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ABSTRACT

We present dynamical scaling relations, combined with the stellar population properties, for a subsample of about 6000 nearby
galaxies with the most reliable dynamical models extracted from the full Mapping Nearby Galaxies at Apache Point Observatory
(MaNGA) sample of 10 000 galaxies. We show that the inclination-corrected mass plane for both early-type galaxies (ETGs) and
late-type galaxies (LTGs), which links dynamical mass, projected half-light radius R, and the second stellar velocity moment
o within R., satisfies the virial theorem and is even tighter than the uncorrected one. We find a clear parabolic relation between
lg(M/L)., the total mass-to-light ratio (M/L) within a sphere of radius R., and lg 0., with the M/L increasing with o, and
for older stellar populations. However, the relation for ETGs is linear and the one for the youngest galaxies is constant. We
confirm and improve the relation between mass-weighted total density slopes ¥, and o.: 7, become steeper with increasing
o until 1g(o. /km s~™1) & 2.2 and then remain constant around Y, ~ 2.2. The y,—o. variation is larger for LTGs than ETGs. At
fixed o the total density profiles steepen with galaxy age and for ETGs. We find generally low dark matter fractions, median
fom(<R.) = 8 per cent, within a sphere of radius R.. However, we find that fpp(<R.) depends on o better than stellar mass:

dark matter increases to a median fpy(<R.) = 33 per cent for galaxies with o, < 100 km s~!. The increased fpom(<R.) at low

o . explains the parabolic 1g(M /L).—1g o, relation.

~
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1 INTRODUCTION

The dynamical scaling relations connect the observables of galaxies,
e.g. their mass or luminosity, their size, and their internal kinematics,
providing key tests for galaxy formation theory. The most widely
used dynamical scaling relations include the Tully—Fisher relation
(TF; Tully & Fisher 1977) for the late-type galaxies (LTGs), the
Faber—Jackson relation (FJ; Faber & Jackson 1976) for the early-
type galaxies (ETGs; including ellipticals and lenticulars), and the
Fundamental Plane (FP; Djorgovski & Davis 1987; Dressler et al.
1987) that is extended from the FJ by including the galaxy size as a
third parameter. The dynamical relations were proposed as distance
estimators originally, but they also contain useful information about
galaxy evolution. According to the hierarchical galaxy formation
model, galaxies increase their mass and size through various
processes (e.g. gas accretion-induced star formation, and mergers
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with other galaxies), thus leaving an imprint on the final observed
relations. Therefore, the dynamical scaling relations provide strong
constraints on the galaxy formation and evolution theory.

The initial papers on the FP and FJ focused on elliptical galaxies,
while those on the TF were applied to spiral galaxies only. Later
studies extended the samples to other galaxy morphological types.
Some studies found that the dynamical scaling relations can be
generalized to all ETGs (Jorgensen, Franx & Kjaergaard 1996;
Cappellari et al. 2006, 2013a). Moreover, when using different
kinematic tracers for ETGs/LTGs, specifically stellar kinematics
for ETGs and gas kinematics for LTGs, various authors proposed
unified dynamics scaling relations valid for all galaxies (Burstein
etal. 1997; Zaritsky, Zabludoft & Gonzalez 2008; Dutton et al. 2011;
Cortese et al. 2014). These kinds of generalized FP including both
LTGs and ETGs were subsequently shown to hold, with even higher
accuracy, when consistently using the same stellar kinematics tracer
from integral field spectroscopy (IFS) for all morphological types (Li
et al. 2018; Aquino-Ortiz et al. 2020; Ferrero et al. 2021). The tight
FP, which consists of luminosity, size, and velocity dispersion, was
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interpreted as due to the virial equilibrium, as originally suggested
(Faber et al. 1987). But the reason for the deviation between the
coefficients of the FP and the virial ones (known as the ‘tilt’ of
the FP) remained a source of debate for some time (e.g. Ciotti,
Lanzoni & Renzini 1996; Pahre, Djorgovski & de Carvalho 1998;
Scodeggio et al. 1998; Bernardi et al. 2003; Trujillo, Burkert & Bell
2004).

With the advent of IFS galaxy survey, e.g. Spectroscopic Areal
Unit for Research on Optical Nebulae (SAURON; de Zeeuw et al.
2002), ATLAS?P (Cappellari et al. 2011), Calar Alto Legacy Integral
Field Area Survey (CALIFA; Sanchez etal. 2012), Sydney Australian
Astronomical Observatory Multi-object Integral Field Spectrograph
(SAMI; Bryant et al. 2015), and Mapping Nearby Galaxies at
Apache Point Observatory (MaNGA; Bundy et al. 2015), one can
construct detailed dynamical models using the spatially resolved
stellar kinematics and obtain accurate dynamical mass (or total
mass-to-light ratio M/L) measurements. Using the stellar dynamical
models, Cappellari et al. (2006) analysed 25 ETGs in the SAURON
survey and found that the tilt of the FP is almost exclusively due to
the variation of total M/L, while Cappellari et al. (2013a) confirmed
this by replacing the luminosity of the FP with dynamical mass and
obtaining the very tight mass plane (MP) for 260 ATLAS?P ETGs.
Independent confirmations by gravitational lensing (Bolton et al.
2008; Auger et al. 2010) also support that the variation of total M/L
causes the tilt of the FP. More recently, the nearby IFS surveys with
a large sample containing various types of galaxies (e.g. the SAMI
survey and the MaNGA survey), as well as the higher redshift (z ~
0.8) Large Early Galaxy Astrophysics Census (LEGA-C) survey (van
der Wel et al. 2016), also found the very tight MP satisfying the virial
theorem for both the ETGs and LTGs (Li et al. 2018; de Graaff et al.
2021; D’Eugenio et al. 2021). This confirms the common origin
of the MP for both the ETGs and LTGs, which is also consistent
with the results found in cosmological simulations (de Graaff et al.
2023). However, given that the total M/L is associated with the stellar
M/L and the dark matter fraction, it is still worthy to investigate the
separate contributions of the two sources, as well as the contribution
of non-homology in light profiles (Ciotti, Lanzoni & Renzini 1996;
Graham & Colless 1997; Prugniel & Simien 1997; Bertin, Ciotti &
Del Principe 2002; Trujillo, Burkert & Bell 2004; Bernardi et al.
2020), to the tilt and the scatter of the FP.

The completion of the MaNGA survey (Abdurro’uf et al. 2022),
which is the largest sample of galaxies ever observed with IFS and
consists of data with radial coverage carefully matched to the galaxy
sizes, motivates us to revisit the study of the FP, the MP, and the total
MI/L of the MaNGA galaxies, using the quantities derived from the
well-established Jeans Anisotropic Modelling (JAM) models (Zhu
et al. 2023, hereafter Paper I) and the Stellar Population Synthesis
(SPS) models (Lu et al. 2023a, hereafter Paper II).

In addition to the amount of total mass, other important quantities
derived from the dynamical models are the total mass density slope
and the dark matter fraction. According to the current paradigm of
hierarchical galaxy formation (White & Rees 1978), galaxies are
embedded in dark matter haloes that cannot be observed directly
but still play an important role in the formation and evolution of
galaxies. The dark matter fraction, which is usually defined as the
ratio between the amount of dark matter mass and the total mass
within an effective radius, gives a direct measurement of dark matter
content but also suffers from strong degeneracy (see the discussion
in section 6.3 of Paper I). We expect that the dark matter fractions
are statistically correct but they should be used with caution. The
total mass distribution, which combines the observed stellar mass
distribution and the dark matter mass distribution, provides a robust

quantity to understand the interplay between the two components.
The scaling relations of total density slopes had been established from
various methods and different samples: e.g. the stellar dynamics for
the ETGs at large (~4R. half-light radii; Cappellari et al. 2015;
Bellstedt et al. 2018) or small radii (~1R.; Poci, Cappellari &
McDermid 2017), H1 gas rotation curves in ETGs at large radii
(Serra et al. 2016), gravitational lensing for the ETGs at small radii
(Bolton et al. 2008; Auger et al. 2010), and gas rotation curves for
the LTGs (Tortora et al. 2019). Recently, Li et al. (2019) found a
unified relation between the total density slopes and the o (or M,)
for both the ETGs and LTGs in MaNGA, while, however, a scatter
of the total density slopes at fixed o is presented especially at the
low-o end. The scaling relation of the total density slopes is worthy
of further study using a larger sample and combining it with the
stellar population properties.

As discussed in the introduction of Paper I, both JAM and
Schwarzschild methods show no systematic biases in recovering
the total mass distribution, suggested by the detailed comparison
between the two methods using observed (Leung et al. 2018) and
simulated galaxies (Jin et al. 2019). However, as opposed to previous
thinking that more general dynamical models imply better accuracy,
a smaller scatter for JAM is found in this case. When comparing
with the observed CO gas circular velocities within a radial range
of 0.8-1.6R., where the gas kinematics is well resolved and the
circular velocities are more robustly determined, the mean ratio for
54 galaxies between the errors of the Schwarzschild and of the JAM
models is {(oscu/oiam) ~ 1.7 (Leung et al. 2018, fig. 8 and table 4).
Similarly, when considering 45 model fits to the galaxies in numerical
simulations, the 68th percentile (1o error) of absolute deviations
between the recovered and the true enclosed masses (inside a sphere
of R.) is a factor of 1.6 smaller for JAM than for Schwarzschild (Jin
etal. 2019, fig. 4).

Quenneville, Liepold & Ma (2022) pointed out a small bug in
the triaxial Schwarzschild code by van den Bosch et al. (2008)
that was used in the two above studies. This could potentially
affect the accuracy of the Schwarzschild results and explain the
larger uncertainties than JAM. However, a response by Thater et al.
(2022) concluded that any effect on previous results using that
Schwarzschild code was insignificant.

Recently, Neureiter et al. (2023) found that one can improve the
accuracy of Schwarzschild models using a simple data-driven opti-
mization method developed in Thomas & Lipka (2022). However,
this result was only tested on a single simulation of a triaxial slow
rotator (SR), and has yet to be confirmed by independent groups.
It is unclear whether it can be extended to the general class of fast
rotators (FRs), which dominate the local Universe and the MaNGA
sample. An independent analysis of a larger sample of real galaxies or
simulations, directly comparing different methods in the very same
conditions, as done by Leung et al. (2018) and Jin et al. (2019),
would be very valuable using the SMART code used by Neureiter
et al. (2021, 2023). However, unlike the van den Bosch et al. (2008)
code, upgraded and renamed DYNAMITE by Thater et al. (2022), the
SMART code has not yet been publicly released.

In this paper, we make use of the largest sample of IFS observations
from the MaNGA survey, which includes various types of nearby
galaxies, to study the dynamical scaling relations. The scaling
relations use the quantities derived from the accurate JAM models
(Paper I) and the stellar population properties (Paper II). Given the
large sample, the various types of galaxies, and the well-established
dynamical models with quality validation, we propose the relations
presented in this paper as the benchmark for the dynamical scaling
relations of nearby galaxies. The combination of dynamical scaling
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relations and stellar population properties provides a novel view of
galaxy formation and evolution.

The paper is organized as follows. In Section 2, we briefly intro-
duce the MaNGA kinematic data, the JAM models, the SPS models,
and the quantities we used in this work. We present the main results
in Section 3, including the FP, the MP, the total M/L, the total density
slopes, the dark matter fractions, and the dynamical properties on the
mass—size plane. We present the discussions in Section 4. Finally, we
summarize the results in Section 5. Throughout the paper, we assume
a flat Universe with Q, = 0.307 and Hy = 67.7kms~!' Mpc~!
(Planck Collaboration XIII 2016).

2 DATA AND METHODS

2.1 The MaNGA data and galaxy sample

The Mapping Nearby Galaxies at Apache Point Observatory
(MaNGA) survey (Bundy et al. 2015) is one of three projects in
Sloan Digital Sky Survey-IV (SDSS-IV; Blanton et al. 2017), which
provides spatially resolved spectral measurements for ~10000
nearby galaxies. Using the integral field unit (IFU) technique, the
MaNGA project simultaneously obtains the spectra across the face
of target galaxies with the tightly packed fibre bundles that feed into
the Baryon Oscillation Spectroscopic Survey (BOSS) spectrographs
(Smee et al. 2013; Drory et al. 2015) on the Sloan 2.5-m telescope
(Gunn et al. 2006). The field of view (FoV) of MaNGA observations
covers a radial range out to 1.5 effective radii (R,) for ~2/3 galaxies
(primary sample) and out to 2.5R. for ~1/3 galaxies (secondary
sample) at higher redshift (Law et al. 2015; Wake et al. 2017).

The spectra of MaNGA span a wavelength range of
3600-10300 A, with a spectral resolution of o = 72kms~! (Law
et al. 2016). Data cubes are produced by spectrophotometrically
calibrating (Yan et al. 2016) the raw data and then processing the
calibrated data with the Data Reduction Pipeline (DRP; Law et al.
2016). Stellar kinematic maps are extracted from the data cubes using
the Data Analysis Pipeline (DAP; Belfiore et al. 2019; Westfall et al.
2019), which uses the PPXF software (Cappellari & Emsellem 2004;
Cappellari 2017) with a subset of MILES stellar library (Sdnchez-
Blazquez et al. 2006; Falcén-Barroso et al. 2011), MILES-HC, to
fit the absorption lines of IFU spectra. Before extracting stellar
kinematics, the spectra are Voronoi binned (Cappellari & Copin
2003) to signal-to-noise ratio (S/N) = 10 to obtain reliable stellar
velocity dispersions.

2.2 Sample selection

In the final data release of MaNGA (SDSS Data Release 17 — DR17;
Abdurro’uf et al. 2022), there are 10296 galaxies if the targets of
ancillary programs (the Coma, IC 342, M31, and globular clusters)
are excluded from the total 10735 DAP outputs. We derive the
dynamical properties for 10296 galaxies using the JAM (Cappellari
2008, 2020) in Paper 1. The whole sample is classified as different
modelling qualities (Qual = —1, 0, 1, 2, 3 from worst to best)
based on the comparisons between observed and modelled stellar
kinematics. In this work, we select 6065 galaxies that are flagged as
Qual > 1, for which the dynamical quantities related to the total mass
distribution are nearly insensitive to different model assumptions
(Paper I). The adopted subsets of models are those for which we
estimated that both zeroth-order quantities like the total mass and M/L
and first-order quantities like the total density slope can be trusted.
In section 5.1 of Paper I, we explained why we excluded the galaxies
with Qual = —1. They have highly disturbed stellar kinematics that
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makes their models unreliable. We also gave Qual = 0 to the galaxies
whose models did not match well with the observed two-dimensional
stellar kinematics. These galaxies are mostly low-mass (or low-o)
ones (see Paper I, fig. 8). This may introduce some biases in our
results due to the sample selection. However, we can still estimate
some zeroth-order quantities, such as the mass and M/L, for the
Qual = 0 galaxies. These quantities do not depend on the quality
of the data as much as the density slope or dark matter fraction. To
check for possible biases, we have also computed the results for the
zeroth-order quantities of the Qual > 0 sample (9360 galaxies) and
presented them in Appendix A.

2.3 Jeans Anisotropic Modelling

In Paper I, we perform Jeans Anisotropic Modelling (JAM; Cap-
pellari 2008, 2020) to construct dynamical models for the whole
sample. In this section, we only give a brief introduction to the
modelling approach, and we refer readers to Paper I for more
details. The JAM model allows for anisotropy in second velocity
moments and two different assumptions on the orientation of velocity
ellipsoid, i.e. JAMy (cylindrically aligned) and JAMj;, (spherically
aligned). The total mass model has three components: the nuclear
supermassive black hole, stellar mass distribution, and dark matter
mass distribution. The black hole mass is estimated from Mgy—o.
relation (McConnell et al. 2011), where o is computed as mean
stellar velocity dispersion within one full width at half-maximum
(FWHM) of MaNGA point spread function (PSF). For the stellar
component, we use the multi-Gaussian expansion (MGE; Emsellem,
Monnet & Bacon 1994; Cappellari 2002) method to fit SDSS r-band
images and obtain the surface brightness. Then the surface brightness
is deprojected to obtain the luminosity density of the kinematic
tracer. The total density derived by the model is a robust quantity,
independent of possible gradients in the stellar M/L. However, the
decomposition of the total density into luminous and dark matter
relies on an adopted stellar M/L. In this paper, we assume the stellar
MI/L to be constant, within the region where we have kinematics, to
measure dark matter. The dark matter component is characterized
by various assumptions: the mass-follows-light model that assumes
that the total mass density traces the luminosity density (hereafter
MFL model), the model that assumes a spherical Navarro—Frenk—
White (NFW; Navarro, Frenk & White 1996) dark halo (hereafter
NFW model), the fixed NFW model that assumes a spherical NFW
halo predicted by the stellar mass-to-halo mass relation in Moster,
Naab & White (2013) and mass—concentration relation in Dutton &
Maccio (2014) (hereafter fixed NFW model), the model that assumes
a generalized NFW (Wyithe, Turner & Spergel 2001) dark halo
(hereafter gNFW model). The gNFW profile is written as

o (Y (LT B
pDM(r)—ps<rs) (2 2rs> ) (

where ry is the characteristic radius, ps is the characteristic density,
and y is the inner density slope. For y = —1, this function reduces
to the NFW profile.

In this work, all JAM-inferred quantities of different models are
taken from Paper 1. We calculate the size parameters R., R™, and
r1» from MGE models in SDSS r band, and then scale the R. and
R™ by a factor of 1.35 following Cappellari et al. (2013a). Here,
R. is the circularized half-light radius (effective radius), R;““j is the
semimajor axis of half-light elliptical isophote, and ry;; is the 3D
half-light radius. We also derive the total r-band luminosity L from
the MGE models and correct for the dust extinction effects (see
Section 2.4 for details of the dust correction) to obtain the intrinsic
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luminosity. All quantities related to the luminosity, e.g. the total
M/L, have been corrected for dust extinction. The velocity dispersion
within an elliptical half-light isophote (with an area of 7TR?) is defined
as

2 172 _ S FeVE+ o) 5
Oe M (V) =\ T = (2)
Zk Fi

where Fy, Vy, and o are the flux, stellar velocity, and stellar velocity
dispersion in the kth IFU spaxel. We define M|, as the enclosed total
mass within a sphere of 5, which is derived from the best-fitting
JAM model. The (M/L). is the total (dark plus luminous) mass-to-
light ratio within a sphere of 1R., which is derived from the JAM
models with a dark matter halo (e.g. NFW models or gNFW models).
We showed in Paper I that the total mass-to-light ratio (M/L)jam
measured with MFL models is generally highly consistent with the
integrated value (M/L). but gives a more robust estimate of the true
total M/L when the data have lower quality. To avoid confusion on
the two expressions, we only use (M/L);am to represent the total M/L
for all models in the following sections. The dynamical mass Mjam
is defined as

MJAME(M/L)JAMXL%MUQXZ. 3)

Since the systematic uncertainties in different models have been
demonstrated to be small for Qual > 1 galaxies (Paper 1), we mainly
use the NFW model with JAMy as a reference model (if not
mentioned otherwise) and another mass model as a comparison in
the following sections.

2.4 Stellar Population Synthesis

The stellar population properties (e.g. age, metallicity, and
stellar M/L) used in this paper are provided in Paper II. We
fit the IFU spectra of MaNGA DRp (Law et al. 2016) data
cubes using the PPXF software (Cappellari & Emsellem 2004;
Cappellari 2017, 2023) with the FSPS models (Conroy, Gunn &
White 2009; Conroy & Gunn 2010). Furthermore, we adopt the
Padova stellar evolutionary isochrone (Girardi et al. 2000) and
the Salpeter (Salpeter 1955) initial mass function (IMF). We
use 43 ages linearly spaced in Ig(Age/yr) between 6 and 10.2
(i.e. from 1 Myr to 15.85 Gyr) and 9 metallicities ([Z/H] =
[—1.75, —1.5, —1.25, —1, —0.75, —0.5, —0.25, 0, 0.25]). We
correct for the dust extinction effects of the Milky Way (MW)
and the observed galaxy itself, using the two-step procedure
briefly described here: we correct for the MW extinction by
assuming Calzetti et al. (2000) extinction curve and adopting the
E(B — V) values from the Galactic dust extinction map (Schlegel,
Finkbeiner & Davis 1998), then we perform PPXF fitting on the
MW extinction-corrected spectrum and evaluate the dust extinction
of target galaxies by setting the dust keyword in the updated
PPXF software (Cappellari 2023) with assuming a two-parameter
attenuation function f(A,, 8). Here, A, is the attenuation and § is the
ultraviolet (UV) slope at V band (A = 5500 A). More details of the
dust correction can be found in Paper II and Cappellari (2023).

We calculate the luminosity-weighted Ig Age and metallicity [Z/H]
using

S wilix;
L
S wiL;

where w; is the weight of the ith template, L; is the SDSS r-band
luminosity of the ith template, and x; is the 1g Age (or [Z/H]) of the

@

X =

ith template. Similarly, the stellar M/L is calculated as
S w
S wiLs

where M;*** is the stellar mass of the ith template, which includes
the mass of living stars and stellar remnants but excludes the mass
of lost gas during stellar evolution. To obtain the global properties
and their gradients, the spectra are stacked in two ways: (1) the
spectra within the elliptical half-light isophote are stacked to obtain
a spectrum with a high S/N (fig. 4 in Paper II), then we fit the stacked
spectrum to obtain the global stellar population properties; (2) the
spectra are Voronoi binned (Cappellari & Copin 2003) to S/N = 30,
then we fit the stacked spectrum in each bin and finally obtain a map
of the stellar population for each galaxy. We estimate the stellar mass

M, = (M,/L)sps(< Rc) x L, (6)

(M /L)sps = 5)

where (M./L)sps(<R.) is the r-band stellar mass-to-light ratio derived
from the stacked spectrum within elliptical half-light isophote, and L
is the r-band total luminosity derived from MGE models. The stellar
population gradients are calculated by linearly fitting the stellar
population profile within an effective radius (see the details about
the calculation in Paper II).

Based on the stellar age, we split the galaxies into old, intermedi-
ate, and young galaxies, using the selection as follows:

(i) old: Ig(Age/yr) > 9.7,
(ii) intermediate: 9.4 < lg(Age/yr) < 9.7;
(iii) young: Ig(Age/yr) < 9.4.

Under these selection criteria, there are 2734 old galaxies, 1019
intermediate galaxies, and 2199 young galaxies. In Fig. 1, we present
the bimodal galaxy distribution in the Age-M, diagram, which
suggests that the classification based on stellar age qualitatively (but
not strictly) corresponds to the classification (i.e. the red sequence,
blue cloud, and green valley) based on colour-magnitude diagram
(Strateva et al. 2001; Bell et al. 2003).

2.5 The morphology, environment, and stellar angular
momentum

We divide the whole MaNGA sample into ETGs and LTGs. The
ETGs include elliptical (E) and lenticular (SO) galaxies, while the
LTGs correspond to spiral (S) galaxies. The classification of mor-
phology is based on the MaNGA Deep Learning (DL) morphological
catalogue (Dominguez Sanchez et al. 2022). To obtain the most clean
morphological samples, we use the most restrictive selection (being
recommended in section 3.4.1 of Dominguez Sdnchez et al. 2022) as
follows:

(i) E: (Purg < 0.5) and (T-Type < 0) and (Psp < 0.5) and (VC =
1) and (VF = 0);

(i1) SO: (Prrg < 0.5)and (T-Type < 0) and (Pso > 0.5) and (VC =
2) and (VF = 0);

(iii) S: (Purg > 0.5) and (T-Type > 0) and (VC = 3) and (VF =
0).

This selection combines the information of three classification
models provided in Dominguez Séanchez et al. (2022): (1) the T-
Type values; (2) the two binary classifications: the Prpg separates
ETGs from LTGs and the Psy separate SOs from Es; (3) the visual
classification: VC (1 for Es, 2 for SOs, 3 for Ss) and VF (0 for certain
visual classification, 1 for uncertain visual classification). For the
Qual > 1 galaxies, this selection returns 1621 Es, 603 SOs, 2966 Ss,
and 925 unclassified galaxies, respectively.
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Figure 1. The age—M, plane for the Qual > 1 galaxies, with coloured sym-
bols representing the galaxies in different stellar age bins (red: 1g(Age/yr) >
9.7; green: 9.4 < 1g(Age/yr) < 9.7; and blue: 1g(Age/yr) < 9.4). The stellar
mass values are taken from the SPS models (see equation 6), which
assume a Salpeter IMF (Salpeter 1955). The grey contours show the
kernel density estimate for the two-dimensional galaxy distribution (using
scipy.stats.gaussian_kde). Histograms show the probability density functions
(normalized to unity) for the galaxies in different stellar age bins (red, green,
and blue) and full sample (grey).

We match the MaNGA galaxies to the group catalogue derived
by Yang et al. (2007) (hereafter Yang07), which uses an adaptive
halo-based group finder to assign each galaxy in the SDSS Data
Release 7 (DR7; Abazajian et al. 2009) sample to a group. For each
group, the galaxy with the largest stellar mass is assumed to be the
central galaxy, while others are assumed to be satellite galaxies. By
finding the MaNGA galaxies’ counterparts in the Yang(07 catalogue,
we classify the Qual > 1 galaxies into 4081 central and 1052 satellite
galaxies.

The proxy for stellar angular momentum (or spin parameter) g,
is defined within the same aperture as o. (i.e. elliptical half-light
isophote), written as (Emsellem et al. 2007)

e = >k FeRe| Vi

C YRR VE+ ol
where Fy, Vi, and o, are the same as equation (2); Ry is the
distance of kth spaxel to the galaxy centre. The Az, has been
corrected for the beam smearing effect following Graham et al.
(2018)." In Fig. 2, we show the (Ag,, &) diagram for 9360 Qual > 0
galaxies classified as Es, SOs, and Ss, where ¢ is the observed
ellipticity within the half-light isophote derived from MGE models
using the MGE_HALF_LIGHT-ISOPHOTE procedure in the JAMPY pack-
age.” We define the slow rotators (SRs) as the galaxies satisfying
Ag, <0.08+¢/4 and ¢ < 0.4 (the region enclosed by black
solid lines in Fig. 2) following Cappellari (2016, equation 19),

@)

Uhttps://github.com/marktgraham/lambdaR _e_calc
2Version 6.3.3, available from https:/pypi.org/project/jampy/
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Figure 2. The (Ag,, ) diagram, where Ag, is the beam-corrected spin
parameter, and ¢ is the observed ellipticity derived from MGE fitting. The
galaxies are classified as elliptical (E), spiral (S), and lenticular (SO) galaxies,
corresponding to the red, cyan, and blue symbols in the diagram. The galaxies
with unclassified morphology are shown as grey symbols. The green line
represents the predicted relation for an edge-on (i = 90°) isotropic rotator
(Binney 2005; Cappellari 2016, equation 14), while the magenta line denotes
the edge-on shape anisotropy upper limit from Cappellari et al. (2007)
and Cappellari (2016, equation 11). The thin dotted lines show how the
magenta line changes with different inclinations (Ai = 10°), while the thick
dashed lines show how the galaxies move across the diagram with changing
inclination for a set of given gin values (Agine = 0.1). The lower left region
enclosed by the black solid lines (Ag, < 0.08 4+ ¢/4, & < 0.4) defines the
region occupied by SRs (Cappellari 2016, equation 19).

while the fast rotators (FRs) are defined to be the galaxies out-
side the region occupied by the SRs. Under this definition, the
Qual > 1 galaxies used in this paper consist of 639 SRs and
5426 FRs. Among the 639 SRs, there are 592 Es, 23 SOs, and
six Ss.

3 RESULTS

3.1 The Fundamental Plane and mass plane

In this section, we present the FP and MP, which are obtained
using the LTS_PLANEFIT® software (Cappellari et al. 2013a). The
LTS_PLANEFIT procedure combines the least trimmed squares robust
technique of Rousseeuw & Driessen (2006) with a least-squares
fitting algorithm, allowing for the errors in all variables and the
intrinsic scatter. In the fitting, we adopt 10 per cent error of luminosity
L, 5 per cent error of o, and 10 per cent error of R, (Cappellari et al.
2013a), while the error of M/, is 12 per cent (Paper I). During the
LTS_PLANEFIT fitting, we set the o-clipping keyword clip = 4 to
avoid removing too many galaxies.

3 Available from https://pypi.org/project/ltsfit/
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In Fig. 3, we present the FP, which is written as

L O¢ R.
1 = bl 1 8
g(L@,r) “t g(kms—')+c g(kpc) ®

for the ETGs and LTGs. As opposed to the classic form of the FP
using ¥ = L/7R?, the use of L instead of . reduces the covariance
between X. and R., due to the fact that using X. the radius would
appear on both axes. For the ETGs shown in the top left panel of
Fig. 3, the coefficients and rms scatter of the FP are b = 0.982,
¢ = 1.026, and A = 0.13 dex (35 per cent), which are similar to
those of the FPs derived from ATLAS® (b = 1.249, ¢ = 0.964,
and A = 0.10 dex; Cappellari et al. 2013a) and SAMI (b = 1.294,
¢ = 0912, and A = 0.104 dex; D’Eugenio et al. 2021). The FPs
for cluster member ETGs show similar coefficients, e.g. b = 0.89,
¢ = 0.95, and A = 0.07 dex in Scott et al. (2015); b = 1.03, ¢ =
1.07, and A = 0.087 dex in Shetty et al. (2020). In agreement with
previous studies on the FP of ETGs as mentioned above, our b and ¢
values are inconsistent with the expected coefficients from the scalar
virial equation (i.e. b = 2 and ¢ = 1). We also investigate the FP
of LTGs in the top right panel of Fig. 3, resulting in the different
coefficients (b = 1.590, ¢ = 1.068) and a larger rms scatter (A =
0.17 dex). The differences in the FP between ETGs and LTGs may be
due to the LTGs’ rotation-supported kinematics and disc-like stellar
component, which has greater projection effects on the measurements
of o, and the R..

Following Cappellari et al. (2013a), we use the R™ and the
deprojected second velocity moment o™ instead of the R, and the o
to reduce the effect of inclination. Given that the velocity ellipsoid in
ETGs is generally close to a sphere (Gerhard et al. 2001; Cappellari
et al. 2007; Thomas et al. 2009) and the kinematics are dominated
by rotation in LTGs, we suppose that the velocity dispersion changes
weakly with inclination, while the light-of-sight velocity varies as
V = v/sini, where i is the inclination inferred from NFW models
and v is the velocity being edge-on (i = 90°). Thus the deprojected
second velocity moment is defined as

2 |/}2 _ Zk Fk(sz/ sin? i + 01(2)
rms/ e,intr Zk Fk s

where Fy, Vi, and o are the flux, light-of-sight stellar velocity,
stellar velocity dispersion in the kth IFU spaxel, i is the inclination
derived from best-fitting JAM models. We found that the observed
rms scatters between o, and crg“" are A = 0.053 dex (13 per cent)
for ETGs and A = 0.074 dex (19 per cent) for LTGs, which are
larger than the random error A = 0.025 dex derived in Cappellari
et al. (2013a). The deprojected FP (L, o™, R™) for ETGs has the
nearly unchanged coefficients (b = 0.881 and ¢ = 1.063), while the
coefficients for LTGs significantly change to b = 1.986 and ¢ =
0.635 (the middle panels of Fig. 3). Furthermore, the rms scatters of
the deprojected FPs (A = 0.14 dex for ETGs and A = 0.18 dex for
LTGs) remain nearly the same as the FPs, suggesting that the scatter
of the FP is not driven by the projection effects.

To explore the origin of the FP scatter, the FPs in Fig. 3 are coloured
by the luminosity-weighted stellar age, which is smoothed using the
locally weighted regression method by Cleveland & Devlin (1988)
as implemented by Cappellari et al. (2013b) in the LOESS* software
(unless otherwise specified, we adopt a small frac = 0.05
throughout this paper to avoid oversmoothing, given the large number
of values in our sample). A two-dimensional LOESS-smoothed map
is a way of showing the average value of a function that depends

intr
o & (v,

©)

4 Available from https://pypi.org/project/loess/

on two variables. It is the two-dimensional analogue of the average
trend that is often shown in one-dimensional plots. For the ETGs,
the variation in age shows a strong trend perpendicular to the FP,
in agreement with the trends found in the nearby galaxies from the
SDSS survey (Graves, Faber & Schiavon 2009, fig. 7), the SAMI
survey (D’Eugenio et al. 2021, fig. 9), and the galaxies of LEGA-C
survey at 0.6 < z < 1 (de Graaff et al. 2021, fig. 6). A similar trend is
also found in the L > 10'%? L, , LTGs, but no correlation between
the age and the residuals of the FP is observed for the less luminous
LTGs. Since the stellar age correlates to the stellar mass-to-light ratio
M, /L, the M./L is probably the driving mechanism for the scatter of
the FP. We confirm this in the comparisons between the FP and the
MP.

We replace the r-band total luminosity L with the dynamical mass
derived from MFL models, Mjay = (M/L)jam X L, to obtain the MP
in the form of

Miam O. R4
1 —a+bl lo [ 2 ). 10
g(MQ) a+ g(kms_l)ﬂg(km) (10)

Note that the R. is also replaced with R™ to reduce the projection
effects on the size, following Cappellari et al. (2013a), Li et al.
(2018), and Shetty et al. (2020). The MPs for ETGs and LTGs are
shown in the top panels of Fig. 4. In agreement with previous studies
(Cappellari et al. 2013a; Li et al. 2018; Shetty et al. 2020; D’Eugenio
et al. 2021), we find that the coefficients of the MP (b = 1.985 and
¢ = 0.9428 for ETGs, b = 1.948 and ¢ = 1.000 for LTGs) become
much closer to the virial one (b = 2 and ¢ = 1). The observed scatters
also significantly decrease (from A = 0.13 dex to A = 0.067 dex for
ETGs, from A = 0.17 dex to A = 0.11 dex for LTGs), resulting in
the negligible intrinsic scatter for ETGs (e, = 0) and the significant
intrinsic scatter for LTGs (¢, = 0.0856 dex). This confirms previous
findings that much of the tilt and the scatter of the FP is due to the
variations in dynamical M/L along and perpendicular to the FP for
ETGs (Cappellari et al. 2006, 2013a; Bolton et al. 2008; Auger et al.
2010; Thomas et al. 2011; de Graaff et al. 2021; D’Eugenio et al.
2021).

However, the much larger intrinsic scatter of the MP for LTGs
indicates another driving mechanism, which is likely to be the
projection effects as discussed above. Thus we show the deprojected
MPs (Mjam, oei"", Ré“aj) in the middle panels of Fig. 4, which
are derived by replacing o. with the deprojected velocity second
moment 0", As expected, the deprojected MP of ETGs remains
nearly unchanged (both the coefficients and the scatter), while the
coefficients of the deprojected MP for LTGs become slightly closer to
the virial predictions. A remarkable finding is a significant decrease
in the scatters (both observed and intrinsic) of the deprojected MP
for LTGs, resulting in the scatters that are comparable with ETGs’
(A = 0.071 dex and ¢, = 0 for ETGs, A = 0.068 dex and ¢, =
0 for LTGs). The intrinsic scatters &, remain zero until we reduce
the errors of Mjam to be 5 per cent for ETGs and 10 per cent for
LTGs, while keeping 5 per cent errors of o and 10 per cent errors of
R.. The very small intrinsic scatter (¢, = 0), as well as the invisible
variation of Sersic (1968) index perpendicular to the MP (bottom
panels in Fig. 4), confirms the negligible contribution of structural
non-homology (captured by the Sersic index) to the scatter of the
FP (Cappellari et al. 2006, 2013a; Bolton et al. 2008; Auger et al.
2010; de Graaff et al. 2021). However, D’Eugenio et al. (2021)
also found that non-homology accounts for ~20 per cent of the FP
scatter for the SAMI ETGs. The discrepancy is likely due to the
non-negligible scatter of the virial mass estimator (Cappellari et al.
2006; van der Wel et al. 2022, fig. 7) that they adopted to estimate the
dynamical masses. It is worth mentioning that we assume a spherical
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Figure 3. The Fundamental Plane (FP) for early-type (left column) and late-type (right column) galaxies, with colours in each panel showing the LOESS-smoothed
(frac = 0.1)lgAge and fpm(<R.) of corresponding galaxy sample. Top panels: edge-on view of the FP. At each panel, the coefficients of the best-fitting
plane z = a + b(x — xo) + ¢(y — yo) and the observed rms scatter A are obtained from the LTS_PLANEFIT procedure (with c1ip = 4)and shown on the upper
left corner. The black solid, red dashed, and red dotted lines represent the best fitting, 1o error (68 per cent), and 2.60 error (99 per cent), respectively. The
symbols within 4o error are coloured by stellar age, while the green crosses are the outliers beyond the 4o error. The grey contours show the 1o, 20, and 30
confidence level of the two-dimensional distribution. Middle panels: the symbols, colours, and lines are the same as in the top panels, but using the major axis

Ry 9 of the effective isophote and the deprojected second velocity moment cei"“. Bottom panels: the same as middle panels, but coloured by fpm(<Re).
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Figure 4. The mass planes (MPs) for early-type (left column) and late-type (right column) galaxies, with colours in each panel showing the LOESS-smoothed
(frac = 0.1)lgAge and Sersic index n of corresponding galaxy sample. The panels are similar to those in Fig. 3, but substituting the total luminosity L with

the JAM inferred total mass Mjam = (M/L)jam X L (MFL models). Furthermore, the MPs in the top panels use R instead of R following previous studies
(Cappellari et al. 2013a; Li et al. 2018; Shetty et al. 2020).

MNRAS 527, 706-730 (2024)

€20z Jaquiaoa( g0 uo 1sanb Aq G//92€//902/1/.ZS/3191e/Seluw/wod dno-olwapeoe//:sdiy Wwolj papeojumo(]



714 K. Zhu et al.

dark matter halo and an axisymmetric oblate stellar component in
our dynamical models, which limits the range of homology violations
that the models can represent. To investigate more effects of structural
non-homology (e.g. the dark matter halo shape, the triaxiality of the
stellar system) would require more general dynamical models, which
is beyond the scope of this paper.

As opposed to the FP, the variation of age perpendicular to the
MP is not observed. For the ETGs, the result clearly shows that the
scatter of the FP is mainly due to the variation in stellar M/L, as the
dark matter fraction is generally small (see Fig. 13). The trend is
also found in the L > 10'%? Ly , LTGs. However, the stellar M/L
cannot fully explain the scatter of the FP for LTGs, especially for
the L < 10'%2 L, , LTGs without age variation perpendicular to the
FP (right panels in Fig. 3). This implies that the scatter of the FP for
these galaxies is dominated by the variation in dark matter fraction,
confirmed by the bottom panels of Fig. 3.

In summary, we come to three conclusions in this section. (i)
The deprojected MPs for both ETGs and LTGs, which have been
corrected for the projection effects, are very close to the virial
predictions in the sense of both the coefficients (b ~ 2 and ¢ =~
1) and the scatter (A ~ 0.06-0.07 dex and ¢, = 0). The projection
effects are stronger for the MP (Mjam, 0c, Rg‘"‘j) of LTGs, while the
projection effects are very weak for the MP of ETGs. (ii) The tilt
and the scatter of the FP are mainly due to the variations of the total
MI/L along and perpendicular to the FP, not to non-homology in light
profiles. (iii) For ETGs, the variation in stellar mass-to-light ratio
M., /L dominates the variation in total M/L and further the scatter of
FP. For LTGs, the scatter of FP is owing to the variation of M,/L
for the luminous population (L > 10'°2 Ly, ,), while the variation in
dark matter fraction fpy(<R.) plays a more important role for the
fainter population. In Appendix A, we plot the FP and MP while
also including galaxies with Qual = 0, namely for all galaxies with
Qual > 0, and find that the results of this section still hold.

3.2 The (M/L)-o . relation

Fig. 5 presents the (M/L);am—0 . relations (Cappellari et al. 2006)
for both MFL and NFW models. We find that the relations are quite
similar between different models, and both of them can be well
described using a parabolic relation

lg(M/L)jam = 1g(M /L)y + A x (Igo. —1g09)*, (1n

with [1g(M /L)y, A,1gop] = [0.51, 1.03, 1.84] for the MFL model
and [0.53,1.25,1.89] for the NFW model. The relations for a larger
sample (i.e. Qual > 0) is presented in Appendix A, which are
consistent with the parabolic relations (i.e. equation 11 for the
Qual > 1 sample) at o, > 60km s~!. The unified relation is derived
from various types of galaxies (including both ETGs and LTGs),
extending the (M/L);am—0 . relation to be more general than the linear
relation adopted by previous studies who used dynamical models to
measure M/L as we did here (Cappellari et al. 2006, 2013a; van
der Marel & van Dokkum 2007; Scott et al. 2015; Shetty et al.
2020). Two features of this relation are obvious: (i) the (M/L)jam
monotonically increases with increasing o, with a median 1o rms
scatter (68 per cent) of ~0.15 dex; (ii) the slope and the scatter
change with the o.: the slope is steeper and the scatter is smaller for
the galaxies with larger o (0.20 dex at low-o. end and 0.079 dex at
high-o. end).

In addition, we also find that the (M/L);apm—o0 . relation is steeper
and has a smaller scatter for the galaxies with older stellar age (the
top panel of Fig. 6). In Fig. 6, we present the (M/L)jam—0 . relations
for the galaxies within different stellar age bins. At each age bin, we
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Figure 5. The dynamical mass-to-light ratios (M/L)jam as a function of o¢
for different mass models: MFL model (top panel) and NFW halo model
(bottom panel). The symbols are coloured by stellar age using the LOESS
software (Erac = 0.05). In each panel, the black dashed curve represents
the median value, while the grey-shaded region denotes the [16th, 84th]
percentile of values. The 1o errors range from 0.20 dex at low-o. end to
0.079 dex at high-o end (a median value of 0.15 dex). The black solid
curves are the best-fitting parabolic relations in the form of equation (11),
with [lg(M /L), A, 1gog] = [0.51, 1.03, 1.84] for the MFL model (top) and
[0.53, 1.25, 1.89] for the NFW model (bottom).

obtain the best-fitting linear relation using the LTS_LINEFIT procedure
(Cappellari et al. 2013a). The slopes of the (M/L)jam—0 e relations
become steeper with increasing stellar age: the relation is nearly flat
(b = 0.028) for the youngest galaxy population and is steeper (b =
0.417) for the older population and finally becomes the steepest (b =
0.655) for the oldest population. Specifically, for the oldest galaxies
(second panel in Fig. 6), the coefficients (a = 0.6329, b = 0.655
and A = 0.11 dex) are quite similar to those found in the ATLAS3P
ETGs (a = 0.6151, b = 0.72 and A = 0.11 dex; Cappellari et al.
2013a).

In the top two panels of Fig. 7, we present the (M/L)jam—0c
relations for ETGs and LTGs. For each panel, the black solid line
is the best-fitting relation derived from the full sample, while the
black dashed line is the best-fitting relation for the corresponding
subset of galaxies. For the ETGs, we perform a linear fitting using
the LTS_LINEFIT procedure and obtain the best-fitting relation with
a scatter of A = 0.12 dex (32 per cent) and a slope of b = 0.893.
The scatter is consistent with the ETGs in ATLAS?P (0.11 dex or
29 per cent; Cappellari et al. 2013a), but larger than the scatters found
in the ETGs of the Virgo Cluster (0.054 dex or 13 per cent; Cappellari
et al. 2013a) and the Coma Cluster (0.070 dex or 17 per cent; Shetty
et al. 2020). The reduction in the scatter for the cluster member
galaxies is due to the much smaller uncertainty in relative distance
measurements between the galaxies. The slope (b = 0.893) is slightly
steeper than those found in ATLAS?P (b = 0.72) and the Coma
Cluster (b = 0.69), which is likely caused by the sample selection
bias: the MaNGA ETGs sample contains more massive galaxies and
the curvature of the (M/L);jam—0 . relation clearly shows that the slope
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Figure 6. The MFL models inferred dynamical M/L as a function of o,
for galaxies with different stellar ages. From top to bottom, the relations for
old galaxies, intermediate galaxies, and young galaxies are presented. The
grey contours are the kernel density estimate for the galaxy distribution. The
symbols are coloured by stellar age. The black solid curve is the best-fitting
relation derived from the full sample, while the black dashed lines (curves)
represent the best-fitting relation of the corresponding subsample. The best-
fitting straight line y = a + b(x — x,)) is obtained using the LTS_LINEFIT
procedure, with the coefficients shown in the corresponding panel. The
relation obtained from ATLAS?P (Cappellari et al. 2013a) for ETGs is shown
as the blue dashed line.

is steeper for more massive (or higher o) galaxies. We also find that
the parabolic relations are quite similar between the full sample and
the LTGs (second panel of Fig. 7).

In the third panel, we show the (M/L)jam—o . relations for the
SRs. The best-fitting straight line for the SRs is similar to the one
of ETGs but tends to have a slightly larger intercept (a = 0.5925)
and steeper slope (b = 0.877). Given that 96 per cent SRs are ETGs
(see Section 2.5), we conclude that the fast rotating ETGs have a
slightly smaller (M/L) than the SRs (or slow rotating ETGs), which
agrees with the trend found in ATLAS?P (fig. 15 in Cappellari et al.
2013a). The direct comparison with the relation of ATLAS?® SRs
(blue dashed line in the third panel) also indicates the effect of sample
selection: the MaNGA SRs tend to have higher o, thus the slope of
the best-fitting relation is steeper.
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Figure 7. The MFL models inferred dynamical M/L as a function of o for
ETGs, LTGs, SRs, and satellites (from top to bottom). The symbols, lines,
curves, and grey contours are the same as Fig. 6. The relations obtained from
ATLAS3P (Cappellari et al. 2013a) for ETGs or SRs are shown as blue dashed
lines.

Our parabolic (M/L)jam—0 . relation is consistent with early indi-
cations of a qualitatively non-linear trend by Zaritsky, Gonzalez &
Zabludoff (2006, fig. 9) and Aquino-Ortiz et al. (2020). However, the
previous result was based on dynamical masses derived assuming
galaxies follow a manifold, while ours are high-quality direct
quantitative measurements from dynamical models of thousands of
galaxies.

Previous studies have shown the minor effect of environment on
the (M/L)-o. for ETGs (Cappellari et al. 2006; van der Marel &
van Dokkum 2007; Shetty et al. 2020). We confirm this finding and
extend it to LTGs from the bottom panel of Fig. 7, in which the
best-fitting relation for satellite galaxies is nearly identical to the
one derived from the full sample. However, we also find some weak
features of environmental effect for satellite galaxies: (i) the stellar
ages of satellite galaxies are slightly older at fixed o; (ii) the scatter
of (M/L);ap for satellite galaxies is smaller at 1.8 < lg(o,/kms™") <
2.0, which is induced by the lack of very young satellite galaxies.
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Figure 8. The mass-weighted total density slopes as a function of o for
different assumptions on dark matter halo. The symbols are coloured by
stellar age. In each panel, the black dashed line represents the median value,
while the grey-shaded region denotes the [16th, 84th] percentile of values.
The black solid lines are the best-fitting double power-law relations in the
form of equation (13), with [Ag, o, «, B, y] = [2.17, 177, 11.03, —0.01,
0.34] for the NFW model (top) and [2.18, 189, 11.13, —0.02, 0.30] for the
eNFW model (bottom). The blue dashed curve is the best-fitting relation in
Li et al. (2019, equation 12).

The differences in stellar age demonstrate the picture: the satellites
fall into the more massive dark haloes and lose their gas under tidal
stripping or ram pressure stripping, then the star formation ceases
and the galaxies become quenched, finally the satellites are older
than the central counterparts.

3.3 The total-density slope versus dispersion y,—o. relation

Fig. 8 presents the relations of y,—o., where the y is the mass-
weighted total density slope within 1R, (see equation 21 in Paper I),
written as
47R; py (Re)
MT(< Re) '
12)

1 Re (1
Yy = 7/ — g'OT47'tr2,oT(r)dr=3—
Mr(< Re) Jo dlgr

The relations can be described using

By
A o\ [1 n 1 (o.\%] @ 13)
Yo =20 Op 2 2 Op ’

with [Ag, o, &, B, y1=12.17,177,11.03, —0.01, 0.34] for the NFW
model and [2.18, 189, 11.13, —0.02, 0.30] for the gNFW model. We
find that ¥, decrease rapidly (the total slopes become steeper) with
increasing 0. at 0. < o, with power slope y ~ 0.30, while at higher
o, the relation becomes essentially constant (power slope g =~ 0)
with mean value y, & 2.2.

The constancy and value of the total slope above o}, accurately
agrees with the originally reported ‘universal’ slope y; = 2.2 for
ETGs out to 4R, (Cappellari et al. 2015; Serra et al. 2016; Bellstedt
et al. 2018). Extending the trend for lower o, and using data with
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more limited spatial extent, Poci, Cappellari & McDermid (2017)
noted that there was a break in the y; -0, relation for ETGs around
lgo. < 2.1 and below that value the profiles were becoming more
shallow. Both the nearly constant region and the turnover were seen
much more clearly by Li et al. (2019), using both spirals and ETGs
from MaNGA, as we do here, but on a smaller sample of galaxies.
Our results confirm and strengthen all previous trends on the y,—o.
relation, although the trend at low o is slightly different from the one
in Li et al. (2019) due to the updated stellar kinematics of MaNGA
DAP (Law etal. 2021). As concluded in Law et al. (2021), the scientific
results based on the velocity dispersion far below the instrumental
resolution (70 kms™") should be re-evaluated, leading to the higher
o. and steeper total slopes of the final MaNGA data release at the
low-o . end when compared to Li et al. (2019). The scatter decreases
from 0.37 to 0.12 (a median value of 0.27) with increasing o.

Here we also look at the dependency of y; on the age of the
stellar population. As shown in Fig. 8, we find that the y, varies
with stellar age at fixed o, indicating the correlations between total
density slopes and stellar age. This is consistent with the difference in
total slopes of ETGs and LTGs reported by Li et al. (2019) and with
the difference in total slopes between young/old galaxies at fixed o
described by Lu et al. (2020). In Fig. 9, we present the y,—o. relations
for galaxies with different age. For the old galaxies (the top panel in
Fig. 9), a turnover of the relation is found, and the turnover point,
(0 ~ 179kms™"), is slightly small than the one for the full sample.
For the galaxies with younger stellar populations (the second panel
in Fig. 9), the relation monotonically increases with increasing o,
with a slope of b = 0.596. A similar monotonically increasing y;—o.
relation but with a steeper slope (b = 1.092) is found for the youngest
galaxies (the third panel of Fig. 9).

In Fig. 10, we present the relations for the ETGs (top panel),
LTGs (second panel), SRs (third panel), and satellite galaxies (bottom
panel). For the galaxies with different morphology (i.e. ETGs and
LTGs), we find that the total slopes of LTGs are shallower than
those of ETGs. This is consistent with the finding in Fig. 9 that
the galaxies with younger stellar age have shallower total density
slopes. Specifically, the y,—o. relation of MaNGA ETGs qualitatively
agrees with that of ATLAS?P plus Sloan Lens ACS (SLACS; Poci,
Cappellari & McDermid 2017). Compared to the relation derived
from the full sample, the total slopes of SRs are shallower in the
range of 1g(o./kms~!) < 2.25 (consistent with the trend of ETGs).
The trend of satellite galaxies is similar to that of the full sample
(dominated by the central galaxies) but is systematically steeper by
~0.1, which had been found in Li et al. (2019). We only show
the empirical relations in this section, the more detailed study on
the total density slopes and the comparison with the predictions of
cosmological simulations is presented in Li et al. (2023).

3.4 The fpm(<R.)-M, relation

As shown in fig. 11 of Paper I, there is no systematic bias in
dark matter fraction fpm(<R.) between different assumptions on
the orientation of velocity ellipsoid (i.e. JAM.y versus JAMgyp).
However, the mass models with different assumptions on the dark
matter component may significantly affect the dark matter fraction
for a small subset of galaxies (fig. 14 in Paper I), thus we use two
mass models (NFW and gNFW models) to investigate the robustness
of fom(<R.)-M, relations. Furthermore, we also select the galaxies
with [fpm, eyt — fom, spul < 0.1 to avoid the possible effect of bad
modelling, as suggested in table 2 of Paper I. In the left panels of
Fig. 11, the dark matter fraction for both models is presented (NFW
model in the top panel, gNFW model in the bottom panel), with
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Figure 9. The gNFW models inferred mass-weighted total density slope as
a function of o for galaxies with different stellar ages. From top to bottom:
the relations for old galaxies, intermediate galaxies, and young galaxies are
presented. The grey contours are the kernel density estimate for the galaxy
distribution. The symbols are coloured by stellar age. The black solid curve
is the best-fitting relation derived from the full sample, while the black
dashed curves (lines) represent the best-fitting relations of the corresponding
subsample (the best-fitting parameters are shown in Table 1).

coloured symbols corresponding to different modelling qualities. In
agreement with previous studies (Cappellari et al. 2013a; Shetty et al.
2020), the galaxies with the best modelling quality statistically have
lower dark matter fractions. This is most likely due to the dark matter
estimates being unreliable for low-quality data. For this reason, we
will show the dark matter fraction relations for different modelling
qualities in the following discussions.

In the top right panel of Fig. 11, we find a trend of fpm(<Re)—
M, relation for Qual > 1 galaxies: the median dark matter fraction
rapidly decreases with an increasing stellar mass within the range
of M, < 10'°Mg, (from 40 per cent to 10 per cent), and remains
nearly unchanged for M, > 10' M, galaxies (10 per cent). For
the galaxies with better modelling quality (i.e. Qual = 3), the trend
is quantitatively unchanged. The scatter, which is defined as (84—
16th percentile)/2, also decreases with increasing stellar mass from
50 per cent to 10 per cent. A similar trend is also found for the gNFW

7, for different galaxy types
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Figure 10. The gNFW models inferred mass-weighted total density slope as
a function of o, for ETGs, LTGs, SRs, and satellites (from top to bottom).
The symbols, curves, and grey contours are the same as Fig. 9. The relation
obtained from ATLAS?P plus SLACS (Poci, Cappellari & McDermid 2017)
is shown as the blue dashed line in the top panel.

model (bottom right panel of Fig. 11), thus the trend of fpm(<R.)-M.
is not affected by mass model differences.

Moreover, we find that the dark matter fractions of older galaxies
are lower at fixed stellar mass, indicating the diverse dark matter
fraction for different stellar ages (the top panel of Fig. 12). In Fig. 12,
the generally low dark matter fractions (with a median of 7 per cent
and 90th percentile of 25 per cent for Qual > 1 galaxies) are found for
the galaxies with lg(Age/yr) > 9.7. The younger Qual > 1 galaxies
with9.4 < Ig(Age/yr) < 9.7 also have M, -independent and low dark
matter fractions with a median of 8 per cent and 90th percentile
of 38 per cent. We find more Qual > 1 galaxies with high dark
matter fraction (90th percentile of 80 per cent) in the stellar age bin
of lg(Age/yr) < 9.4, although the median value (9 per cent) still
indicates that this sample is dominated by galaxies with low dark
matter fraction. The conclusions do not change if we only account
for the galaxies with the best modelling quality (Qual = 3), as the
relations are nearly identical in the range of 10! < M, < 10" M.
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Figure 11. The dark matter fractions within a sphere of R, as a function of Salpeter IMF-based stellar mass M., which is taken from the SPS models (equation 6).
From top to bottom, the results of NFW and gNFW models are shown, with symbols coloured by different modelling qualities and stellar age in the left and right
panels, respectively. In the right panels, the dashed curves represent the median values in different mass bins for the Qual > 1 galaxies, while the grey-shaded
region is enclosed by [16th, 84th] percentile values. The solid curve is the median relation for Qual = 3 galaxies. The grey contours are the kernel density

estimate for the galaxy distribution.

To explore the effects of galaxy types on dark matter fraction,
we also present the relations for different subsamples (ETGs, LTGs,
SRs, and satellite galaxies) in Fig. 13. The most significant difference
in fpm(<Re)-M, relations lies in the morphology of galaxies: the
dark matter fractions of ETGs remain nearly constant for different
M,, while the LTGs’ dark matter fractions strongly correlate with
M,. For ETGs, we find the generally low dark matter fractions,
with a median value of fpm(<R.) = 7 per cent for the Qual > 1
sample (6 per cent for the Qual = 3 sample). In addition, 90 per cent
of Qual > 1 ETGs have fpy(<R.) < 23 per cent, while the value
becomes fpm(<R.) < 15 per cent for Qual = 3 ETGs. The results
agree with recent studies based on detailed stellar dynamical models:
Cappellari et al. (2013a) found a median fpm(<R.) = 13 per cent for
the full sample of ATLAS?P and fpom(<R.) =9 per cent for the sample
of best models (i.e. quality > 1 in table 1 of Cappellari et al. 2013a);
Posacki et al. (2015) constructed JAM models for 55 ETGs of the
SLACS sample and found a median fpm(<R.) = 14 per cent; Shetty
et al. (2020) investigated 148 ETGs in the Virgo Cluster and reported
a median value of fpy(<R.) = 25 per cent and 90th percentile value
of 34.6 per cent. Our values also are broadly consistent with the
fom(<R.) range of earlier stellar dynamics studies (e.g. Gerhard
et al. 2001; Cappellari et al. 2006; Thomas et al. 2007; Williams,
Bureau & Cappellari 2009), which are obtained from a much smaller
sample, but on the lower limit. Our dark matter fractions tend to
be smaller than those derived for a subset of 161 SAMI passive
galaxies by Santucci et al. (2022). This may be due to the lower data
quality and more general models used in that study. Other studies
based on gravitational lensing (e.g. a median of 23 per cent in Auger
et al. 2010) or the joint lensing/dynamics analysis (e.g. a median of

MNRAS 527, 706730 (2024)

31 per cent with assumed Salpeter IMF in Barnabe et al. 2011) also
support the low dark matter fraction in ETGs.

As opposed to the invariant low dark matter fractions in ETGs,
the LTGs have diverse dark matter fractions for different stellar
masses. In the second panel of Fig. 13, the fom(<R.) decrease with
increasing stellar mass till M, = 10' Mg, above which a flattening
trend is observed. A similar trend had been reported by Tortora et al.
(2019), which uses the H1 rotation curves of 152 LTGs in the Spitzer
Photometry and Accurate Rotation Curves (SPARC) sample (Lelli,
McGaugh & Schombert 2016) to infer the dark matter fraction by
assuming a constant K-band stellar M/L of 0.6 M /L k. Courteau &
Dutton (2015) found a monotonically decreasing trend that differs
from the one in MaNGA, but their result was determined from a
much smaller sample and hence suffered from larger uncertainty.
However, we cannot use the sample of the best quality (Qual = 3) to
confirm the rapidly decreasing trend in the range of M, < 10'° M,
due to too few Qual = 3 galaxies within that mass range.

In the third panel of Fig. 13, we present the relation for SRs,
which are dominated by the ETGs with an old stellar population.
In consistent with the trends of old galaxies (Fig. 12) and ETGs
(Fig. 13), the SRs have M,-independent low dark matter fraction
(with a median of 8 per cent). We also present the dark matter
fractions of satellite galaxies in the fourth panel of Fig. 13. Compared
to the full sample, the satellite galaxies are older at fixed o
(especially at low-o . end), which is due to the environmental effects
on the quenching of satellites (Peng et al. 2012; Wang et al. 2020).
The satellite galaxies with old stellar age tend to have low dark matter
fractions (with a median of 7 per cent), in agreement with the trend
found in Fig. 12.
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Figure 12. The NFW models inferred dark matter fractions within a sphere
of R as a function of Salpeter IMF-based M, for old galaxies, intermediate
galaxies, and young galaxies (from top to bottom). The symbols, curves, and
grey contours are the same as Fig. 11.

3.4.1 Effects of M,/L gradients

When deriving total density profiles or total M/L, our dynamical
models are formally correct, regardless of possible gradients in the
stellar M/L, as long as our parametrization of the total density is
sufficiently flexible to describe the real one. This is because the
models only need to know the distribution of the luminous tracer
population, from which we derive the kinematics, which is well
approximated by the observed surface brightness. The models do not
need to know the composition of the total density. However, when
we decompose the total density into luminous and dark components,
our results obviously depend on our assumption for the stellar M/L.
We know that the adopted assumption of spatially constant stellar
M/L in our models is just an approximation, as the stellar population
gradients (including age, metallicity, and stellar M/L) in MaNGA
galaxies had been reported (Goddard et al. 2017; Zheng et al. 2017;
Li et al. 2018; Dominguez Sanchez et al. 2019; Ge et al. 2021;
Parikh et al. 2021; Paper II). Compared to the assumption of spatially
constant stellar M/L, the M,/L with negative radial gradients will
steepen the stellar mass density profile, while the positive gradients
of M, /L have the opposite effect. Since the dynamical models only put
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Figure 13. The NFW models inferred dark matter fractions within a sphere
of R, as a function of Salpeter IMF-based M, for ETGs, LTGs, SRs, and
satellites (from top to bottom). The symbols, curves, and grey contours are
the same as Fig. 11.

direct constraints on the total mass distribution, the decomposition
between luminous and dark matter components is based on the
assumption of more extended dark matter mass distribution (i.e.
the shallower mass density slope), which allows us to constrain
the contribution of dark matter. Thus the stellar mass or the dark
matter fractions inferred from dynamical models can be potentially
affected by the steeper (shallower) stellar mass-density slopes when
accounting for the negative (positive) M, /L gradients (e.g. Bernardi
et al. 2018).

Asdiscussed in section 3.3.2 of Paper I, the total density profile still
can be correctly estimated for the models with constant M, /L. In order
to study the effects of M,/L gradients, we introduce these gradients
into the stellar mass-density profiles and rerun the decomposition
between luminous/dark components. We measured the radial profiles
using MGE_RADIAL_MASS in JAMPY for both the stars, after applying
M, /L gradients, and dark matter. Then we use these profiles to
perform a least-squares fitting to the total density derived in the
same way from the original models with constant M,/L. The fitting
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Figure 14. The comparison of the quantities (M4/L, fpm(<Re), y7) between the models with assumed spatially constant M./L (y-axis) and the models with
M, /L gradients (x-axis). The symbols are coloured by the (M,/L)sps gradients, which are derived from the SPS models with assumed spatially constant Salpeter

IMF (see Section 2.4 and Paper II for more details about the gradients). At each panel, the black solid line represents the one-to-one relation.
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Figure 15. The dark matter fractions when incorporating the stellar M/L gradients into the stellar mass density profile. The panels are the same as Fig. 11.

is performed within the region where the kinematic data are available.
For a given M,/L of the innermost luminous Gaussian and the M, /L
gradient, we calculate the expected M,/L values at all luminous
Gaussians’ dispersions and assign them to the Gaussians. We use
the (M,/L)sps gradients in this test, which are taken from the stellar
population analysis for the full sample of MaNGA galaxies (see
Section 2.4 and Paper II for more details). The (M,/L)sps gradients
are estimated within 1R, but we apply the gradients to the region
where we have kinematic data. However, this gradient scaling that
extends beyond 1R, will not affect the quantities measured within
1R, e.g. fom(<R.), in this test. Note that the (M,/L)sps are derived
by assuming spatially constant Salpeter IMF (Salpeter 1955) and we
do not account for the radial variation of IMF (e.g. van Dokkum et al.
2017) here (see Smith 2020, for a review on the IMF variations).
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Fig. 14 shows the quantities derived from the models with M, /L
gradients and those derived from the models with constant M,./L. We
use the LTS_LINEFIT procedure to compare the two sets of quantities
that are related to the decomposition in terms of luminous and dark
components, i.e. the effective stellar M/L within R, (M,./L)., the dark
matter fractions within R. fpm(< R.), and the total density slopes y;.
Given that ~80 per cent of our sample (Qual > 1) is dominated by
the galaxies with negative M, /L gradients and the median (M,./L)sps
gradient is —0.095 dex/R., the dark matter fractions systematically
but slightly increase. Finally, we find that the total density slopes ¥,
are quite consistent for the two kinds of models, confirming the good
fitting qualities of the models that incorporate the M, /L gradients.
Fig. 15 shows the fpm(<R.)-M, relations using the models (including
NFW and gNFW models) with M,/L gradients. Compared to the
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Dynamical properties on mass-size plane

1.2 -

0.8

e
.

e
=)

dleplrojlecilzedI )\]{I{e
" 0.25 ’

0.75

lg R [kpc]

=
N

0.8

0.4

0.0

Figure 16. The distributions of dynamical properties (o, deprojected Ag,, Y1, and fpm(<Re)) on the Mjam—Re
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plane. The deprojected Ag, is obtained by

deprojecting the Ag, to the edge-on view using the best-fitting inclination derived from JAM models. The distributions are smoothed by the LOESS software
with frac = 0.05. In each panel, the dashed lines correspond to the 50, 100, 200, 300, 400, and 500 km s~! from left to right, which are calculated using

the scalar virial equation o = 1/ GMjam/(5 X Ro' aj). The magenta curve shows the zone of exclusion (ZOE) defined in Cappellari et al. (2013b), with the ZOE

above Myam = 2 x 1019 Mg, is approximately Re" 4

x M?Aﬁ. The outliers beyond the ZOE are the galaxies with strong bars or face-on view, whose dynamical

mass will be overestimated in JAM models (Lablanche et al. 2012). The grey contours show the kernel density estimate for the galaxy distribution.

relations in Fig. 11, the trend of rapidly decreasing of fpm(<R.) with
increasing M, at the low-mass end and nearly unchanged fpm(<Re)
at the high-mass end still exists, but the fppm(<R.) are systematically
larger by ~ 7 per cent for the NFW models (~13 per cent for the
gNFW models).

3.5 Dynamical properties on the mass—size plane

As shown in Section 3.1, the MP, which consists of the mass Mjanm,
the velocity dispersion o, and the size R;‘”j, satisfies the scalar virial
theorem very well especially when accounting for the inclination
effects (the bottom panels of Fig. 3). However, the edge-on view
of the MP is thin and the galaxy properties smoothly vary with o,
hence the tight MP does not contain too much useful information on
the galaxy formation and evolution. For the face-on view of the MP,
the galaxies with different properties located in different regions
had been found using the SDSS single fibre spectrum (Graves,
Faber & Schiavon 2009; Graves & Faber 2010). With the advent of

spatially resolved spectroscopic observations (e.g. ATLAS?P, SAMI,
MaNGA, and LEGA-C) and the more accurate dynamical mass
measurements, the inhomogeneous distributions of galaxy properties
on the mass—size plane are confirmed (Cappellari et al. 2013b;
McDermid et al. 2015; Scott et al. 2017; Li et al. 2018; Barone
et al. 2022; Cappellari 2023). Most of the previous studies focus on
the stellar population properties (e.g. the stellar age and metallicity)
on the mass—size plane, but the distributions of dynamical properties
(e.g. the stellar angular momentum and total density slopes) also put
constraints on the evolutionary path of galaxies (see section 4.3 of
Cappellari 2016, for a review).

In Fig. 16, we present the stellar velocity dispersions o, the
deprojected specific stellar angular momentum proxy Ag,, the total
density slopes ¥;, and the dark matter fractions within an effective
radius fpm(<Re) on the mass—size plane. In the top left panel of
Fig. 16, the observed o, follows the constant ¢ lines, which are
predicted from the scalar virial equation My =5 x R™o2/G
(Cappellari et al. 2006), where Mjay; is derived from JAM models
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(equation 3) and R™ is the semimajor axis of half-light elliptical
isophote (Section 2.3). In the top right panel, we show the deprojected
Ag,, which is approximately estimated from the observed one (given
by equation 7) by deprojecting the observed velocity to the edge-on
view using the best-fitting inclination derived from JAM models. The
deprojected A, do not quite follow lines of constant o. Instead, as
previously found (Cappellari et al. 2013b, fig. 8), we confirm that
AR, is mainly driven by the stellar mass rather than o, with most
SRs (the galaxies with Ag, < 0.2 and red colour in the top right
panel of Fig. 16) being present above a characteristic mass M ~
2 x 10" Mg as found by a number of studies (Emsellem et al.
2011; Cappellari 2013; Cappellari et al. 2013b; Veale et al. 2017;
Graham et al. 2018). See review by Cappellari (2016). Additionally,
we find that above M. the SRs are concentrated at the largest
0c > 200 km s~'. We also find a smaller decrease of A re With o¢
and especially near the magenta curve above its break in Fig. 16,
i.e. the zone of exclusion (ZOE) that is roughly described as
R™ o« MY%15 above the break (Cappellari et al. 2013b). A similar
trend of decreasing angular momentum is being associated with
larger bulges and galaxies deviating from the star-forming main
sequence was discussed in Wang et al. (2020). This trend, as well as
the trends of stellar populations (see fig. 8 of Paper II), is consistent
with the distribution of galaxy morphological types on the mass—
size plane: the slopes of individual Hubble types parallel to the
ZOE, with the ETGs locating closer to the ZOE and the LTGs being
further away from the ZOE (Bender, Burstein & Faber 1992; Burstein
et al. 1997; Cappellari et al. 2013b, fig. 9). The overall trend of
AR, on the (M, R.) plane can be understood as the combination of
two effects: (i) larger bulges make Ag, lower and produce a weak
trend of decreasing A, with decreasing R, at fixed stellar mass; (ii)
massive SRs, which are likely the results of early dry mergers (e.g.
Bezanson et al. 2009; Naab, Johansson & Ostriker 2009; Cappellari
2016), produce the bump of low Ag, galaxies above M, and for
0. 2200 km s~

The bottom left panel of Fig. 16 also shows the parallel distribu-
tions of the total density slopes y; along the direction of the ZOE
above the break My = 2 x 10'° Mg, with the total density slopes
become steeper moving towards the ZOE. This trend is qualitatively
similar but much stronger than the one previously seen by the
ATLAS?P survey in ETGs (Cappellari 2016, fig. 22c). This trend of
steeper y, with increasing o, agrees with the y,—o, relation (Fig. 8)
but the constant y; lines are not strictly following the constant o
lines. Instead, the slight tilt between the constant o, lines and the
constant ;- lines is consistent with the scatter of the y,—o. relation:
atfixed o (or Mjam), the ¥ is steeper for the galaxies with old stellar
ages and smaller sizes. Moreover, for the old galaxy populations (or
ETGs) close to the ZOE, a transition of y; from slightly steeper
than isothermal (¥, 2 2.4) to nearly isothermal (3, ~ 2.2) moving
towards the upper right of the plane is also observed. At the largest
0., the steepest total slopes are not found for the most massive
galaxies, also consistently with Cappellari (2016, fig. 22c). This can
be interpreted as due to SRs dominating the largest masses. They
tend to have more shallow density profiles than FRs of similar o,
due to the lack of gas dissipation.

We present the dark matter fractions on the mass—size plane in the
bottom right panel of Fig. 16. Most of the galaxies have low dark
matter fractions, while the galaxies with low masses, young stellar
ages, high Ag,, and shallow total density slopes tend to have non-
negligible dark matter fractions. Compared to the distributions of A g,
and y,, we find similar parallel sequences of dark matter fractions
but a transition of fpm(<R.) for the old galaxies (or ETGs) along
the direction of the ZOE is not observed. It is the first time that
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such a clear trend in fpy(<R.) was observed. It is a robust result,
nearly model independent, that can be qualitatively understood even
without the need for quantitative dark matter decompositions: the
reason is that total slopes ¥, are significantly lower (shallower) than
most of the stellar densities of the galaxies in that region. Only (i) a
significant dominance of dark matter combined with (ii) shallow dark
matter profiles can produce such flat total densities. The increase of
Jom(<R.) is also consistent with our comparison between the total
(M/L)jam and the stellar (M,/L)sps derived from stellar population
in Paper II. It appears to be the reason for the parabolic form of the
(M/L);am—0 ¢ relation (Lu et al. 2023b).

4 DISCUSSION

As suggested by the IFS results of nearby ETGs (Cappellari et al.
2013b; Cappellari 2016) and the observations of high-redshift ETGs
(van der Wel et al. 2008; van Dokkum et al. 2015; Derkenne et al.
2021), two different build-up channels are needed to explain the
evolutionary tracks on the mass—size plane: (i) the gas accretion
or minor gas-rich mergers; and (ii) the dry (i.e. gas-poor) mergers.
Here, we revisit the two-phase evolution scenario in Fig. 16, as we
use a larger sample that contains different morphological types. At
the first stage when the LTGs (spirals) formed (i.e. the formation
of stellar discs; Mo, Mao & White 1998), the galaxies are still star
forming (young stellar age), have high stellar angular momentum
(high Ag,), and have small bulges (low o). The accreted cold gas
falls in the inner regions of the LTGs, leading to enhanced in situ
star formation activities, steeper total density profiles (Wang et al.
2019), and lower central dark matter fractions. Meanwhile, the bulges
grow (with increasing o and decreasing A, ) and the star formation
rates become lower (resulting in older stellar age) due to the bulge-
related quenching mechanisms [e.g. the active galactic nuclei (AGN)
feedback], until the galaxies become fully quenched (e.g. Chen et al.
2020). During the in situ star formation and subsequent quenching,
both the galaxy masses and o. increase, while the galaxy sizes
(quantified by effective radius) decrease (Cappellari et al. 2013b)
or increase with a shallow slope of R, o« MY%3; (van Dokkum et al.
2015). During the non-violent quenching mechanisms, the fast-
rotating disc structures still remain but the stellar ages become older
and the bulge fractions increase, leading to the transformation from
LTGs to SO galaxies (fast-rotating ETGs).

As opposed to the decreasing (Cappellari et al. 2013b) or slowly
increasing (van Dokkum et al. 2015) galaxy sizes in the gas accretion
channel, the size evolution is more significant in dry mergers (in-
cluding the major dry mergers that merge with comparably massive
galaxy and the minor mergers that accrete many small satellites).
For the major dry mergers, the galaxy sizes increase as the masses
grow proportionally, with the o remaining nearly unchanged, thus
the galaxies move along the constant o. lines upwards. For the
minor dry mergers, the sizes increase by a factor of 4 for doubling
masses, while o, are twice smaller (Bezanson et al. 2009; Naab,
Johansson & Ostriker 2009), leading to the evolutionary track that
is steeper than the constant o. lines. The dry mergers reduce the
stellar angular momentum through both the major mergers (Hopkins
et al. 2009; Zeng, Wang & Gao 2021) and the minor ones (Hopkins
et al. 2009; Qu et al. 2010), making it able to explain the transition
of Ag, along the direction of the ZOE for the ETGs (top right
panel in Fig. 16). Moreover, the evolution of total density slopes is
also explainable: the slopes become slightly steeper than isothermal
through the gas accretion process and then become shallower again
through the dry mergers until reaching nearly isothermal (Xu et al.
2017; Wang et al. 2019). Given that there is little gas involved in
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Table 1. We summarize the empirical dynamical scaling relations (i.e. the FP,

723

MP, Ig (M /L)jam—1g oc, Y3—0c, and the fpm(< Re)-1g M, from top to

bottom) for the full sample, the subsamples with different stellar age (young, intermediate, and old), the subsamples of different morphological types (ETGs
and LTGs), the satellites, and the slow rotators (SRs). The classifications of subsamples are presented in Sections 2.4 and 2.5. For the FP, MP, total M/L,
and total density slopes, the columns from left to right are: (1) the sample; (2) the function of the relations to be fitted with; (3) the best-fitting parameters;
and (4) the figures in which the relations are presented. For the dark matter fraction, we present the [10th, 16th, 50th, 84th, 90th] percentile values for both
Qual > 1 and Qual = 3. The L, Mjam, M., and (M/L)jam are in solar units, while the units of velocity dispersion (o and aei“t’) and size (R and Rg'™V) are
kms~! and kpc, respectively. For the linear relations, A is the observed rms scatter derived from the LTS_PLANEFIT or LTS_LINEFIT procedures.

Sample Function Parameters Ref.
The Fundamental Plane and deprojected Fundamental Plane
ETGs lgL=a+bx(go.—x))+cx (g R — yo) a=10.5551, b = 0.982, c = 1.026, xop = 2.11, yo = 0.80, A = 0.13 Fig. 3
LTGs lgL=a+bx(go.—x0)+c x (g Re— yo) a=10.5994, b = 1.590, ¢ = 1.068, xo = 2.11, yo = 0.80, A = 0.17 Fig. 3
ETGs lgL=a+bx(g o*ei"" —x0) +c¢ x (g Remaj - Y0) a=10.4873, b = 0.881, ¢ = 1.063, xo = 2.11, yo = 0.80, A = 0.14 Fig. 3
LTGs lg L=a+bx (g o™ —xg)+cx (g RM™ _ Yo) a=10.3738, b = 1.986, c = 0.635, xp = 2.11, yo = 0.80, A = 0.18 Fig. 3
The Mass Plane and deprojected Mass Plane
ETGs lg Mjav = a + b x (Ig 0. — x0) + ¢ x (Ig RTY — yp) a=11.0432, b = 1.985, c = 0.9428, xg = 2.11, yo = 0.80, A = 0.067 Fig. 4
LTGs Ig Miay = a + b x (g 0 — x0) + ¢ x (Ig R™ — y0) a=11.0136, b = 1.948, ¢ = 1.000, xo = 2.11, yo = 0.80, A = 0.11 Fig. 4
ETGs Ig Mjam = a+b x (Ig aei“" —x0) + ¢ x (g R;ﬂaj = Yo) a=10.9983, b = 2.056, c = 0.9221, xo = 2.11, yo = 0.80, A = 0.071 Fig. 4
LTGs lg Mjam = a + b x (Ig o™ — xp) + ¢ x (Ig R — Yo) a =10.9592, b = 2.080, ¢ = 0.8608, xo = 2.11, yo = 0.80, A = 0.068 Fig. 4
The 1g (M /L)jam—1g o, relations
Full Ig(M/L)jam =1g(M /L)y + A x (Ig 0. — 1g 00) lg(M/L) =0.51,A=1.03,1g 0o = 1.84 Fig. 5
Old 1g(M/L)jam = a + b x (Ig 0e — x0) a=0.6329, b =0.655,xp =2.11, A =0.11 Fig. 6
Intermediate lg(M/L)jam = a + b x (g 0 — x0) a=0.5822,b=0417,x9 =2.11, A =0.16 Fig. 6
Young 1g(M/L)jam = a + b x (1g 0. — x0) a=0.5290, b = 0.028, xo = 2.11, A =0.20 Fig. 6
ETGs lg(M/L)jam = a + b x (Ig 0. — x0) a=0.5739, b = 0.893, xp = 2.11, A = 0.12 Fig. 7
LTGs lg (M /L)jam = 1g(M /L)y + A x (Ig 0. — Ig 09)* lg(M /L), = 0.55,A =1.00,1g oo = 1.89 Fig. 7
Slow rotators 1g(M/L)jam = a + b x (Ig 0e — x0) a=0.5925,b=0.877,x) =2.11, A = 0.085 Fig. 7
Satellites lg(M/L)jam = 1g(M /L)y + A x (Ig 0 — 1g 0p)? lg(M /L), = 0.52,A=0.85,1g 0p = 1.78 Fig. 7
The y,—o. relations
o B
Full z:AO(%)V [%+% (‘L) ] - Ao =2.18,0p = 189, & = 11.13, § = —0.02, y = 030 Fig. 8
v ay Br
ol ;TT:AO(%Z) [%+% (57) ] Ao =1220,00 =179, & = 3.12, f = —0.10, y = 0.20 Fig. 9
Intermediate Yy =a+ b x(1g o — xp) a=19711,b=0.596,xy) =2.11, A =0.25 Fig. 9
Young Yy =a+ b x (g 0. — xp) a=1.8618,b=1.092,xg =2.11, A =0.27 Fig. 9
¥ e
ETGs = (2) [1+4(2)] Ao =224, 04 = 150, = 397.85, f = —0.03, y = 0.11 Fig. 10
aq L
LTGs 7 = Ao (‘L:)V [%+% (‘L) ] ¢ Ap =192, 0y = 138, = 14.27, = 0.14, y = 0.34 Fig. 10
y aq 5
Slow rotators 77 = Ao (%) [% +1 (ib) ] Ao =222, 0 = 174, = 247, f = —0.20, y = 0.14 Fig. 10
y e
Satellites 7= Ao (%) [% +1 (”7) ] Ao =2.19, 00 = 175, = 9.93, = 0.02, y = 0.29 Fig. 10
The fpm(< Re)-1g M, relations
Percentile Values (per cent)
Full [10th, 16th, 50th, 84th, 90th] Qual > 1: [0, 0, 7.6, 26, 37]; Qual = 3: [0, 0, 5.2, 17, 22] Fig. 11
Old [10th, 16th, 50th, 84th, 90th] Qual > 1: [0, 0, 7.3, 20, 25]; Qual = 3: [0, 0, 5.5, 14, 19] Fig. 12
Intermediate [10th, 16th, 50th, 84th, 90th] Qual > 1: [0, 0, 7.7, 29, 38]; Qual = 3: [0, 0, 5.9, 17, 22] Fig. 12
Young [10th, 16th, 50th, 84th, 90th] Qual > 1: [0, 0, 8.4, 53, 77]; Qual = 3: [0, 0, 2.8, 20, 28] Fig. 12
ETGs [10th, 16th, 50th, 84th, 90th] Qual > 1: [0, 0, 6.5, 18, 23]; Qual = 3: [0, 0, 4.6, 12, 14] Fig. 13
LTGs [10th, 16th, 50th, 84th, 90th] Qual > 1: [0, 0, 9.4, 43, 63]; Qual = 3: [0, 0, 4.7, 19, 25] Fig. 13
Slow rotators [10th, 16th, 50th, 84th, 90th] Qual > 1: [0, 0, 7.9, 21, 30]; Qual = 3: none Fig. 13
Satellites [10th, 16th, 50th, 84th, 90th] Qual > 1: [0, 0, 7.4, 29, 38]; Qual = 3: [0, 0, 5.3, 17, 22] Fig. 13

the dry mergers, the dark matter fractions, as well as the stellar
population properties (e.g. age, metallicity, and stellar M/L), remain
unchanged.

In summary, we find that the dynamical properties (o, Ag,, ¥y,
and fpm(<R.)) on the mass—size plane can be explained with the
combination of two evolutionary channels: (i) gas accretion/gas-rich

mergers; and (ii) dry mergers. The young spirals grow their bulges
via the enhanced central star formation induced by gas accretion,
eventually leading to increasing stellar mass and o, steeper total
density profiles, and lower central dark matter fractions, while the
bulge-related quenching mechanisms (e.g. AGN feedback) tend to
turn off the star formation until fully quenched. The non-violent
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quenching does not destroy the fast-rotating discs, thus the galaxies
retain their high Ag,. The gas accretion moves the galaxies from
left to right on the mass—size plane while intersecting the constant
o. lines with decreasing sizes (Cappellari et al. 2013b) or mildly
increasing sizes (van Dokkum et al. 2015). On the contrary, the
dry mergers significantly increase the size (Bezanson et al. 2009;
Naab, Johansson & Ostriker 2009), moving the galaxies upwards
along the constant o. lines (major ones) or steeper (minor ones).
Furthermore, the dry mergers lead to the slowing down of rotation
(Hopkins et al. 2009; Qu et al. 2010; Zeng, Wang & Gao 2021),
the nearly isothermal total density profile (Wang et al. 2019), and
the nearly unchanged central dark matter fraction (due to little
gas involved). The effect of dry mergers is more obvious for the
ETGs close to the ZOE, of which the evolution is dominated by dry
mergers.

5 SUMMARY

In this paper, we present the dynamical scaling relations for ~6000
nearby galaxies selected from the MaNGA SDSS DR17 sample
based on their dynamical modelling qualities (i.e. Qual > 1 as
defined in Paper I). The dynamical quantities for the Qual > 1
galaxies had been demonstrated to have negligible systematic bias
and small scatter between different models (Paper I, table 3). Based
on the dynamical quantities in Paper I and the stellar population
properties in Paper II, we investigate the FP, the MP, the total
MIJL, the total density slopes, the dark matter fractions, and the
mass—size plane with combined dynamical and stellar population
analysis. We classify the galaxies into subsamples based on their
stellar ages: the old population (Ig (Age/yr) > 9.7), the intermediate
population (9.4 < lg(Age/yr) < 9.7), and the young population
(Ig (Age/yr) > 9.4), and investigate how the relations change with
stellar population. Moreover, we also present the relations for sub-
samples of different morphological types (ETGs or LTGs), satellites
(classified by the Yang07 group catalogue), and SRs (occupied by
ETGs). The dynamical scaling relations for the full sample and
different subsamples are presented in Table 1.
We summarize the main results as follows.

(1) We confirm that the deprojected MPs for both ETGs and LTGs,
which have been corrected for the inclination effect, agree very well
with the virial predictions in terms of the coefficients (b ~ 2, ¢ &
1) and the negligible intrinsic scatter (middle panels in Fig. 4). This
confirms previous findings that the tilt and the scatter of the FP are
mainly due to the variation of total M /L along and perpendicular to
the FP, while the effect of non-homology in light profiles (captured by
the Sersic index) is negligible (bottom panels in Fig. 4). The variation
of total M/L for ETGs is dominated by the stellar mass-to-light ratio
M. /L variation (captured by the stellar age), while the one for LTGs
can be attributed to the M, /L variation at L > 10'*2 L , and the
fom(<R.) variation at L < 10'%? L, , (Fig. 3).

(ii)) We measure a clear parabolic variation in the total mass-to-
light ratios M/L variation with o.: the total M/L is larger for the
galaxies with higher o (see Fig. 5 and equation 11). For the galaxies
with different stellar ages, the M/L—o . relations can be described as
straight lines with different slopes and the slopes become steeper for
the older galaxies (Fig. 6). The ETGs and SRs have nearly linear
M/L—o . relations, while the relations of LTGs and the satellites are
similar to the one for the full sample (Fig. 7).

(iii) We confirm and improve previous determinations of the
relation between the mass-weighted total density slopes y; and o.
Our best-fitting relation has the form of equation (13) (see Fig. 8):
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the 7, gets steeper with increasing o until 1g (o, /kms™') & 2.25,
above which the ¥ remain unchanged with good accuracy at
the ‘universal’ value y, & 2.2 reported by previous studies. We
additionally look for trends as a function of stellar age and find
that the trend varies with the mean age of the stellar population.
At fixed o, the ¥, is steeper for the older population. The slopes
of y,—o. relations become shallower with increasing stellar age,
while the turnover of the ,—o. relation only exists for the old
galaxies (Fig. 9). We also find that the LTGs have systematically
shallower total slopes than the ETGs and the satellites have system-
atically steeper (=0.1) than the full sample (dominated by central
galaxies).

(iv) We show the dark matter fraction relations using two mass
models and confirm that our fpy(<R.)-M, relations are not affected
by the model differences (Fig. 11). The fpm(<R.) decreases with
increasing M, until M, = 10'0 Mg, above which the fpm(<R.)
remains unchanged and small (%10 per cent). However, we highlight
for the first time that o. or the age of the stellar population is
better predictors of fpm(<R.) than the stellar mass that is generally
used. The dark matter fractions increase to a median of fppm(<R.) =
33 per cent for galaxies with o, < 100 km s~!. We find that only
young galaxies show a strong dependence of fpm(<Re) on the M,,
while the intermediate and old galaxies have invariant low dark matter
fraction (Fig. 12). A significant difference in the relations between
ETGs and LTGs is observed: the ETGs have invariant low dark matter
fractions (a median of 7 per cent), while the LTGs show a decreasing
trend with increasing M, (Fig. 13). The above results do not change
when only using the best quality (Qual = 3) sample (the black solid
curves in Figs 11-13), although the Qual = 3 sample only covers a
stellar mass range of M, = 10'7115 M.

(v) We incorporate the stellar M/L gradients (taken from the stellar
population analysis in Paper II) into the dynamical models to test the
effect of spatially constant M,/L assumption (Section 3.4.1). If we
assume that the galaxies have the same M, /L gradients as inferred
from the SPS models, the fpm(<R.) increase by ~7 per cent for
the NFW models (~13 per cent for the gNFW models). The trend
of fom(<R.)-M, relation does not change qualitatively under this
assumption of M,/L gradients (Fig. 15).

(vi) The dynamical properties (o¢, Ag,, ¥y, and fpm(<R.)) on the
(MJAM—Rg“aj) plane (Fig. 16) can be qualitatively interpreted by the
scenario of two evolutionary channels: (i) the bulge growth (through
gas accretion or gas-rich mergers) moving the galaxies from left to
right, while increasing the o, making the ¥, steeper, reducing the
central dark matter fraction, leaving the A, nearly unchanged; and
(ii) the dry mergers moving the galaxies along the constant o lines
upwards, while decreasing the Ag,, changing the ¥, to be nearly
isothermal, and leaving the dark matter fractions unchanged.
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APPENDIX A: EFFECTS OF THE Qual =0
GALAXIES ON THE FP, MP, AND M/L

We present the FP, MP, and (M/L).—o . relation for the Qual > 0
sample (9360 galaxies) in Figs Al, A2, and A3, respectively. With
the Qual = 0 sample included, the FP and MP for the ETGs remain
nearly unchanged, while the planes for the LTGs have a larger
scatter. In this case, the distributions of stellar age, Sersic index,
and dark matter fraction on the FP and MP are similar, suggesting
that the conclusions in Section 3.1 still hold when including the
Qual = 0 sample. Moreover, we find that the (M/L).—o . relation for
the Qual > 0 sample is consistent with the one for the Qual > 1
sample (Section 3.2) at o, = 60kms~!, below which the Qual = 0
galaxies with low o . systematically have smaller M/L than Qual > 1
galaxies.
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Figure A1. The same as Fig. 3, but for the Qual > 0 sample.
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Figure A2. The same as Fig. 4, but for the Qual > 0 sample.
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Figure A3. The same as Fig. 5, but for the Qual > 0 sample. The best-
fitting relation for the Qual > 1 galaxies (black solid line) is consistent with
the median relation of the Qual > 0 sample (black dashed line) at o, >
60kms~!.

APPENDIX B: THE ORIGINAL SCATTER
ORTHOGONAL TO THE LOESS-SMOOTHED
SCALING RELATIONS

A two-dimensional LOESS-smoothed map is a way of visualizing the
average value of a function that depends on two variables. It is similar

to the average trend that is often shown in one-dimensional plots, but
in two dimensions. LOESS is a more robust and accurate method than
a simple average because it takes into account the variation around
each point. However, unlike a one-dimensional plot, it is difficult to
visualize both the mean value and the scatter in a two-dimensional
map. One way to show the scatter would be to use non-smoothed
maps with colours, but this can be confusing for the human brain. A
better way is to show an approximate edge-on view of the average
trends computed by LOESS.

In general, the average trends in two dimensions do not need
to follow simple planes but will be described by more complex
surfaces. This implies that there may not be a single direction that
shows the surfaces edge-on. However, we can show the surfaces
along an approximate direction that minimizes the scatter around
the LOESS surface. To achieve this, we use LTS_PLANEFIT software
to fit a plane to the LOESS-smoothed values Z; oess = a + b X (X —
Xo) + ¢ x (Y — Yp) and then rotate best-fitting plane to be edge-on
view.

The results are shown in Figs B1 and B2 for all plots where
we show LOESS-smoothed quantities in the main text. These plots
allow one to visually assess the scatter around the best-fitting
LOESS trends. The LOESS-smoothed trends follow the original
trends very well in all plots except for the bottom right panel
of Fig. B2, which seemingly shows a slight offset. However, as
clearly shown in fig. 2 of Lu et al. (2023b), the red points in this
plot approximately follow the original fpm(< Re)-lg o, relation
(we confirmed that there is a strong linear anticorrelation between
lg 0. and the best-fitting a + b x Ig Miam + ¢ x lg R™), while
the cluster of black points at fpm(<R.) = 1 is outliers that can
be clipped with the 1g(M,/L)-1g o, relation (Lu et al. 2023b,
fig. 1).
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Age scatter around LOESS for lg (M/L)jan —1goe, 7, —1go. and fpyu( < R.) —lg M, relations
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Figure B1. From left to right, the panels show the stellar age scatter orthogonal to the 1g (M / L)jam—1g e, Yr—1g 0, and fpm(<Re)-M. relations, corresponding
to edge-on view of the top panel of Fig. 5, the bottom panel of Fig. 8, and the top right panel of Fig. 11. The angle of edge-on view is determined from fitting
aplane Zopss = a + b x (X — Xo) + ¢ x (Y — Yp) to the LOESS-smoothed values (X, Y, Z;oess) (see the text in Appendix B). The black symbols denote the
original data (the grey contours show the kernel density estimate), while the red symbols correspond to the LOESS-smoothed data.
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Figure B2. The scatter of galaxy properties on the mass—size plane. The panels are similar to Fig. 16, but in the edge-on view of (Mjam, Rlemj, Zi0rss) planes,
where Z ogss are the LOESS-smoothed o, deprojected A g, , Y7, and fpm(<Re). The symbols and contours are similar to Fig. B1.
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