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ABSTRACT

In this work, we aim to quantify the relevance of kinematically identified bulges and discs and their role in the process of galaxy
quenching. To achieve this, we utilised an analysis of the SDSS-MaNGA survey conducted with the GPU-based code BANG which
simultaneously models galaxy photometry and kinematics to decompose galaxies into their structural components. We found that
below M, =~ 10'! M, galaxies span a wide range in their dynamical properties. The overall dynamical state of a galaxy is determined
by the relative prominence of a dispersion-supported inner region and a rotationally supported disc. Our decomposition reveals a
natural separation between these classes, with only a minor fraction of stellar mass retained by structures exhibiting intermediate
dynamical support. When examining galaxies in terms of their star formation activity, an apparent substantial decrease in rotational
support is observed as they move below the star-forming main sequence. This behaviour is particularly evident when using luminosity-
weighted tracers of kinematics, while it almost vanishes with mass-weighted tracers. Luminosity-weighted quantities not only capture
differences in kinematics but also in the stellar population, potentially leading to biased interpretations of galaxy dynamical properties
and quenching. Our findings indicate that quenching implies almost no any structural transformation in galaxies below M, = 10'! M,
Processes such as disc fading are more likely explanations for the observed differences in mass-weighted and luminosity-weighted
galaxy properties. When the galactic disc ceases star formation, its mass-to-light ratio does indeed increase without any significant
morphological transformation. The picture is remarkably different above M, ~ 10'' M,. In this case, regardless of the tracer used,
a substantial increase in galaxy dispersion support is observed along with a significant structural change. A different quenching
mechanism, most likely associated with mergers, dominates. Notably, this mechanism is confined to a very limited range of high

masses.
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galaxies: statistics — galaxies: structure

1. Introduction

The morphological complexity of galaxies in the local Universe
exemplified by the Hubble tuning fork (Hubble 1926), in addi-
tion to the strong correlation between morphology and other
galaxy properties such as star formation, mass, and kinemat-
ics (Cappellari et al. 2011; Kormendy & Bender 2012), suggest
that galaxies do grow following a variety of evolutionary path-
ways. Multiple solutions have been proposed to shed light on the
main formation mechanisms in shaping local galaxies with a lot
of attention being given to techniques able to separate galaxies
into different structural components identified from 2D imag-
ing (i.e. photometrically identified bulges, spheroid, and discs,
Peng et al. 2002; Gadotti 2009; Simard et al. 2011; Lange et al.
2016). The preliminary studies about the relative importance of
bulges and discs lead to the formulation of the “two phases”
evolutionary framework (Oser et al. 2010; Driver et al. 2013). In
this commonly accepted scenario, bulges are the result of vio-
lent and rapid processes that happened relatively early in the

Universe, while discs are the result of accretion and cooling
of gas conserving angular momentum (Fall & Efstathiou 1980).
Moreover, galaxies in high-mass halos tend to build most of
their mass “ex situ” with little ongoing star formation at low
redshift. In contrast, in the lower-mass regimes, “in situ” star
formation is still present even at later stages. In principle, a “clas-
sical bulge” should be defined as the central galaxy component
that has formed at early times as a result of violent processes. In
practice, since it is impossible to know exactly the galaxy evolu-
tion history, this definition is never adopted. From here on, as we
state again in Sect. 2, we refer to dispersion-supported bulges as
the galaxy light component that is spherically symmetric, non-
rotating, and isotropic'.

Addressing the relative importance of bulges and discs in
the local Universe is crucial for understanding the most relevant
mechanism in forming galaxies. Results coming from different,

! It is important to note that these are exactly the same properties of

the bulge component adopted in BANG.
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purely photometric, decomposition approaches broadly agree,
equally splitting stellar mass into the bulge+spheroid and
disc components (Moffett et al. 2016; Thanjavur et al. 2016;
Bellstedt et al. 2024), with spheroidal galaxies being the dom-
inant class above M, =~ 10'! Mg, contributing up to 80-100%
of the total mass budget. Even though these results may
hint at a Universe in which mergers play a prominent role
(van Dokkum et al. 2010; Lépez-Sanjuan et al. 2012), possible
biases may exist. For instance, purely photometric decom-
position approaches struggle in disentangling between nearly
face-on dynamically cold discs and a purely triaxial spheroid.
Additionally, it has been shown that the commonly adopted def-
inition of photometric bulges (i.e. “the central light component
that is in excess of the inward extrapolation of an exponen-
tial fit to the disc brightness profile”, Kormendy & Kennicutt
2004) may result in the inclusion of structures (i.e. nuclear
disc, inner bars, pseudobulges) shaped by secular evolution pro-
cesses (Erwin et al. 2015, 2021; Gadotti et al. 2020). In this
regard, recent progress has been made through integral field
spectroscopy (IFS) surveys, which have allowed us to classify
galaxies according to their rotational-to-dispersion velocity ratio
(Cappellari et al. 2007), showing that dispersion-dominated sys-
tems (or slow rotators) minimally contribute to the global mass
budget in the local Universe (van de Sande et al. 2017; Guo et al.
2020).

In this regard, the galaxy decomposition problem has also
been approached from an IFS perspective. This has been done
either by slicing datacubes into several narrow bands and
applying bulge+disc decomposition on them (Johnston et al.
2017; Méndez-Abreu et al. 2019) or by assuming a photometric
decomposition and extracting the bulge and disc spectra directly
from the datacubes (Ohetal. 2016; Tabor et al. 2017, 2019;
Pak et al. 2021). These methods mostly focus on characterising
the stellar population and the star formation histories of bulges
and discs without aiming at any dynamical models of the galaxy.
An alternative approach is to model the galaxy surface brightness
and its line-of-sight kinematics as the superposition of purposely
weighted orbital families (Schwarzschild 1979). In this case,
galaxies are characterised in terms of their angular momentum
ex post the fit without explicitly discriminating between bulges
and discs. Without a doubt, it is clear that linking the visual mor-
phology to the galactic stellar orbital distribution is not straight-
forward (Zhu et al. 2018a; Fraser-McKelvie & Cortese 2022).

A proper characterisation of the galaxy structure becomes
even more important when we are interested in linking the mor-
phology to the current star formation rate (SFR). It is generally
assumed that the bimodality in SFRs (Brinchmann et al. 2004)
is closely linked to the structural and morphological properties
of galaxies. This comes from the evidence that star formation
mostly happens in disc-like galaxies, while spheroids and bulge-
dominated galaxies are almost always quiescent.

This oversimplified picture would suggest that the processes
involved in quenching galaxies (i.e. shutting their star forma-
tion off) and changing their morphology (from a disc-like to a
spheroidal shape) are closely related and may even act on simi-
lar timescales. However, the existence of a significant population
of passive, rotationally dominated, disc galaxies has shown how
this picture is too simplistic and that quenching may not neces-
sarily imply morphological transformation. (e.g. Blanton et al.
2005; Cortese & Hughes 2009; Woo et al. 2017; Rizzo et al.
2018; Fraser-McKelvie et al. 2021; Cortese et al. 2022). In the
case of dissipationless (i.e. dry) major mergers, a significant
alteration of the galaxy morphology towards a spheroidal shape
is indeed expected (Cox etal. 2006). Although, in the pres-
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ence of gas a disc can be reformed after the merger. Simi-
larly, it is argued that the growth of a central spheroidal struc-
ture can stabilise the gas disc preventing further fragmentation,
star formation and quenching the galaxy (Martig et al. 2009)?.
However, such a mechanism implies the existence of passive,
bulge-dominated galaxies surrounded by large gaseous discs,
although such a population have not been, so far, observed. An
apparent growth of a bulge related to the halting of star forma-
tion can be explained as a disc fading (Croom et al. 2021). In this
case, the galactic disc ceases star formation and dims, artificially
boosting the galaxy bulge-to-total ratio.

In Rigamonti et al. (2022a), hereafter Paper I, we presented
BANG?, a code purposely designed for a simultaneous and self-
consistent bulge+disc decomposition of galaxy photometry and
kinematics. Being informed by the kinematics BANG’s decompo-
sition suffers minimally from the possible biases of purely pho-
tometric decomposition. BANG bases its parameter estimation on
a robust Bayesian algorithm (i.e. nested sampling Skilling 2004)
combined with a GPU parallelisation strategy for high computa-
tional performance, representing an optimal tool for automated
analysis on large galaxy samples. This allowed us to present
the first morpho-kinematic bulge+disc decomposition obtained
through galaxy dynamical models (Rigamonti et al. 2023, here-
inafter Paper II) of the largest, to date, IFS survey (i.e. the Map-
ping Nearby Galaxies at Apache Point Observatory, MaNGA,
survey Bundy et al. 2015).

In the present study, starting from the analysis of Paper II, we
aim at characterising the mass budget of dispersion-supported
bulges and discs with a particular emphasis on their kine-
matic state. Furthermore by characterising the global kinematic
state of each galaxy, we will measure the relative importance
of dispersion-dominated and rotationally dominated galaxies
demonstrating that the inclusion of kinematics in the analysis
together with proper dynamical modelling of galaxies is crit-
ical to reduce the biases present in purely photometry-based
approaches. In addition, by including SFRs in our analysis,
we will show how luminosity-weighted quantities may lead to
improper conclusions on the importance of morphological trans-
formation during the quenching phase of galaxies. Indeed, our
results hint at a morphological transformation almost not hap-
pening during quenching (at least below M, =~ 10'' M) sug-
gesting that processes such as bulge growth may not be the main
cause of halting galaxies star formation.

This paper is organised as follows. In Sect. 2 we briefly
set out the sample and the parameter catalogue we consider in
this analysis together with a brief summary of our modelling
approach. Sect. 3 discusses in detail the role of some parame-
ters that play a key role in the analysis of galaxies mass budget
which is presented in Sect. 4. Sects. 5 and 6 are devoted to a dis-
cussion and a summary of the interpretations and implications of
our results. Throughout this paper, we use a flat A cold dark mat-
ter cosmology: Hy = 70kms™ Mpc™!, Q) = 0.3,and Q4 = 0.7.

2. Data sample and parameters
2.1. Photometry and kinematics

This study is based on a morpho-kinematic dataset built upon the
SDSS imaging survey (Gunn et al. 2006) and the final release of
the MaNGA survey from the Seventeenth Data Release (DR17,
Abdurro’uf et al. 2022) of the fourth phase of the Sloan Dig-
ital Sky Survey (SDSS-IV, Blanton et al. 2017). The MaNGA

2 This process is also known as “morphological quenching”.
3 https://pypi.org/project/BANGal/


https://pypi.org/project/BANGal/

Rigamonti, F., et al.: A&A, 686, A98 (2024)

Table 1. Summary of the model parameters.

Description Name
Horizontal/vertical position of the centre Xo03 Yo
Position angle PA
Inclination angle i
Bulge mass log,, My
Bulge scale radius log,y Ry
Bulge inner slope y
Inner disc mass log,y My,
Inner disc scale radius log,o Ra,1
Outer disc mass log,y M
Outer disc scale radius logo Ra
Halo-to-stellar mass fraction log,o f+

Halo concentration c

mass-to-light ratio of the bulge M/ Ly
Mass-to-light ratio of the inner disc M]/Ly,
Mass-to-light ratio of the outer disc M/Ly,
Kinematical decomposition parameter of the inner disc ki
Kinematical decomposition parameter of the outer disc k>

Notes. The two columns describe each parameter and its reference name
used in this work. When not otherwise specified, positions and lengths,
masses, angles, and mass-to-light ratios are in physical units of kpc, M,
degrees, and My/L.

survey (Bundy et al. 2015; Drory et al. 2015) has collected inte-
gral field spectroscopic measurements for ~10 000 local galaxies
selected to have a roughly flat log stellar mass distribution above
10° M, in the redshift range 0.01 < z < 0.15. In this work,
we use line-of-sight (l.0.s.) stellar velocity and velocity disper-
sion estimates and their associated errors as provided by the data
analysis pipeline (DAP, Westfall et al. 2019) assuming the same
native spatial binning as for the data cube. On top of that, we col-
lected SDSS i and g band surface brightness maps and cropped
them to the same spatial extent as the MaNGA data.

2.2. Sample selection and volume weights

Similarly to what was done in Paper II we carefully selected, for
the forthcoming analysis, a subset of ~5000 galaxies from the
originally analysed MaNGA sample. Specifically, we discarded
all galaxies with log;, M, < 9.5 as the stellar velocity dispersion
is generally smaller than the instrumental velocity dispersion and
those with bulge half-mass radius smaller (within its error) than
the pixel size*. We also visually inspected and discarded all the
objects showing evidence of ongoing mergers or other contami-
nants (i.e. wrong redshift, central non-masked stars and type I
AGN). We cross-matched our sample with the catalogue pre-
sented in Fraser-McKelvie & Cortese (2022) whose SFR mea-
sures have been collected from the GALEX-Sloan-WISE Legacy
Catalogue 2 (GSWLC-2 Salim et al. 2016, 2018), obtaining a
final sample of 4731 galaxies.

The MaNGA stellar mass distribution is roughly flat above
10° M, which means that galaxies at high stellar masses are
oversampled compared to the galaxy stellar mass distribution
observed in the local Universe. For this reason, a volume
weight is assigned to each MaNGA galaxy (Wake et al. 2017)

4 The pixel size is 0.5” and the average full width at half maximum
(FWHM) of the SDSS i-band point spread function (PSF) is ~1.2”. Our
choice is indeed similar to what done in Gadotti (2009). We refer to
Paper II for a discussion about this.

to return the original sample to a volume-limited equivalent.
Given that we limit our analysis to a subsample of the origi-
nal MaNGA catalogue, we calculated corrected volume weights
based on the fraction of galaxies in our sample with respect to
the complete sample for each stellar mass and redshift bin (see
Fraser-McKelvie & Cortese 2022, for further details).

2.3. Model summary and parameter catalogue

Throughout this paper we use the result of the analysis carried
out in Paper II, we summarise in what follows the main assump-
tion underlying our modelling strategy, we refer to Paper I and
Paper II for a detailed discussion on the modelling approach.

Each galaxy is assumed to be axially symmetric described as
the superposition of a spherical bulge, two exponential razor-thin
discs and a dark-matter halo. The galaxy position and orientation
are characterised by the centre (xg, yo), the position angle (PA)
and the inclination i. Those are free parameters of the model and
are estimated to provide the best projection of the galaxy onto
the sky plane.

Each galaxy component is described through the following
potential-density profiles:

— the spherically symmetric and isotropic bulge is described
by a Dehnen profile (Dehnen 1993) and parameterised in terms
of its mass, scale radius and inner density slope (respectively My,
Ry and ). The volume density and mean velocity dispersion of
the bulge are projected to provide the bulge surface density and
line-of-sight (l.o.s.) velocity dispersion. The surface density is
then converted into surface brightness through the bulge mass-
to-light ratio (M/ Ly, ). Throughout the paper, we refer to this com-
ponent as “dispersion-supported bulge” because it is identified as
a non-rotating, isotropic and spherically symmetric component;

— two (i.e. “inner” and “outer”) axially symmetric compo-
nents are described by exponential razor-thin profiles charac-
terised in terms of their masses (Mg, My2), scale radii (Rq,
R4>) and two further parameters for describing their kinemat-
ical state (kj, k;). More precisely, we approximate the intrin-
sic velocity dispersion and the tangential velocity of the inner
(outer) disc assuming that a fraction k; (k) of the total kinetic
energy is in ordered bulk motion and the rest goes into an
isotropic velocity dispersion component. The discs surface den-
sity is converted into surface brightness through the disc mass-
to-light ratios (M/Lqg1, M/Lgp). All these quantities are then
projected along the l.o.s.. we note that, the “kinematic decompo-
sition parameters” (k; and k) are free parameters of the model
whose value ranges from O for a dispersion-supported regime to
1 for a rotation-supported regime. The freedom given to the inner
and the outer disc to be either dispersion-supported or rotation-
ally supported allows us to model a variety of structures present
in galaxies resulting in multiple possible interpretations of the
inner and the outer “disc natures” (see Sect. 3 for a detailed
discussion);

— the Navarro—Frenk—White (Navarro et al. 1996) dark mat-
ter halo parameterised in terms of the halo-to-stellar mass frac-
tion and the halo concentration (respectively f, and c). It is the
only dark component in our model contributing to the overall
potential. We note that, given the limited spatial extension of the
MaNGA data, only the mass within the observed kinematics can
be robustly recovered. Indeed, as a more conservative approach,
for this analysis, we considered the parameters estimated in the
“halo-fixed” configuration (see Paper II for further details);

The total surface brightness of a galaxy model is the sum
of the surface brightness of each visible component. The total
L.o.s. velocity and l.o.s. velocity dispersion are determined as a
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Fig. 1. Distribution of the kinematic parameters. From left to right: normalised volume-weighted distributions of the ki, k,, kyuy, (in turquoise), and
kmass (in dark green) parameters. See Eqs. (1) and (2) for the definitions of &y, and kpasg-

Fig. 2. Two examples of galaxies (i.e. 8952-12704 top row, 9487-12705 bottom row) with low k; and k,. From left to right: SDSS gri image, 1.0.s.
stellar velocity, and l.o.s. stellar velocity dispersion. The magenta hexagon is the MaNGA field of view.

brightness-weighted average of each component contributions?
while the average mass-to-light ratio is defined as the fraction
between the total surface density and the total surface brightness.
We note that since every component depends on its own mass-
to-light ratio the average mass-to-light ratio will not be radially
constant.

We refer to Table 1 for a summary of all the model parame-
ters together with a brief description. All the free parameters of
the model are determined by fitting simultaneously the bright-
ness, kinematics and mass-to-light ratio data with a nested sam-
pling algorithm (Skilling 2004). The model evaluation is per-

> Note the by definition the bulge l.0.s. velocity is zero.
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formed on GPUs. For each galaxy, models with a different num-
ber of visible components are compared with each other. The
best model is chosen to be the one with the highest Bayesian
evidence.

3. Kinematics of the whole galaxies and of their
components

In this section, we aim to clarify the meaning of the k; and k;
parameters and to define new parameters of crucial relevance in
the forthcoming analysis.

The left and middle panels of Fig. 1 show the distribution of
the k; and the k, parameters in our sample. Focusing on the left
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Fig. 3. Two examples of galaxies (i.e. 7959-12703 top row, 9089-12704 bottom row) with low k; and high k,. From left to right: SDSS gri image,
Lo.s. stellar velocity, and L.o.s. stellar velocity dispersion. The magenta hexagon is the MaNGA field of view.

panel we see a clear peak in the histogram for k; < 0.1 while the
distribution is almost flat for higher values. When k; is close to
zero the inner disc models a dispersion component in the galaxy
centre which may be exponential in its light profile or, more
often, not axi-symmetric when projected along the l.0.s.; in these
cases, the inner disc is providing a correction to the dispersion-
supported bulge. We note that a non-negligible amount of galax-
ies have intermediate values of k;. This is not surprising since
structures such as thick discs, pseudobulges and bars are com-
mon in disc-like galaxies resulting in galaxies with intermediate
rotational support (Fraser-McKelvie & Cortese 2022). Unfortu-
nately, given the simplicity of our current model, it is still not
possible to clearly distinguish among these structures. The mid-
dle panel of Fig. 1 shows a bimodality in the distribution of
k»; this reflects, to some extent, the bimodality between rotat-
ing discs and pressure-supported ellipticals. When k; is close to
one (20.6) the outer disc models the large-scale rotating disc of
the galaxy; on the contrary, when k; is close to zero (50.10),
in the majority of the cases (we discuss some exceptions in
Appendix C), the galaxy is a fully dispersion-supported system
(i.e. a genuine elliptical). The right panel of Fig. 1 shows the
distribution of the ky,y, (in turquoise) and kp,gs (in dark green)
which are the luminosity-weighted and the mass-weighted aver-
age of the k| and k, parameters respectively defined as:

kiLgi +koLgo
kym = ———————, (D
Lb + Ld,1 + Ld,2
kiMg + ko Mgp

kmass = ———————— 2
mass Mb + Md’l + Md’z’ ( )

where L; = M;/(M/L); with j = {b;d, 1;d,2} is the lumi-
nosity of the j-th component obtained dividing the mass M;

of the j-th component by its mass-to-light ratio ((M/L) j)ﬁ. Kium
(kmass), being the luminosity (mass) -weighted average of k; and
k, among all the components, quantifies the dynamical state of
the galaxy as a whole’. It is important to note that the mean-
ing of this parameter is different from k; and k,. While k; and
k, are related to the kinematics of individual galaxy compo-
nents, preserving information about the galaxy structure, kym
and k. characterise the overall kinematic state of the entire
galaxy. Therefore, it is not unexpected to encounter galaxies with
different k; or k, parameters and yet similar kyy, Or kpass, due
to the differing relative importance of each galaxy component.
The distribution of &y, (third panel, turquoise colour in Fig. 1)
shows a clear peak close to ky, =~ 0.75 corresponding to fast-
rotating galaxies with a flattening towards ky,;, =~ 0. Interest-
ingly, the peak at zero, present both in the k; and k, distributions,
disappears. This is because the majority of the galaxies with an
inner dispersion-dominated component (i.e. k; =~ 0) when anal-
ysed as a whole, demonstrate clear rotation, with the outer disc
retaining most of the angular momentum of the galaxy and har-
bouring a significant fraction of the mass/light of the system.
Slow-rotating galaxies (i.e. k; ~ 0 and k, ~ 0) are still present
but, statistically, their number contribution is less relevant. The
same behaviour is seen for k., albeit with a broader distri-
bution and a peak shifted towards smaller values. This can be

® For each luminous o baryonic component we consider the mass
within Ry, defined as the maximum radius along the galaxy major axis
for which MaNGA provides the kinematic. This choice is similar to
what was done in Paper II; we verified that the total stellar mass within
Rnmax 1s consistent with the measurements provided by the NASA-Sloan
Atlas (NSA) http://nsatlas.org/.

7 We refer to Appendix B and to Paper II for a comparison of k., with
the more commonly adopted kinematic tracers Ag and V/o.
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Fig. 4. Two examples of galaxies (i.e. 11946-12702 top row, 9090-12705 bottom row) with high k; and high k,. From left to right: SDSS gri image,
Lo.s. stellar velocity, and L.o.s. stellar velocity dispersion. The magenta hexagon is the MaNGA field of view.

primarily attributed to the definition of k.5, Where the contri-
bution of rotationally dominated systems, particularly the outer
one, holds more weight in luminosity than it does in mass, espe-
cially in star-forming galaxies.

For the sake of clarity, we provide some examples showing
different behaviour of the k; and k, parameters. We roughly iden-
tified three main groups in the (k;; k;) space, namely®:

— Galaxies with low ki and low ky. Figure 2 shows two
examples (plate-IFUs: 8952-12704 and 9487-12705) of galax-
ies with k;, k> and also kj,, and kg, close to zero. These two
galaxies, according to the MaNGA Visual Morphology Cata-
logue (VMC-VAC, Vazquez-Mata et al. 2022), are classified as
ellipticals and they do not show any clear rotational pattern. This
should be enough to confidently state that no rotationally domi-
nated component is present in these objects. Despite that, almost
by construction, our best fit for these galaxies comprises two,
additional components, the inner and the outer disc. However,
these are needed primarily to compensate for our assumption
that the dispersion-supported central component is purely spher-
ical, while in this case the galaxy clearly shows a significant
ellipticity. Nevertheless, from all points of view, both objects are
dispersion-dominated.

— Galaxies with low ki and high kp. Figure 3 shows two
examples (plate-IFUs: 7959-12703 and 9089-12704) of galaxies
with low k; and high k. As can be seen in the figure, both galax-
ies show features in their light profiles (e.g. bars, spirals and
rings), and they have a clear rotational pattern with a quite signif-
icant central peak in the velocity dispersion. These galaxies have

8 Exceptions to these three classes are present even though they do
not play a relevant role in our discussion; for completeness, we provide
some show-case examples in Appendix C.
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kum above 0.75, suggesting, as expected, the dominance of a
disc. In both cases, the inner disc models the central, dispersion-
dominated region of the galaxy. It is hard to interpret them as thin
discs; more likely, they provide a correction to the inner region
of the galaxies where the possibly secular bulge, given the pres-
ence of spirals and rings, may deviate from spherical symmetry.
7959-12703 has a higher k; and a smaller bulge-to-inner-disc
ratio (i.e. Ly/Lqg;) compared to 9089-12704, looking at the data,
it seems that 7959-12703 has slightly larger rotational support
and a more disc-like light distribution in the centre.

— Galaxies with high ki and high k. Figure 4 shows two
examples (plate-IFUs: 11946-12702 and 9090-12705) of galax-
ies with high &, k». Both galaxies show quite high l.o.s. velocity
(middle panels of Fig. 4) even near the centre, explaining why
a rotationally supported inner disc is required by the model. In
these cases, the inner discs are spatially probing the transition
region (i.e. between the bulge and the disc) of the galaxy, mostly
contributing to the dynamically cold component of the galaxy
(i.e. the galactic disc).

As demonstrated by such examples naively interpreting
BANG’s visible components (i.e. bulge, inner disc, and outer
disc) as the photometrically identified bulges and discs could
lead to improper conclusions. Figure 5, which shows a com-
parison between BANG decomposition and a purely photomet-
ric approach (see e.g. PyMorph Dominguez Sdnchez et al. 2022,
for a photometric decomposition of MaNGA galaxies), indeed
demonstrate an anti-correlation between photometrically identi-
fied bulges and the k,, parameter. Galaxies with higher photo-
metric B/T ratio are, on average, more dispersion supported (i.e.
lower k) although with an increasing scatter for larger B/T
ratios. Indeed, even at photometric B/T as high as 0.8 galaxies
cover a wide range of kinematic properties (i.e. 0.15 < kpym S
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Fig. 5. Comparison between the luminosity-weighted kinematic tracer
kum (vertical axis) and a purely photometric bulge-to-total ratio taken
from Dominguez Sanchez et al. (2022) (horizontal axis). The contours
(grey lines filled with the blue shaded colours) are drawn at probabil-
ity levels with a constant spacing of 0.1 while the black dots repre-
sent the data. The vertical arrow on the right side qualitatively explains
the meaning of the ky,,, parameters: a greater kj,,, value corresponds to
higher rotational support within the galaxy.

0.70) with a number of objects still demonstrating strong rota-
tional support (i.e. ki = 0.70). Also in cases of dispersion-
support (ki < 0.15) galaxies span a range of photometric B/T
ratios with some objects retaining even more than half of their
light in a photometrically identified disc component despite the
absence of net rotation. This ultimately demonstrates some of the
difficulties that could arise when interpreting photometric bulges
and discs. A characterisation of these components without the
inclusion of the kinematics can be non-exhaustive since galaxies
with the same value of B/T can reflect a variety of kinematic
behaviours. In these regards, our approach helps in a better char-
acterisation of galaxies structure and kinematics although, it is
still not clear how far this can be pushed. For instance, it is still to
be understood if BANG can fully identify and characterise pseu-
dobulges in some well-defined region of its parameter space. In
the future, we are planning to apply our approach to simulations
where decomposition can be performed by exploiting the full 6D
phase space information of the stars (Du et al. 2020; Zana et al.
2022).

4. Mass budget and its dependence on kinematics
and star formation

In this section, we aim to quantify the stellar mass budget
of galaxies as a function of their kinematic state and dis-
tance from the star-forming main sequence (SFMS). Through
this paper, we refer to as “main-sequence” galaxies those sys-
tems above —0.5dex from the locus of the SFMS as defined
in Fraser-McKelvie & Cortese (2022). Galaxies with lower SFR
will be labelled as “below main-sequence” systems.

Before diving into the results, based on what was discussed
in Sect. 3, we highlight some points that must be accounted for in
the forthcoming analysis. First, if the goal is to estimate the con-
tribution of different kinematic components to the mass budget
of galaxies, we can not just assume that k; and &, always trace

different kinematic components. Indeed, in some cases, they may
trace the same component and it is actually their value (and rel-
ative difference) that provides important hints on the internal
kinematic structure of galaxies. Secondly, treating k; and k, sep-
arately or combining them into kjyy (Or kmass) may provide dif-
ferent results, as kyyy, and kp,e generally trace just the dominant
kinematic components. This is why, in the present section, we
compare both methods, looking at the mass budget of galaxies
by either using kjy, and kp,gs O treating each component sepa-
rately.

The main results of our analysis are summarised in Fig. 6.
Here we show the cumulative distribution of different kine-
matic components per bin of galaxy stellar mass. The first col-
umn shows the results for our full sample, whereas the middle
and right columns focus on the main-sequence or below main-
sequence samples, respectively.

Starting from panel (a), we show the cumulative distribu-
tion of mass as a function of ky,,, with highlighted arbitrary
thresholds of 0.1,0.3,0.5,0.7 to guide the eye. The colour cod-
ing maps the threshold levels on a continuous scale and it visu-
ally helps in the interpretation and comparison of the different
panels’. The diagram is built as follows. First, for each galaxy
falling in one of the stellar mass bins we compute kj,, following
Eq. (1). Then, given a threshold x, the mass fraction within x
is computed by summing the stellar mass of all those galaxies
with kj,, below x and dividing by the total stellar mass in the
bin; we refer to Table 2 for the exact values of the mass frac-
tion'’. It is important to note that this is a cumulative way of
computing the mass fraction which, by construction, adds up to
1 when x = 1.0. Essentially, for a fixed stellar mass, given that
kum traces the total rotational support of the galaxy, a higher
presence of “cold” colours in the vertical direction means that
more stellar mass lies in rotationally supported systems. Focus-
ing on the red line (i.e. ki < 0.1), which refers to dispersion-
supported systems, we note that it remains as small as few
percents up to M, = 10"% M., when it starts to rise, reach-
ing up to ~60% of the mass fraction for M, =~ 10'>° M. Even
though the increase of the mass fraction in dispersion-supported
systems with M, is expected due to the presence of ellipticals,
we highlight that panel (a) clearly shows that even for high-
mass galaxies a considerable (=30%) amount of mass resides
in a, at least mildly, rotating component. This is quite in con-
trast with analysis relying on visual morphology, which tends
to overestimate the importance of ellipticals and/or spheroids
(i.e., 60% of the stellar mass fraction already at M, =~ 10'' My
Moffett et al. 2016; Bellstedt et al. 2024). Sources of possible
visual morphology misclassification in photometric studies due
to the lack of kinematic data were already been pointed out
by several authors (Krajnovic et al. 2008; Cappellari et al. 2011;
Fraser-McKelvie & Cortese 2022); we provide in Appendix A
two examples of visually classified elliptical galaxies with a
clear rotational pattern.

Below M, =~ 10'" M, the mass budget is clearly dominated
by dynamically cold discs, even though galaxies with interme-
diate rotation (ky, < 0.5) contribute up to 25%. The relevance
of “intermediate” galaxies has already been reported by other
authors (e.g. Fraser-McKelvie & Cortese 2022). In terms of the
structure composing a galaxy, intermediate rotational support is

® We arbitrarily choose red for high dispersion support (i.e., x = 0.1)
and dark blue for rotational support (i.e., x = 1.0).

10 For reasons of clarity we report the fractions in larger mass bins as
compared to Fig. 6. The values with the finer binning are available on
request.
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Fig. 6. Cumulative mass fractions depending on kinematics and star formation. Horizontal axes showing bins of stellar mass with the vertical axes
showing the mass fraction as a function of different kinematic tracers (i.e. from top to bottom: kjyy, kmass and &y, k). The colour-coding from
red to blue indicates an increase in the rotational support. The left column refers to the whole sample, the middle column includes only below
main-sequence galaxies (i.e. AMS < —0.5 dex) while the right column considers only main-sequence systems (i.e. AMS > —0.5 dex). The bottom

legend shows the different thresholds x explicitly shown in the plot.

supposed to be caused by the presence of thick discs, strong
bars, prominent bulges, etc!!, Unfortunately, our model does not
account for such complexity and, right now, it is still impossi-
ble to disentangle between all of these possible cases. Particu-
larly interesting are thick discs, whose presence is supposed to
be ubiquitous in disc galaxies of any morphology. In our mod-
elling, those are still described as razor-thin, an approximation
which is less appropriate for highly inclined galaxies. Since in
our sample, highly inclined galaxies are less than a few percent
we do not expect such an effect to play a significant role. It is

"' We note that, as it has recently been pointed out by Croom et al.
(2021), intermediate rotation can be also caused by disc fading. We refer
to Sect. 5 for a detailed discussion.
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not clear whether thick discs can already be identified by our
method, for instance, by looking at the k; and k, parameters.
Despite that, given the promising results obtained so far, we plan
to include those components in our modelling as we expect to
be able to disentangle among them in future higher-resolution
IFS surveys. Interestingly, the very low-mass bins seem to point
towards a slight increase in the dispersion support compared to
intermediate masses. Dwarf galaxies are expected to be more
turbulent systems and similar results have already been reported
in the literature (for instance with the CALIFA survey, Zhu et al.
2018a). However, at such small masses low signal-to-noise ratios
and a stellar velocity dispersion of the order of the instrumental
resolution can play a role and further investigation is needed to
assess whether this trend extends below M, < 10%° M. Overall,
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Table 2. Summary table of the mass fractions for the different kinematic tracers (i.e. k12, kmass and, kym) for the whole sample, below main-
sequence galaxies (i.e. AMS < —0.5 dex) and main-sequence galaxies (i.e. AMS > —0.5 dex).

All
1Ogl() M* /MO k1.2; kmass; klum = 0 kl,2; kmass; klum < 01 kl,Z; kmass; klum < 03 kl,Z; kmass; klum < 05 k1,2; kmass; klum < 07
[9.75-10.25] 0.27; — — 0.42; 0.06; 0.03 0.48; 0.30; 0.10 0.55; 0.69; 0.24 0.67; 0.96; 0.55
[10.25-10.75] 0.34; —; — 0.42; 0.04; 0.02 0.48; 0.23; 0.08 0.54;0.71; 0.23 0.64; 0.97; 0.61
[10.75-11.25] 0.38; —; — 0.44; 0.10; 0.07 0.50; 0.30; 0.19 0.58; 0.69; 0.38 0.68; 0.98; 0.72
[11.25-11.75] 0.40; —; — 0.56; 0.34; 0.27 0.66; 0.64; 0.51 0.77; 0.85; 0.70 0.86; 0.98; 0.88
[9.75-11.75] 0.35;— — 0.45;0.11; 0.08 0.52; 0.33; 0.20 0.59; 0.72; 0.36 0.69; 0.98; 0.69
Below main-sequence
1Oglo M* /M® k1,2; kmass; klum =0 kl,z; kmass; klum <0.1 k1,2; kmass; klum <03 k1,2; kmass; klum <0.5 k1,2; kmass; klum <0.7
[9.75-10.25] 0.35;— — 0.43; 0.10; 0.07 0.50; 0.33; 0.18 0.57;0.72; 0.44 0.69; 0.99; 0.78
[10.25-10.75] 0.39; — — 0.45; 0.06; 0.03 0.49; 0.28; 0.14 0.55; 0.75; 0.39 0.66; 0.99; 0.87
[10.75-11.25] 0.40; —; — 0.47; 0.15; 0.10 0.53; 0.39; 0.28 0.63; 0.77; 0.58 0.74; 0.99; 0.91
[11.25-11.75] 0.41;— - 0.60; 0.41; 0.34 0.72; 0.72; 0.63 0.82;0.92; 0.81 0.91; 0.99; 0.96
[9.75-11.75] 0.39; —; — 0.49; 0.17; 0.13 0.56; 0.42; 0.30 0.64; 0.79; 0.54 0.75; 0.99; 0.90
Main-sequence
10g10 M*/MO kl,2; kmass; klum = O kl,Z; kmass; klum < 01 kl,Z; kmass; k]um < 03 kl.2; kmass; klum < 05 kl,Z; kmass; klum < 07
[9.75-10.25] 0.23; —; — 0.41; 0.04; 0.01 0.48; 0.28; 0.06 0.54; 0.68; 0.13 0.66; 0.96; 0.42
[10.25-10.75] 0.27; — - 0.39; 0.01; 0.01 0.46; 0.17; 0.02 0.52; 0.67; 0.06 0.61; 0.97;0.32
[10.75-11.25] 0.34; — — 0.39; 0.01; 0.01 0.44; 0.15; 0.02 0.49; 0.55; 0.08 0.57; 0.96; 0.37
[11.25-11.75] 0.40; —; — 0.46; 0.12; 0.07 0.50; 0.37; 0.15 0.58; 0.65; 0.35 0.68; 0.94; 0.63
[9.75-11.75] 0.30; —; — 0.40; 0.03; 0.01 0.46; 0.20; 0.04 0.52;0.63; 0.11 0.61; 0.96; 0.39

this panel provides a picture consistent with what recently
obtained by IFS analysis focused on integrated values of stel-
lar spin (Ag) or V/o, as kym ultimately provide the same type
of information: an integrated, luminosity average estimate of the
kinematic of galaxies (van de Sande et al. 2017; Guo et al. 2020;
Fraser-McKelvie & Cortese 2022).

Panel (b) is built following the same steps as panel (a) with
the only difference that we replaced kyy, with the mass-weighted
estimator kp,s. Similarly to panel (a), there is a clear trend of
increasing mass fraction in dispersion-dominated systems with
increasing M, . Overall, the qualitative behaviour of the two plots
is similar, even though the colour coding in panel (b) is shifted
towards redder colours, implying a more significant role of dis-
persion in the overall mass budget. This is expected since, in
the majority of the cases, the M/L ratio in the inner regions (i.e.
bulge and inner disc), where the galaxy has a stronger dispersion
support, is larger than in the outer disc. As a result kp,g 1S almost
always smaller than &y, by construction. This also implies that
fully rotationally supported systems are extremely rare when we
consider mass-weighted estimates.

Panel (c) is built in a slightly different way. Here, we com-
pute the mass fraction by accounting for the different compo-
nents of the model (i.e. dispersion-supported bulge, inner disc
and outer disc) separately. More precisely, we start again by
selecting galaxies according to different total stellar mass bins
(i.e. horizontal axis of the panel). Then for every galaxy in the
mass bin, we compute the mass-weighted cumulative mass dis-
tribution of k, where the weight is used by combining the mass
of all components having a certain k value. We note that, since
in our assumptions the bulge is fully dispersion-supported, its
mass is automatically included for any threshold x (see the black
dashed line in the plot). For instance, if a galaxy’s inner and outer
disc are both dispersion-dominated (i.e. k; < 0.1 and k, < 0.1)
then all the galaxy’s stellar mass will contribute to the first mass
fraction bin (i.e. red line of the panel); on the contrary, in a case
where only the outer disc is rotationally supported (i.e. k; < 0.1

and k, > 0.7) then only the classical bulge and the inner disc fall
in the first mass fraction bin (i.e. x < 0.1, red region of the plot)
whereas the outer disc contributes to the last mass fraction bin
(i.e. x > 0.7, over the blue line of the panel).

Similarly to panels (a) and (b), we see an increase in the mass
fraction of dispersion-dominated structures with galaxy stellar
mass. Interestingly, the trend is mostly caused by an increase in
the fraction of dispersion-dominated (i.e. k; < 0.1 and/or k, <
0.1) inner and outer discs while the dispersion-supported bulge
component (dotted line) remains almost on a constant level. As
we discussed before, the increase in the fraction of dispersion-
dominated inner and outer discs with M, is not unexpected,
since it is mostly related to the presence of galaxies which are
overall pressure-supported. Below M, =~ 10'' M, the mass frac-
tion in a dispersion inner component (i.e. k> < 0.1) remains
nearly constant at a level of ~40%. Similarly, the mass in the
dispersion-supported bulge does not show significant trends with
stellar mass roughly contributing to ~30% of the mass fraction.
There are two key differences between panels (c¢) and (a) or (b).
First, the contribution of dispersion-supported structures is sig-
nificantly higher, in particular below M, < 10''> M. This is
simply because dispersion-supported structures rarely dominate
the mass budget of an individual galaxy. As such, their presence
is often washed out by integrated estimates, although once com-
bined they can easily contribute to 30—40% of the total mass bud-
get. Secondly, the fraction of mass in “intermediate” structures
(0.1 < k12 < 0.7) is significantly lower (<20%), with most of the
mass being in either dispersion-supported or rotation-supported
systems. Again, this is because averaging a pure bulge and a
pure disc artificially creates a system with intermediate k. It is
important to stress that this is not driven by our technique, as we
actually allow for k to cover every possible parameter. Instead,
it nicely shows that our approach quantitatively confirms the
generally accepted picture that galaxies are composed of two
dominant and distinct structures: one almost entirely rotation-
supported and the other dispersion-supported.
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We now proceed with the discussion by analysing and com-
paring the middle and the right columns of Fig. 6. We build
these plots following, row by row, the same procedure described
before dividing the sample into main-sequence galaxies (i.e.
AMS > -0.5dex) and below main-sequence (i.e. AMS <
—0.5 dex) galaxies.

As expected, the dispersion-supported mass fraction at high
masses is dominated by below main-sequence galaxies. Indeed,
panels (g—i) show a significant increase in the region below
x < 0.1, where x can either be kjym, kmass Or k12, of the plot
with increasing mass, especially above M, =~ 10'' M, except
for a possible tiny spike at M, > 10> M. Such spike could
be due to poor statistics: indeed, the last mass bin is empty since
there were no star-forming galaxies at such high masses in our
sample'?. If we focus below M, = 10! M, we see a striking
difference between panels (d) and (g): the majority of galaxy
mass at high ky,, is on the star-forming main-sequence. This is
in line with what was found in many previous works (Bell et al.
2012; Cappellari 2013; Omand et al. 2014; Lang et al. 2014,
Kawinwanichakij et al. 2017), and it has been used as evidence
for the need to invoke structural transformation during or after
quenching. However, this picture is challenged if we focus on
panels (e) and (h) where the difference is much less evident
when using kp,ss as a tracer. In this case, for example, the mass
fraction with kpass < 0.5 is very similar for main-sequence and
below main-sequence galaxies. This behaviour may be hinting
at an evolution away from the SFMS which does not involve
significant modification of the galaxy structure. More explic-
itly, since most of the star formation happens in the galactic
disc, the process of quenching mostly affects its luminosity, and
therefore its M/L ratio. Moreover, in cases when the quench-
ing is not caused by strong gravitational interactions, there are
no particular reasons why it should imply a strong change in
the dynamical structure of the galaxy and this is most likely
why we do not see significant differences below M, =~ 10'° M
comparing panels (e) and (h). This result is supported, and rein-
forced, by panels (f) and (i), which may provide some insights
into the structural transformation of galaxies. Above M, =
10'! My, there is clearly an increasing importance of dispersion-
supported structures, suggesting that quenched galaxies have
experienced significant gravitational perturbation. Below this
mass, the difference in mass stored in rotationally supported and
dispersion-supported structures is minimal, of the order of 10%
or less. This suggests that passive galaxies have undergone a
limited structural transformation during or after their quenching
phase.

5. Discussion

Figure 7 shows the cumulative stellar mass fraction as a func-
tion of kpn, (left panel, dashed lines), knass (middle panel, bold
lines) and k; (right panel, dotted lines) for main-sequence
(downward triangle) and below main-sequence (upward trian-
gle) galaxies. The three panels on top refer to the whole sam-
ple while the middle row differentiates among galaxies above
M, ~ 10'"' My, in red colours and galaxies below M, ~ 10'! M,
in blue colours. The bottom panel directly compares the differ-
ence (i.e. Ay) between main-sequence and below main-sequence
galaxies for the whole sample among different kinematic tracers.
We reported as well in Table 3 the cumulative mass fractions for
the whole sample and for galaxies below and above 10'" M, to

12 We considered mass bins with at least ten galaxies in them.
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Table 3. Cumulative mass fraction for the different kinematic tracers
(i.e. k12, kmass and k) for below main-sequence galaxies (i.e. AMS <
—0.5 dex) and main-sequence galaxies (i.e. AMS > —0.5 dex).

k125 kmasss kum < x Main-sequence Below main-sequence
9.75 < log o M. /My < 11.75

x=0.1 0.17;0.01; 0.0l _ 0.28;0.10; 0.07
x=03 0.19;0.08;0.02  0.33;0.25;0.18
x=05 0.22; 0.26;0.04  0.38; 0.46; 0.32
x=0.7 0.26;0.40; 0.16  0.44;0.58; 0.53
x=10 0.41;0.41;041  0.59;0.59; 0.59
9.75 < log,, M, /My < 11.00
x=0.1 0.12; 0.01;0.00 _ 0.16; 0.03; 0.02
x=03 0.14;0.06;0.01  0.18;0.11; 0.06
x=05 0.16;0.20;0.02  0.21;0.27;0.16
x=0.7 0.19;0.30;0.11  0.25; 0.36; 0.31
x=10 0.31;0.31;0.31  0.36;0.36; 0.36
11.00 < log,, M, /My < 11.75
Xx=0.1 0.04; 0.01;0.00 _ 0.12; 0.07; 0.06
x=03 0.05;0.02; 0.01  0.15;0.14; 0.11
x=05 0.05;0.06;0.02  0.17;0.20; 0.16
x=07 0.06; 0.09;0.05  0.19;0.23; 0.21
x=10 0.10;0.10; 0.10  0.23;0.23; 0.23

Notes. We show three different mass bins, namely for the whole sample
and above and below M, = 10'! M. We note that all the fractions are
directly comparable to each other since we used the total stellar mass of
the whole sample as a common denominator.

quantitatively compare among main-sequence and below main-
sequence galaxies'?.

Focusing on ky, first, we see a strong dependence on
whether the galaxy is on the main sequence or below it, with
below main-sequence galaxies more dispersion-supported than
main-sequence galaxies. Interestingly, such difference becomes
stronger for higher degrees of rotational support reaching a max-
imum of Ay =~ 0.5. When dividing according to stellar mass
(bottom left panel of Fig. 7) we observe that massive galaxies
are overall more dispersion-dominated than their less massive
counterpart. Ay monotonically increases as a function of kyy, for
galaxies below M, =~ 10'' M, being as large as A, =~ 0.5 at
klum ~0.7.

This trend is much reduced when employing mass-weighted
estimators. While galaxies below the main sequence still demon-
strate higher dispersion support than their main-sequence coun-
terparts, the difference is less significant and, opposite to what
is seen for kyy, slightly diminishes at larger k-values. Simi-
larly, when dividing according to stellar mass (bottom middle
panel of Fig. 7) we observe an almost negligible A; for galax-
ies below M, =~ 10'! M, while the difference is larger for more
massive galaxies. Interestingly, massive main-sequence galaxies
show similar properties to their less massive counterparts.

Looking at the right panels of Fig. 7 we see that about 40%
of the mass fraction lies below k;, < 0.1. This is due to the
common presence of a dispersion-supported inner region in the
galaxies of our sample. At intermediate values of k;,, we do
not observe a significant increase in the mass fraction as most
of the mass is in dispersion-supported (i.e. k;» < 0.1) or rota-
tionally supported (i.e. k1, > 0.7) components. This behaviour

13 We note that all the fractions reported in Table 3 are directly compa-
rable to each other since to compute them we used the total stellar mass
of the whole sample as a common denominator.
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Fig. 7. Cumulative mass fraction integrated over the whole range of masses of ky (left, dashed line), k.5 (middle, solid line) and &, , (right, dotted
line). Upward triangles show below main-sequence galaxies while the downward triangles refer to main-sequence galaxies. The three panels on the
top row refer to the whole sample while the middle row differentiates between galaxies with M, > 10'! M, in red and galaxies with M, < 10'! M,
in blue. The panel in the bottom row illustrates the difference between main-sequence and below main-sequence galaxies (i.e. A;) for the whole

sample as a function of k.

is particularly evident when focusing on galaxies below M, =
10" M, (bottom right panel of Fig. 7). We note that, similarly
to what observed for kyass, Ax 1s significantly smaller for less
massive galaxies than their more massive counterpart.

All of these findings have important implications for the
interpretation of our results in a broader context. Luminosity-
weighted kinematic tracers not only capture changes in a galaxy
dynamics but also in its SFR. While this may be informative in
certain scenarios, it can lead to biased interpretations of the rela-
tionship between kinematics and quenching. In this context, the
decrease in rotational support should be viewed more as a con-
sequence than a cause of quenching. As galaxies deviate from
the SEMS, their discs cease star formation, leading to a decrease
in luminosity (and an increase in the M/L ratio). Consequently,
given that the disc retains most of the galaxy’s angular momen-
tum, a galaxy below the main sequence may exhibit an apparent
reduction in (luminosity-weighted) rotation support compared to
another main-sequence galaxy with similar intrinsic kinematics.
Indeed, most of the difference between luminosity- and mass-
weighted results is for main-sequence galaxies. Considering that
many studies on galaxy dynamics rely on light-weighted prop-
erties such as V/o or Ag (Cappellari et al. 2007; Emsellem et al.
2007; Zhu et al. 2024), caution is advised, as our findings indi-
cate the difficulty of disentangling trends in galaxy kinemat-

ics from variations in the underlying stellar population when
relying on light-weighted tracers. This caution extends to the
assumption of a constant stellar M/L ratio commonly made
in dynamical models (Zhu et al. 2018b; Santucci et al. 2022;
Jin et al. 2024). Our modelling incorporates, through three dis-
tinct M/L ratios (one for each visible component), a radial
variation of the galaxy’s average M/L ratio enhancing the dis-
parity in behaviours between kyy, and kpmass. It is important to
note that assuming a constant M/L ratio would have led to iden-
tical definitions for ky, and kn,, effectively washing out any
distinction between light-weighted and mass-weighted quanti-
ties. This highlights the need to consider radial gradients of the
M/ L ratio in dynamics a fact that has recently been pointed out
in Liang et al. (2023) and Chu et al. (2024).

Focusing on the physical interpretation of our findings, we
conclude that the small spread in the mass-weighted M(<k)/M.
(compared to its luminosity-weighted counterpart, see mid-
dle and right panels of Fig. 7) and its decrease with increas-
ing galaxy rotational support point towards a little structural
evolution as galaxies depart from the SFMS. Below M, <
10'"' Mg, a connection between galaxy quenching and struc-
tural/morphological transformation is less strong than what was
previously thought. Instead, the predominant factor at play
appears to be associated with disc fading. Such a scenario has
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already been advocated by several authors (Blanton et al. 2005;
Cortese & Hughes 2009; Woo et al. 2017; Cortese et al. 2019;
Croom et al. 2021).

This can have important implications in the context of the
evolution of SO galaxies. Lenticular galaxies, in comparison to
spirals, typically exhibit reduced rotational support. For instance,
SO galaxies follow a Fall relation (i.e. stellar specific angular
momentum vs stellar mass, Fall 1983) parallel to that of spi-
rals but for a lower intercept and hence, a lower specific angu-
lar momentum at fixed mass. However, when these galaxies are
decomposed into their bulge and disc components the picture
changes. Discs of lenticular galaxies follow the same Fall rela-
tion as that of spirals (Rizzo et al. 2018) suggesting a struc-
tural similarity between the two. The lower rotational support
of lenticulars is not a consequence of a strong modification of
the galactic disc. Instead, it is likely a consequence of a change
in the ratio between their inner dispersion-dominated component
and their rotationally supported disc component. This interpreta-
tion gains further support from our analysis. When the disc of the
progenitor of an SO galaxy ceases star formation its light dims
and, as a consequence, its light-weighted kinematics decreases
towards a lower rotational support.

Interestingly studies examining the individual spectra of
bulges and disc in SOs (see e.g. Fraser-McKelvie et al. 2018;
Dominguez Sanchez et al. 2020; Johnston et al. 2022) unveiled
a dependence of the assembly history of these components on
stellar mass. Bulges within galaxies with stellar masses exceed-
ing 210'© M, assemble most of their mass early in their life-
times, whereas those in lower-mass galaxies formed over more
extended timescales and more recently. Such observations have
been interpreted as supporting evidence for the formation of
massive SO galaxies occurring via an inside-out scenario, while
in lower-mass SOs, the bulges and discs either formed together
or through an outside-in scenario'*. Differently from this work,
those studies relied on a luminosity-based bulge+disc decom-
position and did not consider the separate kinematics of bulges
and discs in their analysis so it is not clear if a change in
behaviours should be evident also from our analysis. Interest-
ingly, Fig. 6 hints towards a moderate increase in the mass within
mildly rotating discs (i.e. k1, = 0.5) below <10'° M, although a
focused and joint analysis of the kinematics and the stellar pop-
ulation is required before drawing any conclusion on a possible
correlation of the two effects.

Nonetheless, indications of a minimal structural evolution
persist even when considering mass-weighted quantities. Such
behaviour may be due to different reasons. Here we speculate
about two possible explanations. Firstly, we note, by comparing
Figs. 6f and i and by looking at the right panel of Fig. 7, that
below M, < 10'' My the amount of mass in the dispersion-
supported central region (i.e. kj» < 0.1) changes minimally
for main-sequence and below main-sequence galaxies, while
a larger difference can be seen at higher thresholds, namely
ki = 0.5 and k12 = 0.7. From this observation, we infer that
if structural modifications are indeed present, they likely pre-
dominantly influence the dynamics and structure of the galactic
disc. This hypothesis gains support from simulations suggest-
ing that the spheroidal mass component of galaxies is estab-
lished early in the Universe, undergoing minimal changes after
Z < 2 (Tacchella et al. 2019). The increased dispersion support
in below main-sequence galaxies may result from a thickening
of the disc. This scenario is supported by the consideration that

14 It is important to note that these conclusions were drawn from studies
with relatively limited statistical samples of few hundred galaxies.
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quenched galaxies, being generally older than their star-forming
counterparts, may have attained a stable disc-like configuration
in earlier epochs when discs were more turbulent, resulting in a
thicker structure (Pinna et al. 2024). Another possibility is that
for fixed stellar mass, galaxies that grow their disc faster (and
therefore assemble most of their mass at early times, being less
star forming at z = 0) are more likely to undergo bar instabil-
ity (Fraser-McKelvie et al. 2020; Izquierdo-Villalba et al. 2022).
Notably, stellar bars are dynamically stable structures that tend
to increase the disc dispersion support (e.g. Grand et al. 2016,
and references therein), contributing to the galactic morphologi-
cal evolution'.

Of course, these scenarios are not valid above M, >
10'' My, where our results point towards a different mecha-
nism responsible for quenching massive galaxies. In this case,
below main-sequence galaxies demonstrate a substantial change
in their structure even though such process is segregated only
at very high masses. The mass threshold of 10'! M, is consis-
tent with galaxies assembling more than 50% of their stellar
mass through mergers (Oser et al. 2010; Tacchella et al. 2019)
and with the critical mass above which dry mergers relics domi-
nate (Peng et al. 2010; Cappellari 2016). Interestingly, we find at
M, =~ 10" My a mass fraction in dispersion-dominated struc-
tures (Fig. 61) close to 0.7 consistent with the ex situ mass frac-
tion at z = 0 reported in Tacchella et al. (2019). This leads us
to conclude that the importance of mergers in quenching galax-
ies and changing their morphology is confined to a very limited
range of masses (i.e. M, > 10! M,).

6. Summary and conclusions

In this work, we exploited the analysis presented in
(Rigamonti et al. 2023) with the publicly available code BANG
(Rigamonti et al. 2022b) on a morpho-kinematic decomposition
of galaxies from the final data release of the MaNGA survey
(Bundy et al. 2015; Abdurro’uf et al. 2022).

More specifically, we took advantage of BANG’s ability to
disentangle between the different galaxies components while
characterising, through the parameters k; and k,, their dynamical
state (i.e. whether they are rotation- or dispersion-dominated).
Moreover, by defining mass- or light-weighted kinematic tracers
(i.e. kum, kmass), We characterised the dynamical state of galax-
ies as a whole. Depending on these parameters (k;, k2, kmass and,
kium) we were able to quantify in a generalised way the mass bud-
get in the local Universe within the different galaxy components
(i.e. dispersion-supported bulges and discs), for different type
of galaxies (i.e. rotationally supported or dispersion-supported)
and depending on their location on the SFMS (i.e. below main-
sequence galaxies: AMS < —0.5 dex and main-sequence galax-
ies: AMS > —0.5 dex). The main results are reported in Table 3
and in Figs. 6 and 7 and can be summarised as follows:

— In our sample, we found that ~8% of the mass resides in
dispersion-dominated galaxies (i.e. kjym < 0.116). Most of
this mass (=6%) comes from massive (i.e. M, > 10" M)
below main-sequence galaxies. Galaxies with higher rota-
tional support can still retain a significant fraction of their
mass in a dispersion-dominated inner region which accounts
for ~40-45% of the mass in the whole sample.

15 We note that bars are more commonly found in redder, less-star-
forming galaxies suggesting a strong link between the presence of bars
and galaxy quenching (see, e.g. Gavazzi et al. 2015).

16 It is important to note that this threshold is arbitrary. We reported in
Table 3 the cumulative mass fractions for other thresholds.
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— Above the critical mass of M, =~ 10" M, the impor-
tance of passive, slowly rotating galaxies strongly increases.
This result is independent of the technique used to
differentiate between rotation- and dispersion-dominated
systems. Following previous studies (Cappellari 2016;
van de Sande et al. 2017; Tacchella et al. 2019), we explain
these trends in terms of mergers being the main mechanism
shaping massive slow rotators and halting their star forma-
tion. Compared to previous results, based on photometric
approaches (Gadotti 2009; Lange et al. 2016; Moffett et al.
2016; Bellstedt et al. 2024), our analysis segregates the role
of mergers at higher masses highlighting the necessity of
kinematic information to avoid misclassifications between
spheroids and rotating passive systems (Emsellem et al.
2011; Krajnovic et al. 2013; Cortese et al. 2016).

— Below M, = 10'"' M, galaxies span a wide, continuous
range of kjym, kmass O, similarly, of rotation-to-dispersion sup-
port. Interestingly, when looking at the galaxy different com-
ponents, they naturally separate into a dispersion-dominated
inner region and a rotationally supported outer disc. Only a
minor amount of mass resides in structures with intermediate
rotation so that the overall galaxy dynamical support is deter-
mined by the relative weight of its dispersion-dominated and
rotation-dominated components. This shows BANG’s ability
to decompose galaxies into physically motivated structures,
stressing again the relevance of addressing and extending the
bulge-+disc problem from an IFS perspective.

— Luminosity-based tracers of the kinematics encapsulate dif-
ferences not only in the dynamical structure of a galaxy but
also in their star formation history. Below M, =~ 10" Mo,
we observe a large difference in kinematic properties of
galaxies as a function of their position in the star formation
mass plane, when relying on luminosity-based tracers. The
same difference is much less significant when considering
mass-based quantities. Such difference between luminosity-
or mass-weighted estimators is observable only thanks to
our assumption of a spatially variable mass-to-light ratio.
We conclude that relying on luminosity-based estimators can
lead, in some circumstances, to a biased interpretation of the
physical processes at play. Moreover, the assumption of a
constant mass-to-light ratio commonly made in dynamical
models can have a non-negligible impact on the estimated
properties of galaxies.

— Given the small difference of the mass-weighted kinemat-
ics among main-sequence and below main-sequence galax-
ies we conclude that in the mass range 10°7°> My < M, <
10'"" M, morphology and quenching have only a minor cor-
relation as the main process at play is disc fading. Our work
has indeed probed that, in the local Universe, there is no evi-
dence for quenching being the cause or being caused by a
morphological transformation.
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Appendix A: Missclassified ellipticals

Fig. A.1 shows two examples (11012-3701 top row, 10502-3702
bottom row) of galaxies classified as ellipticals according to the
VMC-VAC (Véazquez-Mata et al. 2022) that exhibit a clear rota-
tional pattern.

11012-3701 has a stellar mass of M, = 10''* M, while
10502-3702 has a stellar mass of M, = 10'%%3 M. In both cases
kum indicates a quite strong rotational support.

Fig. A.1. Two examples of galaxies (i.e. 11012-3701 top row, 10502-
3702 bottom row) classified as ellipticals according to the VMC-VAC
(Véazquez-Mata et al. 2022) with a clear rotational pattern.

Appendix B: Comparison with other kinematic
tracers

In this section, we compare the kinematic tracer kyp, used in this
work with the more commonly adopted Ag. For the comparison
we consider Ap estimates presented in (Fraser-McKelvie et al.
2021) corrected for inclination and seeing.

The two parameters correlate with each other although some
scatter is present. The correlation is close to linear, demonstrat-
ing the physical meaning of the ky,, parameter adopted through-
out this work. We refer to Paper II for a comparison with V/o.

Fig. B.1. Comparison between kj,;, and Ag. The blue dots are the data
while the black dashed line is the one-to-one relation. For the compari-
son we consider A estimates presented in (Fraser-McKelvie et al. 2021)
corrected for inclination and seeing.
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Appendix C: Further examples on k1 and k2

Here we show two examples of galaxies with k; larger than k;.
9085-1902 is a galaxy with a clear rotational pattern where
the IFU (i.e. the magenta hexagon in the top left panel of
Fig. C.1) is probably not caching the whole galactic disc. In this
case, the galaxy shows mild rotational support (i.e. kyy, =~ 0.4)

modelled through a rotationally supported inner disc (k; ~ 0.9)
which primarily contributes to the galactic disc.

11007-12705 is a compact galaxy with ky,, =~ 0.4. In this
case, the presence of a rotationally supported inner disc can be
understood by looking at the velocity field (i.e. second row, mid-
dle panel of Fig. C.1) which hints at some sort of regular rotation
in the galaxy centre.

Fig. C.1. Two examples of galaxies (i.e. 9085-1902 top row, 11007-12705 bottom row) with high k; and low k,. From left to right: SDSS gri
image, l.o.s. stellar velocity, and l.o.s. stellar velocity dispersion. The magenta hexagon is the MaNGA field of view.

A98, page 16 of 16



	Introduction
	Data sample and parameters
	Photometry and kinematics
	Sample selection and volume weights
	Model summary and parameter catalogue

	Kinematics of the whole galaxies and of their components
	Mass budget and its dependence on kinematics and star formation
	Discussion
	Summary and conclusions
	References
	Missclassified ellipticals
	Comparison with other kinematic tracers
	Further examples on k1 and k2

