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A B S T R A C T 

This is the first paper in our series on the combined analysis of the Dynamics and stellar Population (DynPop) for the MaNGA 

surv e y in the final SDSS Data Release 17 (DR17). Here, we present a catalogue of dynamically determined quantities for 
o v er 10 000 nearby galaxies based on integral-field stellar kinematics from the MaNGA surv e y. The dynamical properties are 
extracted using the axisymmetric Jeans Anisotropic Modelling (JAM) method, which was previously shown to be the most 
accurate for this kind of study. We assess systematic uncertainties using eight dynamical models with different assumptions. 
We use two orientations of the velocity ellipsoid: either cylindrically aligned JAM cyl or spherically aligned JAM sph . We also 

make four assumptions for the models’ dark versus luminous matter distributions: (1) mass-follows-light, (2) free NFW dark 

halo, (3) cosmologically constrained NFW halo, (4) generalized NFW dark halo, i.e. with free inner slope. In this catalogue, 
we provide the quantities related to the mass distributions (e.g. the density slopes and enclosed mass within a sphere of a given 

radius for total mass, stellar mass, and dark matter mass components). We also provide the complete models which can be used 

to compute the full luminous and mass distribution of each galaxy . Additionally , we visually assess the qualities of the models 
to help with model selections. We estimate the observed scatter in the measured quantities which decreases as expected with 

impro v ements in quality. For the best data quality, we find a remarkable consistency of measured quantities between different 
models, highlighting the robustness of the results. 

K ey words: galaxies: e volution – galaxies: formation – galaxies: kinematics and dynamics – galaxies: structure. 
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 I N T RO D U C T I O N  

n the current Lambda cold dark matter cosmological paradigm, the
ass budget in the Universe is dominated by dark matter (DM)

xisting in the form of DM haloes. At the centre of the dark haloes,
he baryonic matter condenses and forms stars, giving birth to the
alaxies we observe (White & Rees 1978 ; White & Frenk 1991 ). The
istributions of baryonic and DM play a crucial role in shaping the
alaxies and thus are important for understanding galaxy formation
nd e volution mechanisms. Ho we ver, due to the invisibility of DM,
he observed galactic quantities are derived almost e xclusiv ely from
bservations of the baryonic matter, including gas and stars. A
ommon approach to constrain the mass distribution of DM is based
n the gravitational effect of DM on the motions of luminous tracers,
.e. stellar kinematics. 
 E-mail: kaizhu@nao.cas.cn (KZ); lushengdong93@icloud.com (SL); 
anl@bao.ac.cn (RL) 
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Since the many early studies revealing the existence of DM (e.g.
wicky 1933 , 1937 , 2009 ; Oort 1940 ; Rubin & Ford 1970 ; Bosma &
an der Kruit 1979 ; Rubin, Ford & Thonnard 1980 ; Bosma 1981 ;
ubin et al. 1982 , 1985 ; Rubin, Whitmore & Ford 1988 ), galaxy

otation curv es hav e been heavily used to probe the gravitational
otential within which galaxies reside, and further constrain the
ass distributions of galaxies. The rotation curve is usually derived

rom long-slit spectroscopy and only provides one-dimensional (1D)
nformation on stellar kinematics. With the advent of Integral Field
nit (IFU) galaxy surv e ys, e.g. SAURON (de Zeeuw et al. 2002 ),
TLAS 

3D (Cappellari et al. 2011 ), CALIFA (S ́anchez et al. 2012 ),
AMI (Bryant et al. 2015 ), MaNGA (Bundy et al. 2015 ), large
amples of galaxies with spatially resolved stellar kinematics are
bserved. The two-dimensional (2D) kinematic information can be
ombined with dynamical modelling methods to investigate the mass
istributions of galaxies, which put constraints on the formation and
volution of galaxies. 

Current popular dynamical modelling methods include action-
ngle distribution function based methods (Binne y 2010 ; Bo vy
014 ), orbit-based Schwarzschild methods (Schwarzschild 1979 ;
© 2023 The Author(s) 
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 ̈afner et al. 2000 ; Gebhardt et al. 2001 ; Cappellari et al. 2006 ;
an den Bosch et al. 2008 ; Long & Mao 2018 ; Zhu et al. 2018 ,
020 ; Neureiter et al. 2021 ; Zhu et al. 2022 ), particle-based Made-
o-Measure methods (Syer & Tremaine 1996 ; de Lorenzi et al. 
007 ; Long & Mao 2010 ; Hunt & Kawata 2014 ; Zhu et al. 2014 )
nd moment-based Jeans Anisotropic Modelling (JAM) method 
Cappellari 2008 , 2020 ). Each method has its own advantage and can
e applied under different conditions. The orbit-based and particle- 
ased methods are more flexible to be applied to galaxies with triaxial
hapes and give more detailed orbital information. 

Ho we ver, the price to pay for this flexibility is an increased degen-
racy of the resulting solutions. The de generac y can be understood
rom simple dimensional arguments: the MaNGA data provide us 
he velocity moments at every position on the sky. This is a 2D
uantity, which cannot be expected to be sufficient to constrain both 
he three-dimensional (3D) distribution function of the stars and the 
D or 3D gravitational potential (see discussion in Cappellari 2016 , 
ection 3.4). This implies that we need to make some assumptions to
ry to unco v er trends in the data. 

The JAM models make more restrictive assumptions, but these 
ere shown to capture remarkably well the high signal-to-noise 

S/N) stellar kinematics of large samples of real galaxies (see 
e vie w by Cappellari 2016 ). More importantly, tests of JAM using
igh-resolution N -body simulations (Lablanche et al. 2012 ) and 
osmological hydrodynamical simulations (Li et al. 2016 ) have 
onfirmed its high accuracy and negligible bias in reproducing the 
otal mass profiles. 

More recently, JAM was compared in detail against the 
chwarzschild method using samples of both observed galaxies, with 
ircular velocities from CO gas (Leung et al. 2018 ), and numerical
imulations (Jin et al. 2019 ), respectively. For the comparison with 
O gas circular velocities in real galaxies, considering the radial 

ange of 0.8–1.6 R e , where the gas kinematics is well resolved and
he rotation velocities are more accurately determined, the mean 
atio for 54 galaxies between the errors of the Schwarzschild and 
f the JAM models is 〈 σ SCH / σ JAM 

〉 ≈ 1.7 (Leung et al. 2018 , fig. 8
nd table 4). Similarly, for the reco v ery of enclosed masses inside a
phere of radius R e from simulations, considering all 45 model fits
Jin et al. 2019 , fig. 4), the 68 per cent percentile (1 σ error) of the
bsolute deviations between the model results and the true values 
s a factor of 1.6 smaller for JAM than for Schwarzschild. In both
ases, for both observations and simulations, there is no evidence for
ystematic biases between the true and reco v ered values. This higher
ccuracy of JAM justifies our choice of using it for this study. 

JAM method has been successfully applied to many studies 
ased on IFU data. For example, Cappellari et al. ( 2012 , 2013a ,
 ) construct detailed mass models, consisting of stellar and DM, for
60 early-type galaxies (ETGs) from ATLAS 

3D surv e y (Cappellari 
t al. 2011 ), using JAM method. Cappellari et al. ( 2012 ) study the
tellar initial mass function (IMF) of galaxies by comparing the 
tellar mass-to-light ratios derived from JAM with those from stellar 
opulation synthesis (SPS), reporting a strong variation of stellar IMF
ormalization with the velocity dispersion within an ef fecti ve radius
e for ETGs. This correlation between galaxy IMF and velocity 
ispersion of ETGs is then studied and confirmed in late-type galaxies 
Li et al. 2017 ), galaxies in a denser environment (Shetty et al. 2020 ),
nd brightest cluster galaxies (BCGs; Loubser et al. 2020 , 2021 ),
ndicating a universal variation of stellar initial mass functions in 
arious galaxies. Moreo v er, Cappellari et al. ( 2013a , b ), Scott et al.
 2015 ), and Li et al. ( 2018a ) make use of the JAM methods to study
he scaling relations, such as fundamental planes (FPs), mass planes 
MPs), mass–size planes, and so on. Cappellari et al. ( 2015 ) study the
otal mass–density slopes ( γT ) of 14 fast-rotating ETGs and report
heir nearly isothermal total mass profiles, consistent with the values 
btained from strong gravitational lensing analysis (Auger et al. 
010 ). Poci, Cappellari & McDermid ( 2017 ) and Li et al. ( 2019 )
nlarge the sample to 258 ETGs from ATLAS 

3D and ∼2000 galaxies
including ETGs and spirals) from MaNGA DR14 (Abolfathi et al. 
018 ), respectively, making it possible to analyse the correlations 
etween galaxy total density slope and other galaxy properties, e.g. 
elocity dispersion, halo mass, stellar mass density, and so on. These
tudies together show the strong ability of JAM in analysing the
tructure and dynamics of galaxies, and the power in understanding 
he galaxy evolution. 

With the final data release of the MaNGA project (SDSS DR17;
bdurro’uf et al. 2022 ), an unprecedentedly large sample (10K) of
earby galaxies with abundant information on the kinematics and 
tellar population properties is available. In this series of papers, 
e aim to build a complete library of dynamical models for these
alaxies, including mass distributions (for both stellar matter and 
M), DM fractions, stellar mass-to-light ratios, inclinations, and 
elocity asymmetry properties, using JAM with different assump- 
ions. With these information, we will also investigate the scaling 
elations, galaxy mass density slopes, as well as initial mass functions
f the complete MaNGA sample. Compared to previous studies (e.g. 
appellari et al. 2012 , 2013a , b , 2015 ; Scott et al. 2015 ; Li et al.
017 , 2018a , 2019 ; Shetty et al. 2020 ), our sample size will be
nlarged by at least a factor of five and reach 10K galaxies for the first
ime. The large sample span a wide range of galactic properties, e.g.
tellar mass, morphology, and central velocity dispersion, making it 
 statistically significant sample to explore the correlations in great 
etail. 
In this paper (Paper I), we construct detailed JAM models for

hese 10 000 nearby galaxies and provide their mass distributions 
f both stellar and DM components. The structure of this paper is
s follows. In Section 2 , we briefly introduce the MaNGA surv e y
nd the data used in this work. In Section 3 , we describe the
ethods (i.e. JAM method and the mass models applied in this
ork) we used to derive our quantities. In Sections 4 –6 , we present

he dynamical modelling results and investigate their robustness 
nd systematic uncertainties. Finally, we summarize the results in 
ection 7 . Throughout the paper, we assume a flat Universe with
m 

= 0.307 and H 0 = 67 . 7 km s −1 Mpc −1 (Planck Collaboration 
III 2016 ). The quantities in our catalogue can be converted to the

tandard flat cosmology with �m 

= 0.3 and H 0 = 70 km s −1 Mpc −1 ,
ith very good accuracy, by multiplying enclosed masses by K =
7.7/70, multiplying densities (in the unit of M � pc −3 ) by K 

−2 , and
ultiplying mass-to-light ratios by 1/ K . 

 DATA  

.1 The MaNGA sur v ey 

he Sloan Digital Sky Survey-IV (SDSS-IV) Mapping Nearby 
alaxies at Apache Point Observatory (MaNGA; Bundy et al. 2015 )

s an IFU surv e y which aims at obtaining spectral measurements
cross the face of ∼10K nearby galaxies. Using the tightly packed
rrays of optical fibres that feed into the BOSS spectrographs (Smee
t al. 2013 ; Drory et al. 2015 ) on the Sloan 2.5m telescope (Gunn et al.
006 ) at Apache Point Observatory, MaNGA provides the spatially 
esolved spectra that cover a radial range out to 1.5 ef fecti ve radii
 R e ) for the Primary + sample ( ∼2/3 of total sample) and out to 2.5
 e for the secondary sample ( ∼1/3 of total sample) at higher redshift

Law et al. 2015 ; Wake et al. 2017 ). The spaxel size of MaNGA
MNRAS 522, 6326–6353 (2023) 
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s 0.5 arcsec and the average g -band point spread function (PSF)
ull width at half-maximum (FWHM) throughout the surv e y is about
.54 arcsec (Law et al. 2016 ). 
The spectra provided by MaNGA span a wavelength range of

600 –10 300 Å at a spectral resolution of σ = 72 km s −1 (Law et al.
016 ). Raw observational data are spectrophotometrically calibrated
Yan et al. 2016 ) and processed by the data reduction pipeline (DRP;
aw et al. 2016 ) to produce 3D data cubes. 

.2 Stellar kinematics and imaging 

igher-level products such as stellar kinematics, nebular emission-
ine properties, and spectral indices of the galaxies are produced
y the data analysis pipeline (DAP; Belfiore et al. 2019 ; Westfall
t al. 2019 ). DAP derives the kinematic information from the IFU
pectra of galaxies by fitting absorption lines using the PPXF software
Cappellari & Emsellem 2004 ; Cappellari 2017 , 2022 ) with the
ombination of a subset of the MILES (S ́anchez-Bl ́azquez et al.
006 ; Falc ́on-Barroso et al. 2011 ) stellar library, MILES-HC. Before
tting, the spectra are Voronoi binned (Cappellari & Copin 2003 )

o S / N = 10 to ensure that the derived stellar velocity dispersions
re reliable. The stellar velocity dispersion presented in DAP is a
ombination of σ ∗, the intrinsic velocity dispersion of stars, and
diff , which is the quadrature difference between the instrumental
ispersion of the galaxy template and the MaNGA data (Westfall
t al. 2019 ). The velocity dispersion of the galaxy is given by
2 
∗ = σ 2 

obs − σ 2 
diff . Note that the line spread function of MaNGA

urv e y has been impro v ed significantly since MPL10 (Law et al.
021 ), the velocity dispersion measurements of this paper will be
ifferent from those used in Li et al. ( 2018a ) especially for the
ispersions far below instrumental resolution, which will lead to
ifferences in dynamical modelling results. 
In total, we have 10 735 DAP outputs from SDSS DR17, within

hich the targets of ancillary programmes (the Coma, IC342,
31, and globular clusters) should be excluded, resulting in 10 296

atacubes for galaxy observations. Among the 10 296 observations,
e flag 151 datacubes that have been identified as critical-quality or
nusual-quality by DRP, and the other 10 145 datacubes are high-
uality observations corresponding to 10 010 unique galaxies and
35 repeat observations. We analyse 10 296 datacubes in this work
ince the DRP quality flag is purposely conserv ati ve (Westfall et al.
019 ), but users can use the DRP quality flag (see Appendix B )
o ignore the critical-quality or unusual-quality galaxies as a more
onserv ati ve approach. We do not apply any other selection criteria,
uch that the sample enables a wide range of statistical analyses on
alaxy properties as designed and can be corrected to a volume-
imited sample (Wake et al. 2017 ). The final sample has a nearly flat
tellar mass distribution in the range of 10 9 − 6 × 10 11 M � (Wake
t al. 2017 ) and has a median redshift of z ∼ 0.03. 

In this work, we adopt the SDSS r -band (Stoughton et al. 2002 )
SF FWHM values from the catalogue 1 provided by the MaNGA
ollaboration to account for the beam smearing effect on modelled
tellar kinematics when comparing with the observed one (Cappellari
008 ). In addition, we make use of the r -band images and the
orresponding PSF FWHM values 2 of these ∼10 000 MaNGA
alaxies from the SDSS data release 12 (Alam et al. 2015 ) to obtain
heir surface brightness. 
NRAS 522, 6326–6353 (2023) 
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.1 Jeans anisotropic modelling 

n this section, we briefly introduce the mathematical basics of Jeans
nisotropic Modelling (JAM; Cappellari 2008 , 2020 ). For a steady-

tate axisymmetric stellar system, the Jeans equations in cylindrical
oordinates, ( R , z, φ), are written as (Binney & Tremaine 1987 ,
quation 4–29a,c): 

νv 2 R − νv 2 φ

R 

+ 

∂ ( νv 2 R ) 

∂ R 

+ 

∂ ( νv R v z ) 

∂ z 
= −ν

∂ � 

∂ R 

, (1a) 

νv R v z 

R 

+ 

∂ ( νv 2 z ) 

∂ z 
+ 

∂ ( νv R v z ) 

∂ R 

= −ν
∂ � 

∂ z 
, (1b) 

here � is the gravitational potential, ν is the number density of the
racer population from which one measures the kinematics, and the
otation related to the stellar distribution function f is defined as 

v k v j ≡
∫ 

v k v j f d 3 v . (2) 

his equation is quite general, as it only assumes axial symmetry
nd stead-state of the stellar system, but it has more unknowns than
quations and cannot provide a unique solution. 

To solve these equations, one has to make assumptions on the
rientation of the velocity ellipsoid. Cappellari ( 2008 ) assumes that
he velocity ellipsoid is aligned with the cylindrical coordinates
 v R v z = 0) and the velocity anisotropy in the meridional plane is
onstant, 3 quantified as 

z ≡ 1 − v 2 z 

v 2 R 

= 1 − σ 2 
z 

σ 2 
R 

= 1 − 1 

b 
. (3) 

ith these assumptions, equation (1) reduces to the following
quations (Cappellari 2008 , equations 8 and 9): 

b νv 2 z − νv 2 φ

R 

+ 

∂ ( b νv 2 z ) 

∂ R 

= −ν
∂ � 

∂ R 

(4a) 

∂ ( νv 2 z ) 

∂ z 
= −ν

∂ � 

∂ z 
, (4b) 

hich have a unique solution for v 2 z and v 2 φ under the boundary

ondition νv 2 z = 0 as z → ∞ . 
The other extreme assumption to solve the Jeans equations is made

y Cappellari ( 2020 ), where the velocity ellipsoid is set to be aligned
ith the spherical polar coordinate system ( r , θ , φ) and the velocity

nisotropy is defined as 

r ≡ 1 − v 2 θ

v 2 r 

= 1 − σ 2 
θ

σ 2 
r 

. (5) 

nder these assumptions, rewriting equation (1) in spherical coor-
inates and assuming a spherically aligned velocity ellipsoid, the
eans equations reduce to the following equations (Cappellari 2020 ,
quation 7) 

∂ ( νv 2 r ) 

∂ r 
+ 

(1 + βr ) νv 2 r − νv 2 φ

r 
= −ν

∂ � 

∂ r 
(6a) 

1 − βr ) 
∂ ( νv 2 r ) + 

(1 − βr ) νv 2 r − νv 2 φ = −ν
∂ � 

, (6b) 

∂ θ tan θ ∂ θ

 As will become clear later, the anisotropy is generally assumed constant for 
very component of the Multi-Gaussian Expansion, but does not have to be 
patially constant for the whole galaxy. 

https://www.sdss.org/dr17/manga/manga-data/data-access/
https://www.sdss.org/dr12/imaging/images/
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hich have a unique solution for v 2 r and v 2 φ under the boundary 

ondition νv 2 r = 0 as r → ∞ . 
For a given gravitational potential � , tracer density distribution 

, and velocity anisotropy ( βz or βr ), the intrinsic second velocity 
oments can be obtained by solving equation (4) or equation (6).
he projected second velocity moments, v 2 los , can be then derived 
y integrating the intrinsic second velocity moments along the line- 
f-sight direction. By comparing the calculated line-of-sight second 
elocity moments and the observed root-mean-square velocity, V rms 

 ≡ √ 

V 

2 + σ 2 , where V and σ correspond to the stellar velocity 
nd stellar velocity dispersion), we are able to constrain the model 
arameters (i.e. gravitational potential, velocity anisotropy, etc.). We 
efer the readers to Cappellari ( 2008 , 2020 ) for more details of the
AM method, which is a formalism to efficiently solve equations (4)
nd (6) using the Multi-Gaussian Expansion (MGE; Emsellem, 
onnet & Bacon 1994 ; Cappellari 2002 ) as parametrization for

oth the tracer population and the total density. As mentioned by 
appellari ( 2020 ), different velocity ellipsoid assumptions may be 
ppropriate for different types of galaxies. In this work, we adopt both 
ssumptions to construct JAM models for the complete MaNGA 

ample such that the readers can check the robustness of derived 
uantities using the consistency of the two methods. We name the 
AM method with cylindrically aligned velocity ellipsoid as JAM cyl 

nd the one with spherically aligned velocity ellipsoid as JAM sph . 
In practice, we calculate the predicted line-of-sight second velocity 
oments using the PYTHON version of JAM JAMPY . 4 The input 

otal mass distribution � and tracer density ν of JAMPY will be 
arametrized with MGE models. We assume a spatially constant 
elocity anisotropy to simplify the models, although JAMPY allows 
or spatial variation of anisotropy by assigning different anisotropy 
alues to the Gaussians of the input MGE model. 

.2 Multi-Gaussian expansion 

o obtain the tracer density distribution ν, we perform Multi- 
aussian expansion (MGE; Emsellem et al. 1994 ; Cappellari 2002 ) 
tting to the SDSS r -band images of the galaxies. The MGE
ormalism of surface brightness can be written as 

 

(
x ′ , y ′ 

) = 

N ∑ 

k= 1 

L k 

2 πσ 2 
k q 

′ 
k 

exp 

[
− 1 

2 σ 2 
k 

(
x ′ 2 + 

y ′ 2 

q ′ 2 k 

)]
, (7) 

here L k , σ k , and q ′ k are the total luminosity, dispersion along the
ajor axis, and the axial ratio of k th Gaussian component. To obtain

he intrinsic luminosity density distribution from the deprojection of 
urface brightness, the galaxies are assumed to be oblate axisym- 
etric following Monnet, Bacon & Emsellem ( 1992 ). Then, the 2D
GE can be deprojected to 3D space and the formalism in cylindrical

oordinates can be written as (Cappellari 2008 , equation 13): 

( R, z) = 

N ∑ 

k= 1 

L k (√ 

2 πσk 

)3 
q k 

exp 

[
− 1 

2 σ 2 
k 

(
R 

2 + 

z 2 

q 2 k 

)]
, (8) 

here L k and σ k remain the same as the 2D MGE, while q k is the 3D
ntrinsic axial ratio of the k th Gaussian component, written as 

 k = 

√ 

q ′ 2 k − cos 2 i 

sin i 
. (9) 

f we define the desired minimum intrinsic axial ratio of our 
eprojected MGE as q min = min( q k ), we can calculate the inclination
 Verison 6.3.3, available from ht tps://pypi.org/project /jampy/. 

5

6

 i = 90 ◦ being edge-on) of the MGE by inverting the previous
quation as 

tan 2 i = 

1 − q ′ 2 min 

q ′ 2 min − q 2 min 

, (10) 

here q ′ min = min ( q ′ k ) is the minimum axial ratio of the projected 2D
aussian components. 
Some of the galaxies in our sample are weakly triaxial or prolate.

o we ver, the triaxial galaxies are generally close to spherical in
heir central parts (Emsellem et al. 2011 ; Cappellari 2016 ) and
re expected to be well approximated by nearly spherical JAM sph 

odels. Prolate galaxies are extremely rare (Krajnovi ́c et al. 2018 ;
i et al. 2018b ) and unlikely to play any significant role in our

rends. 
In this work, we make use of the PYTHON package MGEFIT 5 that

mplements the method by Cappellari ( 2002 ) to do the MGE fitting.
efore fitting, we first go through the images of the galaxies visually
nd mask the foreground stars or galaxies if necessary. Then, the
alaxy centre and the ellipticity are derived by the FIND GALAXY 

outine in the package. We note here that the position angles (PA)
sed in the MGE fitting are normally the photometric ones (i.e.
erived from the galaxy r -band image). Ho we ver, we find that many
f the MaNGA galaxies have different kinematic PA (calculated from 

heir line-of-sight velocity map) and photometric PA, although the 
A discrepancies of most galaxies are small. The reason for these
ifferences is generally due to bars (e.g. Krajnovi ́c et al. 2011 ). As
AM assumes an axisymmetric shape, the modelled velocity field is 
ligned with the modelled photometry in the MGE formalism. In the
resence of bars, the stellar kinematics gives a better estimate for the
osition angle of the underlying stellar disk than the photometry. 
hus, in this work, we use the kinematic PA derived by PAFIT 6 

ackage, which implements the method by Krajnovi ́c et al. ( 2006 ,
ppendix C), in the MGE fitting process, except for those galaxies
ith highly disturbed velocity field (visually checked). We show 

n Fig. 1 the comparison of JAM results based on the photometric
A and kinematic PA for the misaligned galaxy. As can be seen,
or such a kinematic-photometric misaligned galaxy, a kinematic 
A-based MGE results in a better root-mean-square velocity ( V rms )
eco v ery. We also confirm visually that the kinematic position angle
lso helps to a v oid the bars or other non-axisymmetric features in
he automated procedure of MGE fitting and reflects the underlying 

ass distribution of the whole galaxy. 
Moreo v er, we make use of the MGE FIT SECTORS REGULARIZED

outine instead of MGE FIT SECTORS to fit the MGE formalism of
alaxy photometry. This implements the method of Scott et al. ( 2013 ,
ection 3.2.1) to reduce the influence of bars on the model results.
GE FIT SECTORS REGULARIZED here provides a narrower range of 

xial ratios for different Gaussian components of MGE. The MGEs 
o fitted artificially remo v e the flattest components while keeping
he fitting solution only slightly changed (within the agreement of 

easurement uncertainties). In Fig. 2 , we sho w se v eral e xample
GE models for different kinds of galaxies (e.g. normal galaxies, 

inematic-photometric misaligned galaxies, barred galaxies, and 
rolate galaxies). 
Before performing JAM, the MGE surface brightness is multiplied 

y a factor of (1 + z) 3 , with z the galaxy redshift, to account for
oth the bolometric cosmological dimming effect and the change 
f bandwidth in the AB magnitude system. Considering that most 
MNRAS 522, 6326–6353 (2023) 

 Version 5.0.13, from ht tps://pypi.org/project /mgefit /. 
 Version 2.0.7, from ht tps://pypi.org/project /pafit /. 

https://pypi.org/project/jampy/
https://pypi.org/project/mgefit/
https://pypi.org/project/pafit/
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Figure 1. An example of the comparison between aligning models with the photometric or kinematic position angles (PA) for a barred galaxy (MaNGA ID: 
1–155463). The left subfigure is the fitting result of JAM cyl + MFL model (see Section 3 for definition) by assuming the galaxy major axis is aligned with the 
bar, which here defines the photometric PA. The right subfigure shows the model results by aligning the JAM model with the kinematic PA. In each subfigure, 
the observed second velocity moment V rms and the light-of-sight velocity V are shown in the left-hand panels, and the corresponding modelled maps are in the 
right-hand panels. All the kinematic maps are oriented in the way that the major (photometric or kinematic) axis is oriented along the x -direction. The black 
contours are the observed (left-hand panels) and modelled (right-hand panels) surface brightness contours in steps of 1 mag, respectively. The black dots are the 
centroids of the Voronoi bins from which the maps were linearly interpolated. 

Figure 2. SDSS r -band photometry of example galaxies (black curves) with MGE model contours (red curv es) o v erplotted. MaNGA ID is presented in each 
panel. The first five columns: randomly selected galaxies with similar photometric position angles and kinematic position angles. The rightmost column shows 
a photometric-kinematic misaligned galaxy, a galaxy with a strong bar, and a prolate galaxy from top to bottom. In each panel, the yellow shaded regions are the 
masked regions, which are excluded in MGE fitting. Each tick in all panels is 10 arcsec. In all the fittings, the kinematic position angle is used (see Section 3.2 ). 
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f the MaNGA galaxies locate at low redshift, we do not apply
 -correction (Hogg et al. 2002 ). Throughout this work, we adopt

he r -band absolute solar magnitude as M �, r = 4 . 65 in AB system
Willmer 2018 ). 
NRAS 522, 6326–6353 (2023) 
.3 Mass models and parameter design 

he gravitational potential, � , is determined by the total mass
istribution, consisting of an extended matter distribution (stellar

art/stad1299_f1.eps
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atter and DM) and a supermassive black hole at the centre of the
alaxy. The mass of black hole is estimated using the M BH − σc 

elation (McConnell et al. 2011 ), where σ c is computed as mean 
tellar velocity dispersion within an aperture of radius equal to the 
WHM of the MaNGA PSF. Below, we describe the mass models 
dopted in this work. 

.3.1 Model A: mass-follows-light JAM model 

ass-follows-light model (MFL, hereafter) is also known as the self- 
onsistent model (e.g. Cappellari et al. 2013a ; Shetty et al. 2020 ).
n this model, we assume that both the distribution of the kinematic
racer population ν and the total mass of the galaxy follows the r -band
uminosity distribution and thus can be obtained from the luminosity 

GEs by multiplying a constant dynamical mass-to-light ratio, M / L .
herefore, there are three free parameters that are needed to fit in
rder to match the observed V rms : (1) the velocity dispersion ratio
z / σ R in JAM cyl (or σ θ / σ r in JAM sph ), (2) the minimum intrinsic
xial ratio q min which we use to parametrize the inclination, and (3)
he dynamical mass-to-light ratio M / L . 

.3.2 Model B: JAM model with NFW dark halo 

his model allows for the decomposition between the stellar mass 
istribution and DM mass distribution. In this case, the kinematic 
racer population ν is still deprojected from the observed stellar 
urface brightness. Ho we ver, the mass distribution has extra freedom. 
t is described as a superposition of the deprojected stellar luminosity, 
caled by a spatially constant stellar mass-to-light ratio M ∗/ L , plus a
pherical NFW (Navarro, Frenk & White 1996 ) dark halo. Contrary
o what is sometimes incorrectly stated, this kind of model is formally
orrect even in the presence of spatial M / L gradients in the galaxy.
n fact, with M / L variations the tracer population ν is still best
pproximated by the surface brightness (not by the surface density) 
nd the model would still return a formally correct estimate of the
otal density. What would be biased in this case is our interpretation
f the total density decomposition in terms of luminous and dark 
omponents. The NFW profile is written as 

DM ( r) = ρs 

(
r 

r s 

)−1 (1 

2 
+ 

1 

2 

r 

r s 

)−2 

, (11) 

here r s is the characteristic radius and ρs is the characteristic 
ensity. To reduce the number of free parameters, we calculate the 
haracteristic radius r s with scaling relations, instead of setting it to be
 free parameter: at each step of parameters optimization procedure, 
 s is calculated by the redshift-dependent stellar-to-halo mass relation 
Moster, Naab & White 2013 ), and the redshift-dependent mass–
oncentration relation (Dutton & Macci ̀o 2014 ), with a given stellar
ass (or stellar mass-to-light ratio). We fix the limits of the r s to

e 5 × r max,bin < r s < 250 kpc, with r max,bin the largest radius
f the Voronoi bins, to a v oid unrealistic small/large r s . The lower
imit of 5 × r max,bin is approximately the median value of the r s,NSA 

istribution, which are estimated using the Chabrier-IMF stellar mass 
nd the scaling relations described abo v e. The upper limit of 250 kpc
s large enough to ensure that the halo profiles with r s > 250 kpc
re nearly identical (at least within the kinematic data range of
aNGA) to the one with r s = 250 kpc. The choice of r s is not a

ritical assumption: the characteristic radius of halo is much larger 
at a median ratio of 5) than the kinematic data range of MaNGA,
ndicating that the halo profile within observed region of MaNGA can 
e described as a simple power-law density profile. Therefore, this 
odel has four free parameters: (1) the minimum intrinsic axial ratio
 min , (2) the anisotropy σ z / σ R or σ θ / σ r , (3) the stellar mass-to-light
atio M ∗/ L , and (4) the characteristic density of NFW halo ρs . 

.3.3 Model C: JAM model with fixed NFW dark halo 

he model is similar to Model B, but assumes an NFW dark halo
rofile without any free parameter. Both ρs and r s are inferred from
he scaling relations used in Model B, which means that the inclusion
f dark halo is predicted by the simulations. Thus, there are only three
ree parameters of this model: (1) q min , (2) σ z / σ R in JAM cyl (or σ θ / σ r 

n JAM sph ), and (3) M ∗/ L . 

.3.4 Model D: JAM model with gNFW dark halo 

e also adopt a more general dark halo profile, the generalized 
FW (gNFW, Wyithe, Turner & Spergel 2001 ) profile, in this work

o allow for the baryonic effect on the inner density slope of dark
alo (Abadi et al. 2010 ; Duffy et al. 2010 ; Laporte et al. 2012 ). The
nly difference between this model and Model B is the inner mass
ensity slope within the characteristic radius of the dark halo. The
NFW profile can be written as 

DM ( r) = ρs 

(
r 

r s 

)γ (1 

2 
+ 

1 

2 

r 

r s 

)−γ−3 

, (12) 

here γ = −1 results in an NFW profile, similar to Model B. The
 ariation of γ allo ws for more kinds of dark halos, including some
pecial cases such as the ones with an inner core ( γ ≈ 0). We estimate
he characteristic radius r s here the same as Model B, and thus there
re five free parameters in this model: (1) q min , (2) σ z / σ R in JAM cyl 

or σ θ / σ r in JAM sph ), (3) M ∗/ L , (4) ρs , and (5) γ . 
For simplicity, we name the four JAM models (A–D) following 

heir assumptions on the dark halos, i.e. MFL model = Model A,
FW model = Model B, fixed NFW model = Model C, and gNFW
odel = Model D. 

.3.5 Parameter limits 

e note here that, with given r s and γ (being −1 for an NFW dark
alo), the characteristic density ρs can be uniquely calculated from 

he stellar mass-to-light ratio and the DM fraction within a given
perture. Thus, we take the DM fraction within a sphere with its
adius being the 2D projected half-light radius R e , f DM 

( < R e ) as the
ree parameter in NFW and gNFW models, instead of ρs . In this
ay, we do not need to worry about the boundary of ρs , but simply

et the range 0 < f DM 

( < R e ) < 1. The 2D ef fecti ve radius R e here
s computed using MGE HALF LIGHT ISOPHOTE software in JAMPY 

ackage and then multiplied by 1.35 as described in Section 4.1 . 
In addition, the boundary of velocity anisotropy parameter is 

mportant for reco v ering the galaxy inclination (or equi v alently the
inimum intrinsic axial ratio q min ). In previous studies with JAM cyl ,

he boundary of βz was constrained to be βz > 0 (equi v alently, σ z / σ R 

 1) to break the inclination-anisotropy de generac y (Cappellari 
008 ). A similar criterion cannot be applied to the JAM sph models
nd for this reason we explore if we can place limits on σ θ / σ r , to
nsure that the JAM sph inferred inclination is consistent with the 
nclination determined from the geometry of dust discs in galaxies. 
or the MaNGA galaxies, we visually select 12 galaxies with dust
ings. The dust rings are assumed to be circular and thus the observed
llipticity of the ring is thought to be only from the effect of the
nclination. We fit ellipses to the extracted dust ring to obtain the
MNRAS 522, 6326–6353 (2023) 
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pper and lower limit of the axial ratio and then calculate the range
f galaxy inclination. More details about the procedure can be found
n Appendix A . In Fig. 3 , we show the contours of 
χ2 on the ( σ z / σ R ,
 ), or ( σ θ / σ r , i ) plane. 
χ2 is defined as 

χ2 ≡ χ2 − χ2 
min , (13) 

here χ2 is the fitted residual of the MFL model (both JAM cyl and
AM sph ) with a set of given [ σ z / σ R , i ] (or [ σ z / σ R , i ] in JAM sph ); χ2 

min is
he minimum value of all the possible χ2 . As can be seen, for JAM cyl ,

ost of the galaxies show a strong de generac y between σ z / σ R and i
nd only assuming σ z / σ R < 1 can the JAM inferred inclination match
he one derived from the dust ring in agreement with Cappellari
 2008 ). For JAM sph , ho we ver, the degeneracy between σ θ / σ r and i
s weaker. Therefore, there is no need to set a strict upper limit on
θ / σ r because the best-fitting model can al w ays reco v er the galaxy

nclination. In this work, we adopt a rather extreme upper limit σ θ / σ r 

 2 ( βr > −3) that has never been observed in real galaxies. 
In the course of this project, we had to run the JAM models
ultiple times while trying to understand the differences between
odel results and optimize the reliability of our extracted parameters.
e disco v ered cases where the J AM cyl and J AM sph models provided

uite different total density slopes. Analysing these deviant cases, we
ealized this was due to the mass-anisotropy de generac y (Binne y &

amon 1982 ; Gerhard 1993 ) allowing for unrealistic values of
he anisotropy and making the JAM sph return unreliable density
rofiles, due to modest quality data. Rather than simply exclude
hose galaxies as unreliable, we used our e xtensiv e knowledge of the
nisotropy, accumulated from many detailed dynamical models of
earby galaxies, as a prior to reduce this de generac y and extract as
uch useful information as we could from the data. 
In particular, we now know that fast rotator galaxies satisfy an

pproximate upper limit in anisotropy (e.g. Cappellari 2016 , fig. 9),
hich has recently been explained as due to a physical limit on high-

nisotropy equilibrium solutions in flat galaxies (Wang, Cappellari &
eng 2021 ). The limit has the form (Cappellari 2016 , equation 11) 

� 0 . 7 × ε intr , (14) 

nd appears valid for both cylindrical and spherical alignment of the
elocity ellipsoid (Wang et al. 2021 ). 

Rewriting equation ( 14 ), the empirical lower boundary of velocity
ispersion ratio is 

 ( q) = 

√ 

0 . 3 + 0 . 7 q , σz /σR � R ( q) , σθ/σr � R ( q) , 

(15) 

here q is the characteristic intrinsic axial ratio of the galaxy.
hese limits are derived for fast rotators galaxies; howev er, the y
re also known to apply to slow rotators, which are generally close
o spherical in the central parts and close to isotropic (Gerhard
t al. 2001 ; Gebhardt et al. 2003 ; Cappellari et al. 2007 ; Thomas
t al. 2009 ). In conclusion, we restrict R ( q) < σz /σR < 1 and
 ( q) < σθ/σr < 2 in this work. The parameters and their boundaries

f different JAM models are summarized in Table 1 . 
The characteristic intrinsic axial ratio q is estimated as fol-

ows: deprojecting the observed MGE with the inclination angle
erived from the initial fitting procedure using MFL models (Sec-
ion 3.4.2 ), then re-projecting the intrinsic MGE with i = 90 ◦ and
btaining the ellipticity of the re-projected MGE, ε intr , from the
GE HALF LIGHT ISOPHOTE software in the JAMPY package, finally

he intrinsic axial ratio q is calculated by q ≡ 1 − ε intr . 
NRAS 522, 6326–6353 (2023) 
.4 Parameter optimizations 

.4.1 optimization tools 

e use two different tools to find the best-fitting parameters of
he JAM models. The first is a least-squares fitting method. In this
 ork, we mak e use of the scipy.optimize.least squares

outine of the PYTHON software SCIPY 

7 (Virtanen et al. 2020 ).
o a v oid the possibility that the fitted parameters are stuck in a

ocal minimum, we further adopt the scipy.optimize.direct
lobal optimisation algorithm (Jones, Perttunen & Stuckman 1993 ),
s originally implemented by Gablonsky & Kelley ( 2001 ), to find a
tarting guess for the least-squares optimization. 

To be able to assess the degeneracies and formal uncertainties in
he model parameters from the posterior distribution, as well as to be

ore robust against the possibility of missing the global minimum,
e also employ a Bayesian inference method. According to the Bayes

heorem, the posterior probability distribution of the model with a
iven set of parameters p , given a set of data d is 

 ( p | d ) ∝ P ( d | p ) × P ( p ) , (16) 

here P ( d | p ) is the likelihood of the data, given some model,
nd P ( p ) is the prior on our model. Assuming that the observa-
ional errors are Gaussian, the likelihood P ( d | p ) is proportional to

xp 
(
− χ2 

2 

)
, where χ2 is defined as 

2 = 

∑ 

j 

⎡ 

⎢ ⎣ 

(
v 2 los ,j 

)1 / 2 
− V rms ,j 

ε 
V rms ,j 

⎤ 

⎥ ⎦ 

2 

, (17) 

here v 2 los ,j is the modelled second moment velocity of j th Voronoi
in; V rms, j and ε 

V rms ,j 
are the corresponding observed root-mean-

quare velocity and 1 σ uncertainties (see Section 3.4.2 for more
etails on error estimation). The summation goes o v er all the Voronoi
ins of MaNGA DAP outputs. In this work, we adopt the software
YMULTINEST 8 (Buchner et al. 2014 ), a PYTHON version of the
fficient and robust Bayesian tool MULTINEST (Feroz, Hobson &
ridges 2009 ; Feroz et al. 2019 ), which is a multimodal nested

ampling algorithm, to carry out the Bayesian inference of the model
arameters. The priors needed in the Bayesian inference are set to be
at within the given boundary as shown in Table 1 . The best-fitting
odel refers to the set of parameters that has the maximum likelihood

corresponding to maximum posterior probability in the case of flat
riors). We adopt 500 active points and 0.8 sampling efficiency for
YMULTINEST in this work. 

In Fig. 4 , we present the comparison between the χ2 / DOF derived
rom the least-squares fitting and the Bayesian inference, adopting
he JAM cyl method and the gNFW mass model. As can be seen,
he χ2 / DOF are highly consistent between different optimization

ethods for the Qual � 1 galaxies (see Section 5.1 for the definitions
f Qual). To investigate the convergence of optimization methods
or the galaxies with bad modelling quality, we randomly select
00 galaxies ( ∼40 Qual � 0 galaxies) from the complete MaNGA
ample and find a similar level of high convergence. In summary,
e apply least-squares fitting on the complete sample for all models,
ut only apply the Bayesian inference on the Qual � 1 galaxies for
he gNFW model to obtain the posterior distributions of parameters
both JAM cyl and JAM sph ). 

https://scipy.org
https://pypi.org/project/pymultinest/
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Figure 3. The 
χ2 ( ≡ χ2 − χ2 
min ) distributions on the inclination-velocity anisotropy planes for 12 selected galaxies with dust rings (see Section 3.3 for 

model design). χ2 values are the fitted residuals of MFL models with a given inclination-velocity anisotropy parameter pair; χ2 
min is the minimum value of all 

the possible χ2 . In each subfigure, the left-hand panel shows the image of the galaxy with the two ellipses indicating the upper and lower limit of apparent 
axial ratios. Results of J AM cyl and J AM sph are shown in the middle and right-hand panels of each subfigure, with the horizontal blue lines indicating the range 
of inclination angle determined from the dust geometry (see Section 3.3.5 for details). The red solid and dashed contours represent 1 σ ( 
χ2 = 2.3) and 3 σ
( 
χ2 = 11.8) confidence levels of the fitting. The de generac y between the velocity anisotropy and the inclination is strong for the JAM cyl , while the de generac y 
is weaker for JAM sph , requiring more(less) restrictive boundaries of velocity anisotropy for J AM cyl (J AM sph ). 
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Table 1. Parameter design, parameter boundary, the optimization methods for eight models (see Sections 3.1 and 3.3 ). q ′ min is the minimum observed axial 
ratio, R ( q) is the empirical lower limit of velocity dispersion ratio determined from equation ( 15 ). 

Models Free parameters optimization method 
q min σz / σR ( σ θ / σ r ) lg M/L [ M �/ L �] f DM 

( < R e ) γ

(A1) JAM cyl + MFL [0.05, q ′ min ] σz / σR : [ R ( q), 1] lg ( M/L ) e : [ −2 , 2] – – DIRECT + LEAST-SQUARES 

(A2) JAM sph + MFL [0.05, q ′ min ] σ θ / σ r : [ R ( q), 2] lg ( M/L ) e : [ −2 , 2] – – DIRECT + LEAST-SQUARES 

(B1) JAM cyl + NFW [0.05, q ′ min ] σz / σR : [ R ( q), 1] lg M ∗/L : [ −2 , 2] [0, 1] – DIRECT + LEAST-SQUARES 

(B2) JAM sph + NFW [0.05, q ′ min ] σ θ / σ r : [ R ( q), 2] lg M ∗/L : [ −2 , 2] [0, 1] – DIRECT + LEAST-SQUARES 

(C1) JAM cyl + fixed NFW [0.05, q ′ min ] σz / σR : [ R ( q), 1] lg M ∗/L : [ −2 , 2] – – DIRECT + LEAST-SQUARES 

(C2) JAM sph + fixed NFW [0.05, q ′ min ] σ θ / σ r : [ R ( q), 2] lg M ∗/L : [ −2 , 2] – – DIRECT + LEAST-SQUARES 

(D1) JAM cyl + gNFW [0.05, q ′ min ] σz / σR : [ R ( q), 1] lg M ∗/L : [ −2 , 2] [0, 1] [ −1.6, 0] Qual = 0: DIRECT + LEAST-SQUARES 

Qual � 1: MULTINEST 

(D2) JAM sph + gNFW [0.05, q ′ min ] σ θ / σ r : [ R ( q), 2] lg M ∗/L : [ −2 , 2] [0, 1] [ −1.6, 0] Qual = 0: DIRECT + LEAST-SQUARES 

Qual � 1: MULTINEST 

Figure 4. Comparisons of the χ2 / DOF derived from MULTINEST ( X -axis) 
and from least-squares fitting ( Y -axis). The JAM method with cylindrically 
aligned velocity ellipsoid (i.e. JAM cyl , see Section 3.1 for definition) is 
applied on the gNFW model (see Section 3.3 ) for 6065 Qual � 1 galaxies 
(blue circles). We also randomly select 100 galaxies, among which are 
∼40 Qual � 0 g alaxies (green stars), to investig ate the convergence of 
optimization methods for galaxies with bad modelling quality. Qual � 1 
and Qual � 0 refer to the better modelling qualities and worse modelling 
qualities, respectively (see the definitions in Section 5.1 ). The red solid line 
represents the y = x relation. 
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Figure 5. Examples of pixel clipping in JAM modelling. The white circles 
in the velocity fields are the clipped bins, corresponding to the spurious 
kinematics features caused by satellite galaxies or foreground stars, which 
are not fitted in JAM. 
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.4.2 F itting pr ocedure 

he fitting procedure can be divided into two steps. In the first
tep, we perform an initial fitting with JAM cyl on an MFL model
Table 1 ), which aims at removing some spurious kinematics features
ike stars or the problematic bins of the data and determining the
inematic errors. The first aim of this step is achieved by iteratively
tting the kinematics and clipping the bins with deviation beyond
 σ confidence of the noise, until convergence. We compute the noise
s a bi-weight estimate (Hoaglin, Mosteller & Tukey 1983 ) from the
ifferences of the data and model V rms . Then the remained bins will be
dopted in the following processes of optimization, including either
he least-squares fitting or the Bayesian inference. Two examples of
he clipped kinematic maps are shown in Fig. 5 . 
NRAS 522, 6326–6353 (2023) 
We also determine the kinematic errors ε 
V rms 

from the initial fitting
ith JAM cyl + MFL model in the first step. In order to prevent the
ynamical models from being strongly affected by the inner high-
 / N Voronoi bins, we do not use the true observed kinematic errors.
nstead, we follow the practice in Mitzkus, Cappellari & Walcher
 2017 ), where the initial kinematic errors of V rms are derived by error
ropagation as 

 

init 
V rms 

= 

1 

V rms 

√ 

( V ε V ) 2 + ( σε σ ) 2 , (18) 

here the errors on velocity and velocity dispersion ( ε V and ε σ )
re set to be ε V = 5 km s −1 and ε σ = 0 . 05 σ , respectively. After the
nitial fitting process with ε init 

V rms 
, we compute the χ2 and scale the

ncertainties using 

 

V rms 
= ε init 

V rms 
×

√ 

χ2 / DOF × (2 N bins ) 
1 / 4 , (19) 

here χ2 / DOF is the reduced chi-square value of the initial fitting
nd N bins is the number of remained kinematic bins after the initial
tting. The two scaling factors of 

√ 

χ2 / DOF and (2 N bins ) 1/4 are
sed to first increase the kinematic errors to reach χ2 / DOF = 1
nd second to try to account, in an approximate way, for possible
ystematic uncertainties (Mitzkus et al. 2017 ). This approach is
 Bayesian implementation of the idea that was suggested for
onfidence levels based on χ2 by van den Bosch & van de Ven
 2009 ) and was since used on numerous papers based on large IFS
ata sets. 
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In the second step, the clipped kinematic maps and the renewed 
inematic errors ε 

V rms 
are used in the final parameter estimation (both 

or the least-squares fitting and the Bayesian inference) to obtain the 
nal results of the eight models listed in Table 1 . 

 T H E  C ATA L O G U E  

e create a catalogue containing the dynamical properties of 
aNGA galaxies derived from JAM method. The complete list 

ogether with brief descriptions is shown in Appendix B . We clarify
he calculations of some of the derived quantities below. 

.1 Size parameters 

e provide three size parameters in this catalogue, namely R 

maj 
e , 

 e , and r 1/2 . Here, R 

maj 
e is the major axis of the half-light elliptical

sophote; R e is the circularized ef fecti ve radius, satisfying that the
rea of half-light ellipse A = πR 

2 
e , and r 1/2 is the radius of the 3D

phere which encloses half of the total luminosity of the galaxy. For
pherical galaxies r 1/2 ≈ 1.33 R e for a wide range of profiles shape
Ciotti 1991 ). Ho we ver, for more general flattened galaxies the ratio
etween these two radii varies wildly with inclination and shape 
Cappellari et al. 2013a , fig. 4). The projected size parameters R e 

nd R 

maj 
e are calculated from the MGE formalism of the galaxy r -

and luminosity distribution, using the MGE HALF LIGHT ISOPHOTE 

oftware in JAMPY . The r 1/2 is computed by linear interpolation on the
eprojected luminosity profile, which is derived for a set of given radii 
sing the MGE RADIAL MASS software and adopting the best-fitting 
nclination for each model (thus the r 1/2 values for different models 
re similar but not totally the same). In Cappellari et al. ( 2013a ), the
D ef fecti ve radii (i.e. R 

maj 
e and R e ), which are derived using the same

hotometric data (SDSS r -band imaging) and technique, are scaled 
y a factor of 1.35 to match the values determined from 2MASS
Skrutskie et al. 2006 ) plus RC3 (de Vaucouleurs et al. 1991 ). We
dopt the same correction and all quantities related to the 2D ef fecti ve
adii in this catalogue al w ays use the scaled radii. 

.2 Mass and mass density slopes 

or all of the eight models (four mass models with both JAM cyl and
AM sph ), we provide total mass within given apertures and total mass
lopes. For the 6 models allowing decomposition of DM and stellar
ass, we also derived mass and slopes for DM and stellar component

eparately. 
Enclosed masses (stellar matter, DM) are calculated analytically 

sing the MGE RADIAL MASS routine in JAMPY , within 2 different
pheres [i.e. with radii being R e and r 1/2 , respectively], denoted as
 T ( < R e ) [or M ∗( < R e ) and M DM 

( < R e ) for stellar matter and DM]
nd M T ( < r 1/2 ) [or M ∗( < r 1/2 ) and M DM 

( < r 1/2 ) for stellar matter and
M]. We also give the dynamical mass-to-light ratio ( M / L ) e as the

atio between M T ( < R e ) and the r -band luminosity within a sphere
f R e . 9 

We calculate two kinds of density slopes. One is the average 
ogarithmic slope γT (Cappellari et al. 2015 ; Poci et al. 2017 ), which
an be written as 

T = 

1 

lg ( R out /R in ) 

∫ R out 

R in 

d lg ρT 

d lg r 
d lg r = 

lg ρT ( R out ) − lg ρT ( R in ) 

lg R out − lg R in 
, 

(20) 
 Note that the so-calculated dynamical mass-to-light ratio coincides with the 
ree parameter M / L used in the MFL model. 

v  

v  

s
w  
here R out is set to be R e , and R in is set to be the maximum between
.1 R e and the FWHM of MaNGA PSF. 
The other one is the mass-weighted density slope γT (Dutton & 

reu 2014 ), given by 

T ≡
1 

M T ( < R e ) 

∫ R e 

0 
−d lg ρT 

d lg r 
4 πr 2 ρT ( r)d r = 3 − 4 πR 

3 
e ρT ( R e ) 

M T ( < R e ) 
. 

(21) 

he mass density slopes for the stellar matter ( γ∗ , γ∗ ) and DM
omponents ( γDM , γDM ) can also be calculated similarly. In all cases,
he radially averaged density is computed analytically from the 
xisymmetric MGE using the MGE RADIAL DENSITY function within 
AMPY . We provide slopes of both definitions in the catalogue, but
nly show the mass-weighted slopes in the analysis in the following
ections. Note that the two definitions have opposite signs: the 
verage logarithmic slope is negative, while the mass-weighted one 
s positive. A comparison between the two definitions of the total
ensity slopes (the absolute values) is presented in Fig. 6 . 

.3 Effecti v e v elocity dispersion and stellar angular momentum

he ef fecti ve second moments 〈 v 2 rms 〉 e is defined as the luminosity-
eighted second velocity moments within an elliptical aperture of 

rea A = πR 

2 
e , which reads: 

 v 2 rms 〉 e = 

∑ 

k F k ( V 

2 
k + σ 2 

k ) ∑ 

k F k 

, (22) 

here F k , V k , and σ k are the flux, stellar velocity, and stellar velocity
ispersion in the k th spax el, respectiv ely. As V and σ are derived from
he PPXF fit to the Voronoi binned spectra, we replicate the binned
alues for each spaxel belonging to each Voronoi bin. The ef fecti ve
elocity dispersion σ e , which is measured from a single fit to the
tacked spectra within half-light ellipse, is found to be close to 〈 v 2 rms 〉 e 
ithin the random errors (Cappellari et al. 2013a ). The proxy for the
MNRAS 522, 6326–6353 (2023) 
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Table 2. Parameter guidance for MaNGA galaxies in different quality groups (see Section 5.1 for definition of the groups). From left to right, the columns 
are (1) quality classification; (2) the number of galaxies; (3) the guidance for the use of quantities; (4) the reliable JAM-inferred parameters. For each quality 
(i.e. Qual = 0 , 1 , 2 , 3), the reliable parameters for all galaxies in the given quality group (top) and for those galaxies satisfying the recommended selection 
criteria (bottom) are presented in the fourth column. Even for the reliable parameters for all galaxies (e.g. M T ( < R e ), M T ( < r 1/2 ), ( M / L ) e , γT , γT for Qual � 1 
galaxies), we recommend to further select the galaxies satisfying | lg ( X cyl /X sph ) | < 3 
 (enclosed total masses or M / L ) or | X cyl − X sph | < 3 
 (total density 
slopes) to remo v e the outliers. Here, X cyl and X sph represent the quantities derived from JAM cyl and JAM sph models, respectively. The 
 is the rms scatter of 
each quantity in different quality groups, which is taken from Table 3 . The users can use more (or less) restrictive selection criteria to obtain purer (or more 
complete) samples based on their scientific purpose. 

Qual N gal Guidance Reliable parameters 

−1 936 No kinematic/dynamical properties should be used. None 

0 3295 σ e and λR e can be trusted. JAM-inferred parameters should be used with cautions: 
only the consistent JAM cyl and JAM sph inferred integrated quantities, i.e. the total 
mass within a sphere ( R e or r 1/2 ) or the total M / L within R e , can be used (see 
Section 6.2 ). 

σ e , λR e 

M T ( < R e ), M T ( < r 1/2 ): | lg ( X cyl /X sph ) | < 3 
 

( M / L ) e : | lg ( X cyl /X sph ) | < 3 
 

1 4833 σ e and λR e can be trusted. Parameters related to the total mass distribution (e.g. total 
mass within R e , total mass-to-light ratios, and total density slopes) can be trusted. 
Parameters related to the decomposition between stellar matter and DM components 
(e.g. DM fraction within R e ) should be used with cautions: only consistent JAM cyl 

and JAM sph inferred values can be trusted. 

σ e , λR e , M T ( < R e ), M T ( < r 1/2 ), ( M / L ) e , γT , γT 

f DM 

( < R e ) : | X cyl − X sph | < 0.1 
M ∗/ L : | lg ( X cyl /X sph ) | < 0 . 1 

2 90 σ e and λR e can be trusted. Parameters related to the total mass distribution (e.g. total 
mass within R e , total mass-to-light ratios and total density slopes) can be trusted. 
Parameters related to the decomposition between stellar matter and DM components 
(e.g. DM fraction within R e ) should be used with cautions: only consistent JAM cyl 

and JAM sph inferred values can be trusted. 

σ e , λR e , M T ( < R e ), M T ( < r 1/2 ), ( M / L ) e , γT , γT 

f DM 

( < R e ) : | X cyl − X sph | < 0.1 
M ∗/ L : | lg ( X cyl /X sph ) | < 0 . 1 

3 1142 All quantities are regarded as reliable. All 
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tellar angular momentum λR e is defined as (Emsellem et al. 2007 ) 

R e = 

∑ 

k F k R k | V k | ∑ 

k F k R k 

√ 

V 

2 
k + σ 2 

k 

, (23) 

here F k , V k , and σ k are the same as equation ( 22 ); R k is the distance
f k th spaxel to the galaxy centre. We calculate these two quantities
ollowing Graham et al. ( 2018 ) as their code has been made publicly
vailable, 10 and the values have been corrected for PSF effects. 

 QUA LITY  ASSESSMENT  

he quality and characteristics of the data vary widely for a surv e y
ike MaNGA. For this reason, for a proper use of our catalogue, it is
ssential to be able to select subsets according to the quality of the
odels. In this section, we discuss our qualitative assessment. 

.1 Visual quality classification 

he MaNGA sample contains various types of galaxies, some of
hich, including merging g alaxies, g alaxy pairs, irregular galaxies,

nd strong bars, cannot be described by the dynamical models which
ssume a steady state. In other cases, the data quality is low because
f low S / N or strong dust absorptions. We thus grade the fitting
uality by visually inspecting V rms and V maps reco v ered with the
FL model. 
We grade the modelling quality as −1, 0, 1, 2, 3 according to

he following principles. Qual = −1 means the galaxies’ stellar
inematics are highly disturbed (e.g. merging galaxies, irregular
alaxies, or close galaxy pairs). One should not trust any of the
NRAS 522, 6326–6353 (2023) 

0 ht tps://github.com/markt graham/lambdaR e calc 1
inematic/dynamic properties of these galaxies. Qual = 0 represents
he galaxies with somewhat regular kinematic distributions but
annot be well-modelled by JAM, indicating inferior data quality
low S/N or low stellar velocity dispersion) or a problematic model
e.g. due to the presence of strong bars). Qual = 1 indicates an
cceptable fit to the V rms with the V rms shape being somewhat
redicted but the value being biased. Qual = 2 corresponds to the
ases that have a good fit (both shape and value) to the V rms but a bad
t to the line-of-sight velocity V (see Section 5.2 for the prediction
f line-of-sight velocities). The highest quality Qual = 3 means that
oth V rms and V are well reco v ered. The numbers of galaxies in
ach quality group and the suggestions on the parameters than can
e trusted in each quality group are given in Table 2 . The example
inematic maps of different modelling qualities are shown in Fig. 7 .
In Fig. 8 , we present the distributions of samples with different

ata qualities (except for Qual = −1) on the colour–magnitude
iagram, the redshift-stellar mass diagram, and the redshift-apparent
agnitude diagram, which are derived from the NASA-Sloan Atlas 11 

NSA) catalogue (see Blanton & Roweis 2007 ; Blanton et al. 2011 ).
oreo v er, we also present the ( λR e , ε) diagram in the bottom right-

and panel of Fig. 8 . Compared to the parent sample, diverse distri-
utions of stellar mass (or equi v alently r -band absolute magnitude)
re observed for different modelling qualities: the Qual = 0 sample
ontains a higher fraction of low-mass galaxies, the distributions of
ual = 1 galaxies are flat, which is similar to the whole sample, while
ost of the Qual = 2 sample are massive galaxies. The stellar mass

f Qual = 3 galaxies span in a range of 10 10 −10 11.3 M �. Note that
he fitting quality has a strong dependence on the data quality of the
pectrum. Some of the most massive ellipticals have low modelling
1 ht tp://nsat las.org/

https://github.com/marktgraham/lambdaR_e_calc
http://nsatlas.org/
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Figure 7. Examples of galaxies with different modelling qualities (from top to bottom: Qual = −1, 0, 1, 2, and 3). For each galaxy, the RGB image, observed 
and modelled stellar kinematics (both V rms and V ), and SDSS r -band isophotes (black) o v erlaid with MGE contours (red) are presented. The contours, lines, 
and symbols are the same as Figs 1 and 2 . 

q
b  

d
n  

w  

Q  

s  

e
t  

a  

p  

t

5

T  

e  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/522/4/6326/7147316 by C
airns Library, U

niversity of O
xford user on 15 June 2023
uality because they have a low S/N spectrum (confirmed by the 
ottom left-hand panel of Fig. 8 : the modelling quality strongly
epends on the apparent magnitude). The colour distributions are 
early identical to the whole sample except for the Qual = 2 sample,
hich has a higher fraction of red galaxies. In particular, most of
ual = 2 galaxies are massive and red, suggesting that they could be

low rotator galaxies and we confirm this in the ( λR e , ε) diagram. As
xpected, the Qual = 3 galaxies contain more fast rotators compared 
o the parent sample, while the distributions of λR e and ε for Qual = 0
 t  
nd Qual = 1 galaxies are very similar to the parent sample. We
resent some examples of the observed and modelled V rms maps for
he Qual = 3 galaxies in Fig. 9 . 

.2 Predictions on the first velocity moments 

he gravitational potential in a galaxy is only constrained by the
ven moment of the velocity. This is because, for a given density and
racer distributions and one can al w ays revert the sense of rotation
MNRAS 522, 6326–6353 (2023) 

art/stad1299_f7.eps


6338 K. Zhu et al. 

M

Figure 8. The distributions of MaNGA complete sample in the u − g colour–magnitude (SDSS r -band) diagram (top left-hand panel), the redshift-stellar mass 
diagram (top right-hand panel), the redshift-apparent magnitude (SDSS r -band) diagram (bottom left-hand panel), and the ( λR e , ε) diagram (bottom right-hand 
panel). Galaxies with different modelling qualities are shown with different colours (see the legend). The black contours are the distribution of the total sample. 
Histograms of each panel show the probability density functions for the whole sample (black) and each subsample of different modelling qualities. All the 
parameters are extracted from the NSA catalogue except for the ( λR e , ε) diagram, where λR e is calculated as Section 4.3 and ε is the observed ellipticity derived 
from the MGE models using the MGE HALF LIGHT ISOPHOTE software. In the ( λR e , ε) diagram, the green line represents the predicted relation for an edge-on 
( i = 90 ◦) isotropic rotator from Binney ( 2005 ) (Cappellari 2016 , equation 14), while the magenta line denotes the edge-on relation from Cappellari et al. ( 2007 ) 
(Cappellari 2016 , equation 11). The thin dotted lines show how the magenta line changes with different inclinations ( 
 i = 10 ◦), while the thick dashed lines 
sho w ho w the galaxies mo v e across the diagram with changing inclination for a set of gi ven ε intr v alues ( 
ε intr = 0.1). The lo wer left-hand region enclosed by 
the black solid lines ( λR e < 0 . 08 + ε/ 4 , ε < 0 . 4) define the region occupied by slow rotators (Cappellari 2016 , equation 19). 
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change velocity sign) of arbitrary numbers of tracer stars, without
aving to change neither the density nor the tracer. For this reason,
n our fitting process, as customary with JAM models, we only use
he second velocity moments V rms to determine the free parameters
hat define the galaxy shape and density distribution. To predict the
rojected second velocity moments, we do not need to make any
ssumption on how the second moment in the tangential direction
 

2 
φ , which appears in the Jeans equations (4) and (6), separates into
rdered rotation and a random motion, defined by 

 

2 
φ = v φ

2 + σ 2 
φ . (24) 
NRAS 522, 6326–6353 (2023) 
o further obtain the line-of-sight velocity (i.e. the first velocity
oment) map, one needs to make additional assumptions on the

hape of velocity ellipsoid to e v aluate v φ . In this work, to quantify
alaxy rotations we predict the velocities assuming an oblate velocity
llipsoid which satisfies 

2 
φ = σ 2 

R , σ 2 
φ = σ 2 

r , (25) 

n the cylindrically or spherically aligned cases, respectively, where
2 
R ( σ 2 

r ) is determined from J AM cyl (J AM sph ) model, following
appellari ( 2008 , 2020 ). In the case of JAM sph , there are two

art/stad1299_f8.eps
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Figure 9. Examples of the mass-follows-light models for Qual = 3 galaxies, using the JAM cyl method. For each galaxy, the top panel shows the observed V rms 

map, o v erlaid with the black contours of observed surface brightness (in steps of 1 mag). In the bottom panel, the modelled V rms map and the adopted MGE 

surface brightness (black contours) are shown. The white circles are the clipped bins, which are not included in the JAM fitting. Ticks are separated by 10 arcsec. 
The JAM models (the observed and modelled V rms maps) for the full sample can be found in ht tps://manga-dynpop.git hub.io . 
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Figure 10. Distributions of the ratio between the observed and the predicted 
stellar velocities ( κ; see Section 5.2 for definition) for galaxies in different 
modelling quality groups (from top to bottom: Qual � 0, Qual � 1, and 
Qual = 3). In each panel, results for different JAM models are shown with 
histograms of different colours. The black solid curve is the Gaussian fit of 
the results for the JAM cyl + MFL model (for the comparison with Cappellari 
2016 ), with μ and σ being the mean and standard deviation values of the 
Gaussian distribution. 
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atural choices for splitting ordered and random motions. Our choice
orresponds to equation (56) of Cappellari ( 2020 ), which is likely
etter suited for the fast rotator galaxies dominating our sample.
fter substituting σ 2 

φ with σ 2 
R ( σ

2 
r ) in equation ( 24 ), the intrinsic first

elocity moment v φ is derived and can be used to predict modelled
ight-of-sight velocities v los (see section 3.1.5 of Cappellari 2008 for

ore details). 
To assess the validity of reco v ered line-of-sight velocity maps,

e calculate the distribution of κ , defined as (Cappellari 2008 ,
quation 52) 

= 

∑ 

k F k | x ′ k V k | ∑ 

k F k | x ′ k ( v los ) k | , (26) 

here F k is the flux of k th Voronoi bin; V k and ( v los ) k are the cor-
esponding observed and modelled line-of-sight velocities, respec-
ively; x ′ k is the distance of the k th Voronoi bin to the galaxy centre
arallel to the major axis. In Fig. 10 , we present the distributions
f κ for galaxies with different data qualities (Qual � 0, Qual � 1
nd Qual = 3 from top to bottom). As can be seen, for all models,
he distributions of κ peak at κ ≈ 1 regardless of the modelling
uality, confirming that, after fitting the density, the first velocity
oment can be well predicted under the assumption of an oblate

elocity ellipsoid, as first noted in Cappellari ( 2008 ) and quantified
or a statistical sample of ETGs in Cappellari ( 2016 , fig. 11).
ere we find that this empirical fact is valid for all morphological
alaxy types and for both JAM cyl and JAM sph . The rms scatter
f the κ distribution decreases from low-quality samples to high-
uality samples. If we exclude the Qual = 0 galaxies, the rms scatter
ecomes 8.8 per cent, compatible with the result of ATLAS 

3D (see fig.
1 in Cappellari 2016 ). Specifically, the Qual = 3 galaxies, which
re visually classified as the models that have good fit to the V rms and
 los , have a remarkably small observed rms scatter ( ∼ 5 per cent ). 

 REALISTIC  M O D E L  UNCERTAINTIES  

 key strength of this project is that we derive mass models under
wo extreme assumptions on the orientation of velocity ellipsoid,
amely JAM cyl and JAM sph . Moreo v er, for each galaxy in the sample
nd for each JAM cyl and JAM sph model we make four different
ssumptions for the dark/luminous mass decomposition, resulting
n eight different models to analyse the full sample of MaNGA
alaxies. In this section, we use the differences between these
ifferent model assumptions to assess the level of systematics in
ur derived dynamical quantities. These dominate the formal (i.e.
tatistical) uncertainties, which are generally small, unreliable and
ot very useful for practical usage. 

.1 J AM cyl versus J AM sph 

e focus on five quantities: the mass-weighted total density slope γT ,
he DM fraction f DM 

( < R e ), the dynamical mass-to-light ratio ( M / L ) e ,
nd the total mass M T ( < R e ), all four quantities within a sphere of
adius R e , and the reduced chi-square χ2 / DOF (see Section 4 and
ppendix B for explanations of these quantities). To reduce the

ffect of bad fittings, we only use the galaxies of the highest quality
Qual = 3) in this test. We perform a linear fit to the quantities
btained with JAM cyl and JAM sph , using the robust LTS LINEFIT 12 

rocedure (Cappellari et al. 2013a ), which combines the Least
rimmed Squares robust technique of Rousseeuw & Driessen ( 2006 )
NRAS 522, 6326–6353 (2023) 

2 Version 5.0.19, from ht tps://pypi.org/project /ltsfit /. 

s  

T  

M  
nto a least-squares fitting algorithm which allows for errors in all
ariables and intrinsic scatter. 

The results are presented in Fig. 11 . In the bottom panels, the
educed chi-square χ2 / DOF of JAM cyl and JAM sph are statistically
ndistinguishable (with observed rms scatter 
 = 0.025 dex) for
FW and gNFW models, slightly larger than the observed rms

catter ( 
 = 0.022 dex) using ATLAS 

3D data (Cappellari 2020 ).
he observed rms scatter slightly increases to 
 = 0.045 dex for the
FL model and 
 = 0.056 dex for the fixed NFW model, consistent

https://pypi.org/project/ltsfit/
art/stad1299_f10.eps
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Figure 11. Comparisons of the results derived from JAM cyl ( X -axis) and from JAM sph ( Y -axis). The fitting is carried out with least-squares fitting on 1142 
galaxies with Qual = 3. Fitting results for MFL, NFW, fixed NFW, and gNFW models (see Section 3.3 ) are shown from left to right. Four quantities, including 
the total mass slope γT , DM fraction within R e , f DM 

( < R e ), total mass within R e , lg M T ( < R e ), and χ2 / DOF are shown from top to bottom. Since the MFL 

model does not ha ve stellar -DM decomposition, resulting in the equi v alent total mass density slope and luminosity density slope, we do not show γT and f DM 

( < 

R e ) for the MFL model. In each panel except for the panels of f DM 

( < R e ), a linear fit is performed to the parameters derived with different velocity ellipsoid 
assumptions (i.e. JAM cyl and JAM sph ), using the LTS LINEFIT software (Cappellari et al. 2013a ) with clip = 6 . The fitting results are listed in the upper left 
of each panel. The solid, dashed, and dotted red lines represent the best-fitting, 1 σ (68 per cent confidence level) scatter and 2.6 σ (99 per cent confidence level) 
scatter, respectively. The green symbols are the detected outliers beyond 6 σ confidence level. In each panel of the second rows, the grey contour is a kernel 
density estimate of the galaxy distribution (using scipy.stats.gaussian kde), while the red line is the one-to-one relation. We do not fit the data of f DM 

( < R e ) 
panels. In those cases, the σ represents the 68th percentile of the absolute difference | f DM, cyl − f DM, sph | . 
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ith the expectation that the difference in χ2 / DOF between JAM cyl 

nd JAM sph is smaller for the more flexible mass models. 
As shown in the third and fourth rows of Fig. 11 , the enclosed

ynamical mass-to-light ratio ( M / L ) e and the total mass within
f fecti ve radius M T ( < R e ) are reliable quantities that are nearly
naffected by the assumption of the orientation of velocity ellipsoids.
or the MFL model, the rms scatter of ( M / L ) e is 
 = 0.011
ex, indicating an error of 
/ 

√ 

2 = 1 . 8 per cent in the individual
 M / L ) e . The errors of NFW and gNFW models are ∼ 2 . 1 per cent
 
 ≈ 0 . 013 dex), and the smallest errors are found in the models
ith fixed NFW dark halo ( ∼ 1 . 6 per cent , 
 ≈ 0 . 0095 dex). 
The mass-weighted total density slopes γT are also very consistent

n JAM cyl and JAM sph . The observed rms scatters of NFW, fixed
FW, and gNFW models are 
 = 0.071, 
 = 0.0091, and 
 = 0.076,

especti vely. The v alues of observed scatter for NFW and gNFW
odels are close to those obtained from ATLAS 

3D ( 
 = 0.094,
appellari 2020 , fig. 12), reconfirming the validity of the approach. 
When the dark halo slope approaches the slope of the stellar

ensity, a change in the stellar M / L becomes indistinguishable from
n increase in the DM fraction. For this reason, one cannot expect
o be able to uniquely constrain the f DM 

( < R e ) in every individual
alaxy. Nonetheless, J AM cyl and J AM sph inferred f DM 

( < R e ) values
re statistically consistent, with 1 σ scatter of 0.057, 0.0020, and
.11 for NFW, fixed NFW, and gNFW models, where the 1 σ scatter
s defined as 68th percentile of the absolute difference | f DM, cyl −
 DM, sph | . Ho we ver, for some extreme cases, the difference can be up
o 0.7 between the two different JAM assumptions, which implies
he f DM 

( < R e ) is essentially unconstrained by the data without more
estrictive priors. One can also find that different mass models predict
ifferent f DM 

( < R e ), which will be discussed in more detail in
ection 6.3 . Therefore, when future users analyse DM fractions with
ur catalogue, it is important to select galaxies with consistent f DM 

( <
 e ) values for different models. 

.2 Uncertainties of density slope, enclosed M / L , and mass 

e present the scatter of parameters among different models in
ig. 12 . The scatter is calculated with respect to the biweight mean
Hoaglin et al. 1983 , p. 417) of different models. We compare the
alues of each model with the biweight mean value, which are shown
n Figs 12 and 13 . The biweight mean is known as a robust method
o determine the central location of a distribution, which is shown
o be more robust compared to the conventional mean value (Beers,
lynn & Gebhardt 1990 ; Andrews & Hampel 2015 ) in statistics with
utliers or small statistical size. With the comparisons between mod-
ls, we aim to investigate the systematic bias between different mod-
ls and measure the systematic uncertainties of derived quantities. 

On the left column of Fig. 12 , the comparisons of mass-weighted
otal density slopes γT between 6 models are shown (the mass-
ollows-light models are excluded because that their total density
lopes are uniquely decided by their luminosity density slopes, which
o not vary with JAM models). For the NFW and gNFW models, the
lopes of best-fitting lines are close to unity for Qual � 1 galaxies,
hile deviations from unity are observed for Qual = 0 galaxies.
he values of the fixed NFW model deviate from biweight mean
alues regardless of quality, indicating that the underlying theoretical
ssumption for the halo is unable to accurately predict the real
alaxies. Moreo v er, the uncertainties of γT between NFW and gNFW
odels are presented on the left column of Fig. 13 (the fixed NFW
odel is excluded because they are a theoretical prediction, which we

ound is not sufficiently reproducing real galaxies). From Qual = 0
NRAS 522, 6326–6353 (2023) 
o Qual = 3, the observed rms scatter 
 ranges from 0.19 to 0.049.
or the galaxies with Qual > 0, the observed scatters ( 
 = 0.079 for
ual = 1, 
 = 0.034 for Qual = 2, 
 = 0.049 for Qual = 3) are

ompatible with the values 
 = 0.13 obtained by Poci et al. ( 2017 )
nd 
 = 0.094 obtained by Cappellari ( 2020 ). For our alternative
efinition of total density slope or equation ( 20 ), i.e. the logarithmic
otal density slope γT , the rms scatters are nearly identical ( 
 = 0.18
or Qual = 0, 
 = 0.082 for Qual = 1, 
 = 0.047 for Qual = 2,
 = 0.049 for Qual = 3; Table 3 ). 
The comparisons of dynamical mass-to-light ratio ( M / L ) e , total
ass within ef fecti ve radius M T ( < R e ), and total mass within a sphere

f 3D half-light radius M T ( < r 1/2 ) are presented in the second, third,
nd fourth columns of Figs 12 and 13 . In Fig. 12 , for the Qual = 0
alaxies, ( M / L ) e measurements of the MFL model are systematically
maller compared to other models especially at the high ( M / L ) e end.

ith increasing quality, the systematic difference between different
ass models becomes indistinguishable (the correlations between
odels have a slope of nearly unity except for the Qual = 2 galaxies
ith a significantly small number). 
The excellent agreement between MFL and more flexible halo
odels, with good-quality data, is consistent with the same JAM

esults for ETGs in ATLAS 

3D (Cappellari et al. 2013a , fig. 9). While
he smaller M / L for MFL models on low-quality data is consistent
ith the LEGA-C JAM modelling (van Houdt et al. 2021 , fig. 9).
his is important: Given that with good data the MFL models return

he correct ( M / L ) e , the difference observed at low S/N is unlikely to
e a genuine effect. Instead, it must be due to the more flexible halo
odels being unable to correctly constrain the dark halo and returning
 v erestimated f DM 

( < R e ) and consequently too large ( M / L ) e . The
endency of low-quality data to cause overestimated f DM 

( < R e )
as noted in Cappellari et al. ( 2013a , fig. 10) and we observe

lso in this work. We verify that this is not due to galaxies with
etter data having smaller data co v erage and smaller DM fraction.
his suggests that, in general, the MFL models provide a more

obust estimate of the ( M / L ) e than more general models, even in the
resence of M / L gradients, and should be preferred with inferior data
uality. 
Following popular practice, we also compare enclosed masses

rom dif ferent models. Ho we ver, we stress that these comparisons do
ot contain any information that is not already better visible in the
 M / L ) e plots. In fact, by definition M T ( < R e ) = L ( < R e ) × ( M / L ) e . This
mplies that the mass plots can be obtained by multiplying both x −y
xes by the same luminosity, ef fecti vely stretching the axes’ scale
nd making any differences more difficult to detect. This explains
he fact that masses have the same scatter as the M / L within the
umerical uncertainties of the clipping process. This is perhaps the
eason why masses are often a preferred way of comparing dynamical
esults than M / L . No apparent systematic differences are observed
or the M T ( < R e ), regardless of quality (third column in Fig. 12 ).
he scatters of ( M / L ) e and M T ( < R e ) are nearly identical: 
 = 0.082
ex for Qual = 0, 
 = 0.036 dex for Qual = 1, 
 = 0.052 dex for
ual = 2, and 
 = 0.018 dex for Qual = 3 (Fig. 13 ). The larger

catters for Qual = 2 galaxies than those for Qual = 1 galaxies may
e due to the significantly smaller number of Qual = 2 galaxies.
oreo v er, the scatter of M T ( < R e ) for Qual = 3 galaxies ( 
 =

.018 dex) is compatible with 
 = 0.037 dex obtained from the
ull sample of ATLAS 

3D (Cappellari et al. 2013a ), suggesting that
odels of Qual = 3 galaxies are at the same level of accuracy as

hose of ATLAS 

3D . The total mass within 3D half-light radius M T ( <
 1/2 ) is a robust quantity that has no systematic bias between models
Fig. 12 ), with a small observed scatter ranging from 
 = 0.071 dex
o 
 = 0.014 dex in different quality groups (Fig. 13 ). 
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Figure 12. The comparisons of quantities between each model and the biweight mean value of eight models (except for the total density slope γT which does 
not account for the MFL model) for different quality groups, with best-fitting straight-lines of each model which are derived from LTS LINEFIT software. Results 
of galaxies with quality 0, 1, 2, and 3 are shown from top to bottom, and four quantities, including the total density slope γT , the dynamical mass-to-light ratio 
( M / L ) e , the total mass within 2D ef fecti ve radius M T ( < R e ), and the total mass within 3D half-light radius M T ( < r 1/2 ) are shown from left to right. The colours 
correspond to different mass models, while solid and dashed lines represent the J AM cyl and J AM sph methods (see the top legends for the details). Corresponding 
slopes of best-fitting straight lines for each model are shown in the legend of each panel. 
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The observed scatters 
 and corresponding errors are presented 
n Table 3 . In summary, the quantities related to the total mass
istribution are reliable and no systematic bias between models is 
bserved for the Qual � 1 galaxies (except for the γT inferred from
he fix ed NFW model). F or the Qual = 0 galaxies, the total mass
ithin a sphere of R e or r 1/2 can still be trusted. The observed

ms scatters of quantities significantly decrease with increasing 
odelling quality, again confirming the importance of our visual 

uality control and the usefulness of using multiple models to 
stimate realistic parameter uncertainties. Furthermore, the small 
catter also suggests the insensitivity of these quantities to different 
ass models (i.e. MFL, NFW, fixed NFW, and gNFW models) and 

ifferent assumptions on the orientation of the velocity ellipsoid (i.e. 
 AM cyl and J AM sph ). 
.3 Model uncertainties on DM fractions 

ynamical modelling in general, can only measure total densities, 
r equi v alently enclosed masses. As far as we currently understand,
ravity does not distinguish between luminous, baryonic, or DM. 
or this reason, it is obvious that if one were to allow part of the DM

o be distributed like the baryons, any DM decomposition would 
ecome degenerate. This implies that the decomposition of the total 
ensity into baryonic and DM al w ays necessarily involves some level
f assumptions. In practice, we know from numerical simulations, 
.g. EAGLE (Crain et al. 2015 ) and IllustrisTNG (Marinacci et al.
018 ; Naiman et al. 2018 ; Nelson et al. 2018 ; Pillepich et al. 2018 ;
pringel et al. 2018 ), that DM is expected to be more extended and
mooth than the stars and this allows us to place some constraints
MNRAS 522, 6326–6353 (2023) 
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M

Figure 13. Systematic measurement uncertainties for galaxies in different quality groups. The panels are the same as Fig. 12 . In each panel, the Y -axis represents 
the corresponding quality of all 8 models ( γT is not shown for MFL and fixed NFW models, since it is uniquely decided by luminosity density slope in the MFL 

model and values of the fixed NFW model deviate far from other models as shown in Fig. 12 ), and the X-axis is for the biweight mean value of the quantities 
(see Section 6.2 for definition) for different models. Using LTS LINEFIT procedure with clip = 6 , the best-fitting, 1 σ (68 per cent of values) scatter and 2.6 σ
(99 per cent of values) scatter are fitted and shown with red solid, dashed and dotted lines. The green symbols are the detected outliers beyond 6 σ confidence 
level, while the fraction of the detected outliers are listed in each panel. 

Table 3. The errors of individual quantities ( γT , γT , ( M / L ) e , M T ( < R e ), M T ( < r 1/2 )) for different quality groups. The slope and 
 denote the slope and 
observed scatter obtained by the LTS LINEFIT procedure. The error is defined as 
/ 

√ 

2 assuming that the quantities on both axes are comparable. The errors 
of quantities in this table are derived from eight models listed in Table 1 , except for the errors of γT and γT , for which MFL and fixed NFW models are not 
accounted for (see the text in Section 6.2 for more explanations). 

Quantities Qual = 0 Qual = 1 Qual = 2 Qual = 3 Mass models 
Slope 
 Error Slope 
 Error Slope 
 Error Slope 
 Error 

γT 1.13 0.19 0.13 1.03 0.079 0.056 1.00 0.034 0.024 1.01 0.049 0.035 NFW, gNFW 

γT 1.10 0.18 0.13 1.02 0.082 0.058 1.00 0.047 0.033 1.01 0.049 0.035 NFW, gNFW 

( M / L ) e 1.02 0.076 dex 13.2 % 1.02 0.034 dex 5.69 % 1.01 0.033 dex 5.52 % 1.00 0.018 dex 2.97 % All 
M T ( < R e ) 1.01 0.082 dex 14.3 % 1.01 0.036 dex 6.04 % 1.02 0.052 dex 8.84 % 1.00 0.018 dex 2.97 % All 
M T ( < r 1/2 ) 1.00 0.071 dex 12.3 % 1.00 0.028 dex 4.66 % 1.01 0.035 dex 5.86 % 1.00 0.014 dex 2.31 % All 
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Figure 14. The comparisons of mass-weighted total density slope γT derived from NFW models ( X -axis) and gNFW models ( Y -axis) for galaxies with Qual = 3, 
colour-coded by DM difference of the two models ( 
 f DM 

( < R e ) gNFW-NFW 

, left panels), stellar density slope ( γ∗, middle panels), and χ2 difference between two 
models ( 
 ( χ2 / DOF) gNFW −NFW 

, right panels). Results for JAM cyl and JAM sph are shown in the top and bottom panels, respectively. In each panel, the vertical 
and horizontal black dashed lines represent the mass-weighted density slope of 1.6, which is approximately the steepest DM density slope (i.e. with the largest 
absolute v alue) allo wed by the gNFW density profiles (see Table 1 , but note that the mass-weighted slope al w ays has a positive sign by definition, as opposed 
to the inner slope parameter γ of gNFW profiles). 
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n its contribution. Ho we ver, these assumptions do not remove all
egeneracies and make DM a much more uncertain and assumption- 
ependent parameter than the other dynamical quantities we can 
ore directly measure. 
Using the galaxies of best quality (Qual = 3), the consistency 

f f DM 

( < R e ) between J AM cyl and J AM sph is already shown in the
econd rows of Fig. 11 . Although there is no systematic differences
etween the inferred values of JAM cyl and JAM sph , the non-negligible 
raction of outliers makes it necessary to exclude the cases with 
ignificant inconsistency when the readers want to use the DM-stellar 
ecomposition results of our modelling. 
Ho we ver, we also notice that there are still some cases in Fig. 11

hat have significant differences between different mass models even 
fter excluding the outliers. To understand the origin of the systematic 
ffset of f DM 

( < R e ), we present Fig. 14 , in which Qual = 3 galaxies
re plotted on the γT ( NFW ) − γT ( gNFW ) plane, colour-coded by 
he DM fraction difference between NFW and gNFW models, the 
tellar density slope, and the χ2 / DOF difference between NFW and 
NFW models from left to right. Results for JAM cyl and JAM sph 

re shown in the top and bottom panels, respectively. As can be
een, most galaxies have nearly identical total density slopes and 
ndistinguishable differences in DM fraction under different mass 
odels (i.e. the NFW model versus the gNFW model), while a subset

f galaxies has slightly different γT and significantly inconsistent 
 DM 

( < R e ). As seen from the right-hand panels of Fig. 14 , the χ2 / DOF
alues of the gNFW model are smaller than those of the NFW
odel for this subset of galaxies, which is expected due to more
ree parameters in the gNFW model. For this reason, we use γT of
he gNFW model as the reference to investigate the origin of the
ifferences in γT and f DM 

( < R e ) between the two models. 
For the galaxies with shallow total and stellar density slopes 

1 < γT < 1 . 6 and 1 < γ∗ < 1 . 6), the variable inner density slope
f gNFW profile allows γDM to be similar to γ∗ or even steeper. Thus,
he DM fraction of the gNFW model can be large for the outliers
ith 1 < γ∗ < γT < 1.6. But for the NFW model, due to the shallower

DM , the only way to reach the same total density slope as the gNFW
odel is to reduce the DM fraction. Ho we ver, it is still impossible to

each a steeper γT than γ∗ for the NFW model even with very small
M fraction, leading to the much smaller f DM 

( < R e ) and slightly
hallower γT of the NFW model (see the left-hand panels of Fig. 14 ).

Meanwhile, the stellar density slope γ∗ is al w ays steeper than γDM 

or the galaxies with 1 . 6 < γT < 2. Since the total density slope

T is determined by the interplay between shallower DM density 
lope γDM and steeper stellar density slope γ∗ , the DM fraction in the
NFW model can be higher responding to the steeper γDM . For the
alaxies with steeper total density slopes ( γT > 2), no distinguishable
ifferences in γT and f DM 

( < R e ) between NFW and gNFW models
re observed. 

 SUMMARY  

n this work, we construct a full catalogue of dynamical quantities for
he complete sample of 10K galaxies with integral-field kinematics 
rom the MaNGA surv e y (SDSS DR17; Abdurro’uf et al. 2022 ) with
MNRAS 522, 6326–6353 (2023) 
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heir fitting quality carefully assessed. The quantities are derived
sing a detailed dynamical model (JAM; Cappellari 2008 , 2020 ),
hich is based on the axisymmetric Jeans equations and had been
emonstrated by others to be more accurate than other more-general
echniques in reco v ering the total mass distribution. Four mass

odels (i.e. MFL, NFW, fixed NFW, and gNFW; see Section 3.3
or details) and two assumptions on the orientation of velocity
llipsoid (i.e. the cylindrically-aligned JAM cyl and the spherically-
ligned JAM sph velocity ellipsoids; see Section 3.1 ) are adopted
n this work. By fitting the observed second velocity moments
 rms , the free parameters of different models are optimized to find

he maximum likelihood value. Based on the comparison between
bserved and modelled V rms and V maps, the sample is visually
lassified into different modelling quality groups (Qual = −1, 0, 1,
, 3; see Section 5.1 ). 
The main results of tests on the robustness of measured quantities

e.g. mass-weighted total density slope γT , dynamical mass-to-light
atio ( M / L ) e , enclosed total mass within a sphere of R e M T ( < R e ),
nclosed total mass within a sphere of r 1/2 M T ( < r 1/2 ); see Section 4
or details] and the systematic uncertainties in different models are
s follows: 

(i) As shown in Fig. 10 , the first-order velocity moments can be
ell reco v ered ( κ ≈ 1) under the assumption of oblate velocity

llipsoid, regardless of modelling quality. The rms scatter of κ
istribution decreases with the impro v ement of modelling quality
nd has a remarkably small scatter of 0.05 for the Qual = 3 galaxies.

(ii) The comparisons between quantities inferred from JAM cyl and
AM sph in Fig. 11 show that no systematic offsets between these two
ethods. The small observed scatter of γT ( 
 ≈ 0.071 − 0.076),

 DM 

( < R e ) (1 σ scatter of 0.057 for the NFW model, 1 σ scatter of
.11 for the gNFW model), M T ( < R e ) ( 
 ≈ 0.010 −0.014 dex),
nd χ2 / DOF ( 
 ≈ 0.025 −0.045 dex) are comparable to the values
btained in Cappellari ( 2020 ), reconfirming the validity of these two
pproaches. 

(iii) Systematic bias and errors are explored by comparing mea-
ured quantities of eight different models (four mass models with
ifferent assumptions on the DM haloes and two assumptions on
he orientation of velocity ellipsoid for each mass model). No
istinguishable systematic differences in γT (MFL and fixed NFW
odels are excluded), ( M / L ) e , M T ( < R e ), and M T ( < r 1/2 ) are observed

or different modelling qualities (the slopes of best-fitting straight
ines in Fig. 12 are close to 1). The enclosed masses computed with

FL models are highly consistent with those computed with more
exible models with DM, when the data are good. Ho we ver, models
ith DM can provide significantly larger enclosed masses on low-
uality data. The fixed NFW model inferred γT values systematically
eviate from other models due to its fixed-halo assumption, thus are
ot recommended for use. The systematic errors for the galaxies
f different modelling qualities are listed in Table 3 . The small
bserved rms scatters shown in Fig. 13 suggest that the quantities
elated to total mass distribution are reliable for Qual � 1 galaxies.
pecifically, the enclosed total mass within a sphere of R e or r 1/2 

or Qual = 0 galaxies can be used by selecting the consistent values
etween models. 

(iv) The DM fraction f DM 

( < R e ) are consistent between different
odels for most galaxies. Ho we ver, a systematic of fset of f DM 

( < R e )
etween different mass models is reported for a subset of galaxies
left columns in Fig. 14 ). The inconsistency for this subset of
alaxies is due to the fact that the DM profile of gNFW is more
exible in contributing to the total density profile as discussed in 
ection 6.3 . 
NRAS 522, 6326–6353 (2023) 
Thanks to the large sample of MaNGA surv e y, this catalogue
rovides robust dynamical modelling for ∼10 000 galaxies, which
akes it the largest catalogue of galaxies with dynamical properties

o far. The MaNGA surv e y consists of different types of nearby
alaxies, providing an unbiased and representative sample to study
he relations related to stellar dynamics (e.g. FP, mass–size plane,
otal density slopes, DM fractions, IMF variations). Furthermore, we
xpect that this catalogue solely or combined with stellar population
nalysis, e.g. FIREFLY (Goddard et al. 2017 ; Neumann et al.
022 ), Pipe3D (S ́anchez et al. 2022 ), and pPXF (Lu et al. 2023 ,
aper II), will bring new insights into our understanding of galaxy
ormation and evolution. In the following papers of this project, we
ill present a catalogue of stellar population properties (Lu et al.
023 , Paper II), the dynamical scaling relations (Zhu et al. 2023 ,
aper III), the combined analysis with weak gravitational lensing
Wang et al. 2023 , Paper IV), and the IMF variations (Lu et al. in 
reparation). 
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ATA  AVA ILA BILITY  

he analysis results (including the catalogue and the figures of model 
tting) are publicly available as supplementary files on the journal 
ebsite. The catalogue is a single FITS file ( ∼20 MB), while the data
odel is presented in Appendix B . The full data release including the

atalogue, more supplementary files (e.g. the mass profiles), and the 
pdates (if any) on the catalogue will be posted in https://manga-dy 
pop.github.io . The MaNGA kinematics data are publicly available 
n https:// www.sdss4.org/ dr17/mang a/mang a- data/data- access/ and 
he corresponding imaging data is available in https://www.sdss.org 
dr12/ imaging/ images/ . 
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PPENDI X  A :  MEASURI NG  T H E  A X I A L  RATIO  

F  DUST  R I N G  

e perform MGE fitting on the images of the dust ring galaxies
nd derive the residual maps by subtracting the MGE models from
he images. The ring structure cannot be modelled by MGE (the
urface brightness of Gaussians al w ays decreases with increasing
adius, while the ring structure results in a bump on the surface
rightness profile), thus the ring structure is presented in the
esidual map. Then we extract the ring by (1) roughly selecting an
llipse shell that contains the ring structure by eye, (2) selecting
he brightest 5 –20 per cent (typically 10 per cent) pixels within
he ellipse shell, and (3) masking the foreground stars by hand
f necessary. We use the least-squares estimator for 2D ellipses,
kimage.measure.EllipseModel ( SCIKIT-IMAGE ; Walt et al. 2014 ),
o obtain the best-fitting ellipse model and then iteratively in-
rease/decrease the axial ratio of the ellipse, with the centre, the
emiminor axis, and the position angle of the best-fitting ellipse
xed, until the residuals increase by 10 per cent (see Fig. A1 ). In

his way, we are able to obtain the upper and the lower limit of the
bserved axial ratio of the dust ring, with which the range of galaxy
nclination can be calculated. 
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Figure A1. An example of measuring the axial ratio of the dust ring for the galaxy 8341-6101. From left to right and top to bottom, the image, the MGE model, 
the residual map (image-model), the ring structure extracted by eye, the brightest 10 per cent pixels of the extracted ring structure which are used to obtain the 
best-fitting ellipse, and the ring structure o v erlaid with best-fitting ellipses. The white solid line in the bottom right-hand panel is the best-fitting ellipse, while 
the white dashed lines are the ellipses that have 10 per cent larger residuals than the best-fitting one. 

A
C

W  

t
p

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/522/4/6326/7147316 by C
airns Library, U

niversity of O
xford user on 15
PPEN D IX  B:  PROPERTIES  I N C L U D E D  IN  T H E  

ATA L O G U E  

e present the data model of this catalogue in Table B1 , which lists
he dynamical properties derived from the analysis described in this 
aper. 
MNRAS 522, 6326–6353 (2023) 

 June 2023

art/stad1299_fA1.eps


6350 K. Zhu et al. 

MNRAS 522, 6326–6353 (2023) 

Table B1. Dynamical properties for each model. For each property, the Header Data Unit (HDU) in which it is stored, the name, its units, and a brief description 
are presented. The HDU ranging from 2 to 9 correspond to models J AM cyl + MFL, J AM sph + MFL, J AM cyl + NFW, J AM sph + NFW, J AM cyl + fixedNFW, 

J AM sph + fixedNFW, J AM cyl + gNFW, J AM sph + gNFW. The NFW profile is written as ρDM ( r) = ρs 

(
r 
r s 

)−1 (
1 
2 + 

1 
2 

r 
r s 

)−2 
, while the gNFW profile is 

written as ρDM ( r) = ρs 

(
r 
r s 

)γ (
1 
2 + 

1 
2 

r 
r s 

)−γ−3 
. The properties with prefix ‘nsa ’ are taken from the NSA catalogue (Blanton & Roweis 2007 ; Blanton et al. 

2011 ). 

HDU Name Units Description 
(1) (2) (3) (4) 

0 Primary Empty primary header 
1 plate The plate ID (e.g. 7443) 

ifudsgn The IFU design ID (e.g.12703) 
plateifu The plate + ifudsgn name (e.g. 7443-12703) 
mangaid Unique MaNGA ID (e.g. 1-114145) 
obj ra degree Right ascension of the science object in J2000 
obj dec degree Declination of the science object in J2000 
ebvgal E ( B − V ) value from sdss dust routine for this IFU 

target Flag for subsample of MaNGA (primary: 0, secondary: 1, colour enhanced: 2) 
rmax arcsec arcsec The kinematic data range, which is defined as the largest radius of the Voronoi bins 
DA Mpc Adopted angular-diameter distance, with a flat Universe of �m = 0.307, h = 0.677 (Planck 

Collaboration XIII 2016 ) 
Re arcsec MGE arcsec Ef fecti ve radius (projected circular half-light radius from MGE fitting, in SDSS r band) 
Rmaj arcsec MGE arcsec Major axis of elliptical half-light isophote from MGE fitting, in SDSS r band 
Lum tot MGE lg (L �) Total luminosity from MGE fitting, in SDSS r band, not corrected for the Galactic and internal dust 

extinction 
Lambda Re Specific stellar angular momentum within elliptical half-light isophote, beam corrected a 

Sigma Re km s −1 Ef fecti v e v elocity dispersion within elliptical half-light isophote 
Eps MGE Ellipticity of the half-light isophote from MGE fitting 
PA phot degree The photometric position angle (PA 

b ) measured from MGE fitting, in SDSS r-band 
PA kin degree The kinematic PA measured from MaNGA velocity field 
PA kin flag The flag for kinematic PA (0 for unreliable, 1 for reliable) 
nsa iauname The accepted IAU name 
z Redshift of the galaxy 
nsa field The SDSS field co v ering the target 
nsa run The SDSS run co v ering the target 
nsa camcol The SDSS camcol co v ering catalogue position 
nsa version The version of the NSA catalogue used to select these targets 
nsa id The NSAID field in the NSA catalogue v1 
nsa nsaid v1b The NSAID of the target in the NSA v1b 0 0 v2 catalogue (if applicable) 
nsa sersic absmag Absolute magnitude estimates for FNugriz from K-corrections ( �m = 0.3, � � = 0.7, h = 1), the 

value is interpreted as M − 5 lg h 
nsa elpetro absmag As nsa sersic absmag but from elliptical Petrosian apertures 
nsa sersic mass lg (h −2 M �) Stellar mass from K-correction fit for Sersic fluxes 
nsa elpetro mass lg (h −2 M �) Stellar mass from K-correction fit for elliptical Petrosian fluxes 
nsa sersic ba Axial ratio b/a from 2D Sersic fit in SDSS r band 
nsa sersic n Sersic index from 2D Sersic fit in SDSS r band 
nsa sersic phi degree Angle (E of N) of major axis in 2D Sersic fit ( r band) 
nsa sersic th50 arcsec Sersic 50 per cent light radius along major axis ( r band) 
nsa sersic flux nanomaggies 2D Sersic fit flux in FNugriz (GALEX-SDSS photometric systems) 
Qual Visual quality of JAM models, classified as -1, 0, 1, 2, 3 (from worst to best) 
drp3qual Data reduction quality marked by DRP pipeline, 1 for high-quality, 0 for critical-quality or unusual 

quality 
2 inc deg degree Best-fitting inclination angle (being 90 ◦ for edge-on) 
(JAM cyl + MFL) beta z Best-fitting radial velocity anisotropy in cylindrical coordinates 

log ML dyn lg (M �/ L �) Best-fitting dynamical mass-to-light ratio 
kappa The ratio between modelled line-of-sight velocity field and the observed one 
log Mt Re lg (M �) Enclosed total mass within a sphere of ef fecti ve radius 
chi2 dof The reduced chi-square of the best-fitting model (The values are scaled to account for the effect of 

standard deviation of the χ2 itself, should be only used in the comparison between different models) 
rhalf arcsec arcsec Radius of the sphere which encloses half the total luminosity 
log Mt rhalf lg (M �) Enclosed total mass within a sphere of 3D half-light radius 
MW Gt Re Mass-weighted total density slope within a sphere of ef fecti ve radius 
MW Gt rhalf Mass-weighted total density slope within a sphere of 3D half-light radius 
Gt Re Average logarithmic total density slope between 0.1 and 1 ef fecti ve radius 
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Table B1 – continued 

HDU Name Units Description 
(1) (2) (3) (4) 

3 inc deg degree Best-fitting inclination angle (being 90 ◦ for edge-on) 
(JAM sph + MFL) beta r Best-fitting radial velocity anisotropy in spherical coordinates 

log ML dyn lg (M �/ L �) Best-fitting dynamical mass-to-light ratio 
kappa The ratio between modelled line-of-sight velocity field and the observed one 
log Mt Re lg (M �) Enclosed total mass within a sphere of ef fecti ve radius 
chi2 dof The reduced chi-square of the best-fitting model (The values are scaled to account for the effect of 

standard deviation of the χ2 itself, should be only used in the comparison between different models) 
rhalf arcsec arcsec Radius of the sphere which encloses half the total luminosity 
log Mt rhalf lg (M �) Enclosed total mass within a sphere of 3D half-light radius 
MW Gt Re Mass-weighted total density slope within a sphere of ef fecti ve radius 
MW Gt rhalf Mass-weighted total density slope within a sphere of 3D half-light radius 
Gt Re Average logarithmic total density slope between 0.1 and 1 ef fecti ve radius 

4 inc deg Best-fitting inclination angle (being 90 ◦ for edge-on) 
(JAM cyl + NFW) beta z Best-fitting radial velocity anisotropy in cylindrical coordinates 

log ML stellar lg (M �/ L �) Best-fiting stellar mass-to-light ratio 
log rho s lg (M � kpc −3 ) The characteristic density of NFW profile 
rs kpc The break radius of NFW profile 
kappa The ratio between modelled line-of-sight velocity field and the observed one 
log Mt Re lg (M �) Enclosed total mass within a sphere of ef fecti ve radius 
log Ms Re lg (M �) Enclosed stellar mass within a sphere of ef fecti ve radius 
log Md Re lg (M �) Enclosed DM mass within a sphere of ef fecti ve radius 
fdm Re DM fraction within a sphere of ef fecti ve radius 
log ML dyn Re lg (M �/ L �) Dynamical mass-to-light ratio within ef fecti ve radius 
chi2 dof The reduced chi-square of the best-fitting model (The values are scaled to account for the effect of 

standard deviation of the χ2 itself, should be only used in the comparison between different models) 
rhalf arcsec arcsec Radius of the sphere which encloses half the total luminosity 
log Mt rhalf lg (M �/ L �) Enclosed total mass within a sphere of 3D half-light radius 
log Ms rhalf lg (M �/ L �) Enclosed stellar mass within a sphere of 3D half-light radius 
log Md rhalf lg (M �/ L �) Enclosed DM mass within a sphere of 3D half-light radius 
MW Gt Re Mass-weighted total density slope within a sphere of ef fecti ve radius 
MW Gs Re Mass-weighted stellar density slope within a sphere of ef fecti ve radius 
MW Gd Re Mass-weighted DM density slope within a sphere of ef fecti ve radius 
MW Gt rhalf Mass-weighted total density slope within a sphere of 3D half-light radius 
MW Gs rhalf Mass-weighted stellar density slope within a sphere of 3D half-light radius 
MW Gd rhalf Mass-weighted DM density slope within a sphere of 3D half-light radius 
Gt Re Average logarithmic total density slope between 0.1 and 1 ef fecti ve radius 
Gs Re Average logarithmic stellar density slope between 0.1 and 1 ef fecti ve radius 
Gd Re Average logarithmic DM density slope between 0.1 and 1 ef fecti ve radius 

5 inc deg Best-fitting inclination angle (being 90 ◦ for edge-on) 
(JAM sph + NFW) beta r Best-fitting radial velocity anisotropy in spherical coordinates 

log ML stellar lg (M �/ L �) Best-fitting stellar mass-to-light ratio 
log rho s lg (M � kpc −3 ) The characteristic density of NFW profile 
rs kpc The break radius of NFW profile 
kappa The ratio between modelled line-of-sight velocity field and the observed one 
log Mt Re lg (M �) Enclosed total mass within a sphere of ef fecti ve radius 
log Ms Re lg (M �) Enclosed stellar mass within a sphere of ef fecti ve radius 
log Md Re lg (M �) Enclosed DM mass within a sphere of ef fecti ve radius 
fdm Re DM fraction within a sphere of ef fecti ve radius 
log ML dyn Re lg (M �/ L �) Dynamical mass-to-light ratio within ef fecti ve radius 
chi2 dof The reduced chi-square of the best-fitting model (The values are scaled to account for the effect of 

standard deviation of the χ2 itself, should be only used in the comparison between different models) 
rhalf arcsec arcsec Radius of the sphere which encloses half the total luminosity 
log Mt rhalf lg (M �/ L �) Enclosed total mass within a sphere of 3D half-light radius 
log Ms rhalf lg (M �/ L �) Enclosed stellar mass within a sphere of 3D half-light radius 
log Md rhalf lg (M �/ L �) Enclosed DM mass within a sphere of 3D half-light radius 
MW Gt Re Mass-weighted total density slope within a sphere of ef fecti ve radius 
MW Gs Re Mass-weighted stellar density slope within a sphere of ef fecti ve radius 
MW Gd Re Mass-weighted DM density slope within a sphere of ef fecti ve radius 
MW Gt rhalf Mass-weighted total density slope within a sphere of 3D half-light radius 
MW Gs rhalf Mass-weighted stellar density slope within a sphere of 3D half-light radius 
MW Gd rhalf Mass-weighted DM density slope within a sphere of 3D half-light radius 
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Table B1 – continued 

HDU Name Units Description 
(1) (2) (3) (4) 

Gt Re Average logarithmic total density slope between 0.1 and 1 ef fecti ve radius 
Gs Re Average logarithmic stellar density slope between 0.1 and 1 ef fecti ve radius 
Gd Re Average logarithmic DM density slope between 0.1 and 1 ef fecti ve radius 

6 inc deg Best-fitting inclination angle (being 90 ◦ for edge-on) 
(JAM cyl + fixed 
NFW) 

beta z Best-fitting radial velocity anisotropy in cylindrical coordinates 

log ML stellar lg (M �/ L �) Best-fitting stellar mass-to-light ratio 
log rho s lg (M � kpc −3 ) The characteristic density of NFW profile 
rs kpc The break radius of NFW profile 
kappa The ratio between modelled line-of-sight velocity field and the observed one 
log Mt Re lg (M �) Enclosed total mass within a sphere of ef fecti ve radius 
log Ms Re lg (M �) Enclosed stellar mass within a sphere of ef fecti ve radius 
log Md Re lg (M �) Enclosed DM mass within a sphere of ef fecti ve radius 
fdm Re DM fraction within a sphere of ef fecti ve radius 
log ML dyn Re lg (M �/ L �) Dynamical mass-to-light ratio within ef fecti ve radius 
chi2 dof The reduced chi-square of the best-fitting model (The values are scaled to account for the effect of 

standard deviation of the χ2 itself, should be only used in the comparison between different models) 
rhalf arcsec arcsec Radius of the sphere which encloses half the total luminosity 
log Mt rhalf lg (M �/ L �) Enclosed total mass within a sphere of 3D half-light radius 
log Ms rhalf lg (M �/ L �) Enclosed stellar mass within a sphere of 3D half-light radius 
log Md rhalf lg (M �/ L �) Enclosed DM mass within a sphere of 3D half-light radius 
MW Gt Re Mass-weighted total density slope within a sphere of ef fecti ve radius 
MW Gs Re Mass-weighted stellar density slope within a sphere of ef fecti ve radius 
MW Gd Re Mass-weighted DM density slope within a sphere of ef fecti ve radius 
MW Gt rhalf Mass-weighted total density slope within a sphere of 3D half-light radius 
MW Gs rhalf Mass-weighted stellar density slope within a sphere of 3D half-light radius 
MW Gd rhalf Mass-weighted DM density slope within a sphere of 3D half-light radius 
Gt Re Average logarithmic total density slope between 0.1 and 1 ef fecti ve radius 
Gs Re Average logarithmic stellar density slope between 0.1 and 1 ef fecti ve radius 
Gd Re Average logarithmic DM density slope between 0.1 and 1 ef fecti ve radius 

7 inc deg Best-fitting inclination angle (being 90 ◦ for edge-on) 
(JAM sph + fixed 
NFW) 

beta r Best-fitting radial velocity anisotropy in spherical coordinates 

log ML stellar lg (M �/ L �) Best-fitting stellar mass-to-light ratio 
log rho s lg (M � kpc −3 ) The characteristic density of NFW profile 
rs kpc The break radius of NFW profile 
kappa The ratio between modelled line-of-sight velocity field and the observed one 
log Mt Re lg (M �) Enclosed total mass within a sphere of ef fecti ve radius 
log Ms Re lg (M �) Enclosed stellar mass within a sphere of ef fecti ve radius 
log Md Re lg (M �) Enclosed DM mass within a sphere of ef fecti ve radius 
fdm Re DM fraction within a sphere of ef fecti ve radius 
log ML dyn Re lg (M �/ L �) Dynamical mass-to-light ratio within ef fecti ve radius 
chi2 dof The reduced chi-square of best-fitting model (The values are scaled to account for the effect of 

standard deviation of the χ2 itself, should be only used in the comparison between different models) 
rhalf arcsec arcsec Radius of the sphere which encloses half the total luminosity 
log Mt rhalf lg (M �/ L �) Enclosed total mass within a sphere of 3D half-light radius 
log Ms rhalf lg (M �/ L �) Enclosed stellar mass within a sphere of 3D half-light radius 
log Md rhalf lg (M �/ L �) Enclosed DM mass within a sphere of 3D half-light radius 
MW Gt Re Mass-weighted total density slope within a sphere of ef fecti ve radius 
MW Gs Re Mass-weighted stellar density slope within a sphere of ef fecti ve radius 
MW Gd Re Mass-weighted DM density slope within a sphere of ef fecti ve radius 
MW Gt rhalf Mass-weighted total density slope within a sphere of 3D half-light radius 
MW Gs rhalf Mass-weighted stellar density slope within a sphere of 3D half-light radius 
MW Gd rhalf Mass-weighted DM density slope within a sphere of 3D half-light radius 
Gt Re Average logarithmic total density slope between 0.1 and 1 ef fecti ve radius 
Gs Re Average logarithmic stellar density slope between 0.1 and 1 ef fecti ve radius 
Gd Re Average logarithmic DM density slope between 0.1 and 1 ef fecti ve radius 

8 inc deg Best-fitting inclination angle (being 90 ◦ for edge-on) 
(JAM cyl + gNFW) beta z Best-fitting radial velocity anisotropy in cylindrical coordinates 

log ML stellar lg (M �/ L �) Best-fitting stellar mass-to-light ratio 
log rho s lg (M � kpc −3 ) The characteristic density of gNFW profile 
rs kpc The break radius of gNFW profile 
gamma gNFW The inner density slope of gNFW profile 
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Table B1 – continued 

HDU Name Units Description 
(1) (2) (3) (4) 

kappa The ratio between modelled line-of-sight velocity field and the observed one 
log Mt Re lg (M �) Enclosed total mass within a sphere of ef fecti ve radius 
log Ms Re lg (M �) Enclosed stellar mass within a sphere of ef fecti ve radius 
log Md Re lg (M �) Enclosed DM mass within a sphere of ef fecti ve radius 
fdm Re DM fraction within a sphere of ef fecti ve radius 
log ML dyn Re lg (M �/ L �) Dynamical mass-to-light ratio within ef fecti ve radius 
chi2 dof The reduced chi-square of the best-fitting model (The values are scaled to account for the effect of 

standard deviation of the χ2 itself, should be only used in the comparison between different models) 
rhalf arcsec arcsec Radius of the sphere which encloses half the total luminosity 
log Mt rhalf lg (M �/ L �) Enclosed total mass within a sphere of 3D half-light radius 
log Ms rhalf lg (M �/ L �) Enclosed stellar mass within a sphere of 3D half-light radius 
log Md rhalf lg (M �/ L �) Enclosed DM mass within a sphere of 3D half-light radius 
MW Gt Re Mass-weighted total density slope within a sphere of ef fecti ve radius 
MW Gs Re Mass-weighted stellar density slope within a sphere of ef fecti ve radius 
MW Gd Re Mass-weighted DM density slope within a sphere of ef fecti ve radius 
MW Gt rhalf Mass-weighted total density slope within a sphere of 3D half-light radius 
MW Gs rhalf Mass-weighted stellar density slope within a sphere of 3D half-light radius 
MW Gd rhalf Mass-weighted DM density slope within a sphere of 3D half-light radius 
Gt Re Average logarithmic total density slope between 0.1 and 1 ef fecti ve radius 
Gs Re Average logarithmic stellar density slope between 0.1 and 1 ef fecti ve radius 
Gd Re Average logarithmic DM density slope between 0.1 and 1 ef fecti ve radius 

9 inc deg Best-fitting inclination angle (being 90 ◦ for edge-on) 
(JAM sph + gNFW) beta r Best-fitting radial velocity anisotropy in spherical coordinates 

log ML stellar lg (M �/ L �) Best-fitting stellar mass-to-light ratio 
log rho s lg (M � kpc −3 ) The characteristic density of gNFW profile 
rs kpc The break radius of gNFW profile 
gamma gNFW The inner density slope of gNFW profile 
kappa The ratio between modelled line-of-sight velocity field and the observed one 
log Mt Re lg (M �) Enclosed total mass within a sphere of ef fecti ve radius 
log Ms Re lg (M �) Enclosed stellar mass within a sphere of ef fecti ve radius 
log Md Re lg (M �) Enclosed DM mass within a sphere of ef fecti ve radius 
fdm Re DM fraction within a sphere of ef fecti ve radius 
log ML dyn Re lg (M �/ L �) Dynamical mass-to-light ratio within ef fecti ve radius 
chi2 dof The reduced chi-square of the best-fitting model (The values are scaled to account for the effect of 

standard deviation of the χ2 itself, should be only used in the comparison between different models) 
rhalf arcsec arcsec Radius of the sphere which encloses half the total luminosity 
log Mt rhalf lg (M �/ L �) Enclosed total mass within a sphere of 3D half-light radius 
log Ms rhalf lg (M �/ L �) Enclosed stellar mass within a sphere of 3D half-light radius 
log Md rhalf lg (M �/ L �) Enclosed DM mass within a sphere of 3D half-light radius 
MW Gt Re Mass-weighted total density slope within a sphere of ef fecti ve radius 
MW Gs Re Mass-weighted stellar density slope within a sphere of ef fecti ve radius 
MW Gd Re Mass-weighted DM density slope within a sphere of ef fecti ve radius 
MW Gt rhalf Mass-weighted total density slope within a sphere of 3D half-light radius 
MW Gs rhalf Mass-weighted stellar density slope within a sphere of 3D half-light radius 
MW Gd rhalf Mass-weighted DM density slope within a sphere of 3D half-light radius 
Gt Re Average logarithmic total density slope between 0.1 and 1 ef fecti ve radius 
Gs Re Average logarithmic stellar density slope between 0.1 and 1 ef fecti ve radius 
Gd Re Average logarithmic DM density slope between 0.1 and 1 ef fecti ve radius 

a Following equation ( 5 ) of Graham et al. ( 2018 ). 
b The standard astronomical PA measured counter-clockwise from the image Y -axis (assumed to coincide with North). 
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