 1~42H17 (20)

Tmot = 1.45y,. 1)

Therefore, we adopt the total gas mass by multiplying a factor of
1.4 to the gas mass obtained from the PIPE3D VAC. The result
of this comparison between the total baryonic mass and dynamical
mass is shown in Fig. 14. The dynamical and total baryonic mass
are comparable, close to the 1-to-1 line. However, the slope of the
correlation between dynamical and total baryonic mass is still larger
than 1, which suggests the gas might not be the only reason behind
the difference between the dynamical and stellar mass.

Dark matter is present in galaxies in the form of haloes and
contributes to the total mass budget, but we do not include a
dark matter halo in our model. The dynamical mass we obtained
only measures the dynamical mass of the disc within the MaNGA
coverage, where the contribution of dark matter is negligible. Fig. 14
shows that dark matter has a negligible contribution to the dynamical
mass of the disc within the MaNGA coverage if we take other
baryonic mass into consideration.

Another possible explanation for the discrepancy between dynam-
ical and stellar mass lies with the initial mass function (IMF). The
stellar masses we have adopted are measured with the Kroupa IMF for
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Figure 13. Dynamical mass versus stellar mass (in logarithmic scale)
excluding the central area within a radius of 1/4 side-length of the IFU.
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and disc-free galaxies. For disc-dominated and non-disc-dominated galaxies,
we also fit a linear regression between the logarithmic stellar and dynamical
mass as shown in the legends (the dark grey solid line), and light grey lines are
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coefficients (slope and intercept). The black dashed lines in each panel are
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all galaxies, however, the IMFs of galaxies might be mass-dependent
such that massive early-type galaxies have an excess of low-mass
stars compared to the prediction of the Kroupa IMF, resulting in a
bottom-heavy IMF (van Dokkum & Conroy 2010). Fig. 14 suggests
the possibility of a very slight trend that high-mass disc-dominated
galaxies prefer a more bottom heavy IMF which produces a larger
number of low-mass stars.

The LSF effect causes a systematic overestimation of velocity
dispersion parameters and the resulting mass model. To establish this
LSF effect on the disc dynamical mass measurements and the mass
relation, we construct mock velocity dispersion profiles by taking
average of disc-dominated sample galaxies in three mass bins, and
correct the LSF effect for the mock dispersion profiles according to
the results from Law et al. (2021). We find the dynamical mass for
galaxies in the disc-dominated sample is overestimated by about 15
per cent. This overestimation is mass-dependent and ranges from 5
per cent for the highest mass galaxies (stellar mass M, > 10''M,), to
40 per cent for the lowest mass galaxies (stellar mass M, < 10%°My,).
Considering this mass-dependent systematic error, we estimate that
the slope in Fig. 12 would be steeper by about 2 percent, within 1 — o
uncertainty due to sample variance and random errors. If we assume
the mass discrepancy is caused by an IMF gradient, this systematic
error leads to a higher IMF gradient than that is shown in Fig. 14.

5.3 Morphology

As described in Section 4, we classify the sample into three types
with two kinematic parameters ¢ and 7: disc-dominated galaxies (¢
< 0.4, n < 1.0), non-disc-dominated galaxies (¢ < 0.4, n > 1.0), and
disc-free galaxies (¢ > 0.4). The disc-free galaxies are the galaxies
without a thin disc detection, while the disc-dominated and the non-
disc-dominated galaxies describe whether the detected thin disc takes
a dominant role or not, respectively.

We divide the sample into spirals, SOs and ellipticals according to
the Deep Learning catalogue (Dominguez Sdnchez et al. 2018) and
the Galaxy Zoo catalogue (Willett et al. 2013) with the definitions
shown in Table 1.

We first compare our kinematic classification with the morphology
classification according to the Deep Learning catalogue in Table 2.
We also show the ¢ — n distribution for galaxies with different
morphologies in Fig. 15.

In line with expectation, the kinematic and photometric mor-
phology classification are correlated: the majority of spiral galaxies
are dominated by a thin disc, while the model fails on most of
the elliptical galaxies. There are also exceptions in Table 2 for
the following reasons. A few spirals failed to be modelled and
were classified as disc-free galaxies, because for these galaxies the
parameter ¢ for criteria (i) was close to the boundary of 0.4 due
to their data quality for Ho velocity or stellar velocity dispersion
and caused misclassification. Most of the disc-dominated galaxies
which were classified as ellipticals in the Deep Learning catalogue
are SOs or spirals according to the Galaxy Zoo classification, and
after visual inspection, we suspect these are wrongly classified in the
Deep Learning catalogue.

Table 2 shows a clear dichotomy of SO galaxies. The majority
of SO galaxies are dominated by a thin disc while there are no
thin discs detected in some others. To look for the reason of this
dichotomy, we investigate various galaxy properties and notice in
two properties major differences between disc-free SOs and disc-
dominated SOs. The first property is the integrated star formation
rate (SFR) derived from the amount of stellar mass formed in the
last 32 Myr in the PIPE3D VAC, and the second property is the
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Table 1. Morphology definition of the two morphology catalogues. For the Deep Learning catalogue:
TType > O for spiral galaxies; TType < 0 for SO and elliptical galaxies; P_SO stands for the
probability of being a SO rather than a pure elliptical for galaxies with TType < 0. For the Galaxy Zoo
catalogue: t01_a0l _debiased is the debiased vote fraction for the question if the galaxy is smooth;
t04_a08_debiased is the debiased vote fraction for the question if the galaxy has spiral arms.

Deep learning

Galaxy zoo

Spiral TType > 0.0
SO TType < 0.0 & P_SO > 0.5
Elliptical TType < 0.0 & P_SO < 0.5

t01_a01_debiased < 0.8 & t04_a08_debiased > 0.5
t01_a01_debiased < 0.8 & t04_a08_debiased < 0.5
t01_a01_debiased > 0.8

Table 2. Morphology statistics for the modelled galax-
ies. The kinematic and photometric morphology are well

correlated.
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Figure 15. The ¢ — n distribution for galaxies with different morphologies.
The blue triangles stand for spiral galaxies, yellow squares stand for SO
galaxies, and red dots stand for elliptical galaxies. The vertical line (¢ = 0.4)
and horizontal (n = 1) are used to classify our sample into three kinematic

types.

gas fraction defined as the ratio between the gas and stellar mass
within the MaNGA IFU coverage obtained in Section 5.2. We show
the histograms and cumulative probabilities of the gas fraction and
the SFR, together with their relation, in Fig. 16. In general, the
SFR and the gas fraction decrease from disc-dominated spirals to
disc-dominated SOs to disc-free SOs, while the disc-free ellipticals
have a comparable SFR and gas fractions to the disc-free SOs.
We find no clear differences in their distributions of other galaxy
properties, including their stellar mass and some quantification of
galaxy environments as presented in the Galaxy Environment for
MaNGA value added catalogue (Argudo-Fernandez et al. 2015;
Etherington & Thomas 2015).

Since molecular gas dominates the gas mass in the inner part
of galaxies (Leroy et al. 2008, 2009), the gas fraction within the
MaNGA coverage (~1.5R.) in Fig. 16 is majorly contributed by
the molecular gas. Therefore, the depletion of molecular gas is
probably accounting for the quenching process in these SO galaxies,
which is consistent with the conclusion of Zhang et al. (2019) that
massive disc galaxies are quenched due to the removal of molecular

gas content. The removal of molecular gas is possibly a result of
consumption due to star formation, AGN or stellar feedback (e.g.
Fabian 2012; Hopkins et al. 2014). Galaxy environments (e.g. ram-
pressure stripping, harassment, and strangulation) are supposed to
play an important role in galaxy quenching (e.g. Abadi, Moore
& Bower 1999; Quilis, Moore & Bower 2000). We cannot rule
out the possibility that molecular gas is removed by processes
related to galaxy environments according to our results, for the
galaxy environments here are the present environments instead of
the past ones. The possibility that molecular gas is removed by
violent processes (e.g. major merger) is not ruled out as well,
though we have a well-defined sample with regular kinematics.
Simulations have shown that SO remnants of major merger still
have relaxed structure, leaving almost no discernible morpholog-
ical traces only 1-2Gyr after the merger (Eliche-Moral et al.
2018).

The kinematic similarity between disc-dominated SOs and spirals
is consistent with the theory that disc-dominated SOs formed from
spirals with molecular gas removed (Aragén-Salamanca, Bedregal
& Merrifield 2006; Barr et al. 2007), and the similarity between
disc-dominated SOs and fast-rotating ellipticals also suggests a
common origin. However, there are two possible interpretations to
the different kinematics between disc-dominated and disc-free SOs.
The key question is whether disc-dominated SOs and disc-free SOs
originate from different mechanisms, or they are different stages of
the same evolutionary path. In the first scenario, it is not implausible
to attribute the different kinematics between disc-dominated SOs and
disc-free SOs to different mechanisms, for example, disc-free SOs
having experienced a more violent quenching process than disc-
dominated SOs. The second scenario assumes that disc-dominated
SOs and disc-free SOs are different stages of the same mechanism,
which suggests the following process: Thin discs can remain stable
in SO galaxies for some time after the molecular gas fraction starts to
decrease. Then thin disc structures in SO galaxies are no longer stable
during the exhaustion of molecular gas, leading to the appearance
of the disc-free SOs without detectable thin disc structures. Finally,
the molecular gas fraction of the disc-free SOs are comparable to
those of disc-free ellipticals, marking the end of this quenching
process.

6 SUMMARY

In this paper, we have built an analytic model that is fitted to the
kinematic maps of stellar and gaseous velocity fields and stellar
velocity dispersion field. The model resolves the existence of a
thin disc based on the asymmetric drift correction and allows us
to measure the disc dynamical mass density. We introduce two
parameters ¢ and 7 to describe the fitness of this model and finally
classify the sample into disc-dominated, disc-free, and non-disc-
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Figure 16. The major panel: the relation between the gas fraction and the SFR. The lower and right-hand panels: the histograms and cumulative possibilities
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spirals to disc-dominated SOs to disc-free SOs and disc-free ellipticals.

dominated galaxies. We summarize the results of this work as
follows:

(i) The Ag, — € diagram supports this classification of galaxy mor-
phology. Galaxies dominated by a thin disc are dynamically different
from thin-disc-free galaxies, especially fast-rotating ellipticals.

(ii) The difference between the dynamical and stellar mass of
disc-dominated galaxies could be explained in various ways. The
explanation of this discrepancy includes taking account of the mass
of atomic and molecular gas, as well as varying the IMF. The
contribution of dark matter to the dynamical mass of the dominating
disc within the MaNGA coverage is negligible.

(iii) We study the morphology of the sample and find a clear
dichotomy in the classification of SO galaxies. Some SOs are disc-
dominated while we fail to detect thin discs in disc-free SOs. We
also find the SFR and the gas fraction have a descending trend from
disc-dominated spirals to disc-dominated SOs and then to disc-free
SOs, and the SFR and the gas fraction of disc-free SOs and disc-
free ellipticals are comparable. We propose two scenarios to explain
the differences between disc-dominated and disc-free SOs. In the first
scenario, disc-free SOs formed in more violent mechanisms than disc-
dominated SOs, while in the second scenario, disc-free SOs evolved
from disc-dominated SOs as thin-disc structures are not stable after
the removal of the molecular gas.

Our analytical kinematic model provides a simple method to
identify thin discs in galaxies. Despite its limitation in decomposing
the other components (e.g bulges, bars, and thick discs), we obtain
robust results related to kinematic structure and mass density for
the galaxies in our sample. The application of the model in this
paper shows the efficiency of analytic models, which makes them
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effective in analysing qualitative kinematic data of large integral-
field spectroscopic surveys.
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