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A B S T R A C T 

From a purely photometric perspective galaxies are generally decomposed into a bulge + disc system, with bulges being 

dispersion-dominated and discs rotationally supported. Ho we ver, recent observ ations have demonstrated that such a frame work 

o v ersimplifies comple xity, especially if one considers galaxy kinematics. To address this issue we introduced with the GPU- 
based code BANG a no v el approach that employs analytical potential-density pairs as galactic components, allowing for a 
computationally fast, still reliable fit of the morphological and kinematic properties of galaxies. Here we apply BANG to the 
SDSS-MaNGA surv e y, estimating ke y parameters such as mass, radial extensions, and dynamics, for both bulges and discs of 
+ 10 000 objects. We test our methodology against a smaller subsample of galaxies independently analysed with an orbit-based 

algorithm, finding agreement in the reco v ered total stellar mass. We also manage to reproduce well-established scaling relations, 
demonstrating how proper dynamical modelling can result in tighter correlations and provide corrections to standard approaches. 
Finally, we propose a more general way of decomposing galaxies into ‘hot’ and ‘cold’ components, showing a correlation with 

orbit-based approaches and visually determined morphological type. Unexpected tails in the ‘hot-to-total’ mass-ratio distribution 

are present for galaxies of all morphologies, possibly due to visual morphology misclassifications. 

Key words: galaxies: disc – galaxies: kinematics and dynamics – galaxies: photometry – galaxies: statistics – galaxies: structure. 
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 I N T RO D U C T I O N  

alaxies have been long studied using the ‘bulge + disc’ decomposi-
ion framework (see e.g. Mendel et al. 2014 ), with bulges thought to
e spheroidal components with little net rotation, possibly originated
ia merger events and well described by the de Vaucouleurs surface
rightness profile (De Vaucouleurs 1948 ), while discs are seen as
he result of accretion and cooling of angular momentum conserving
as, typically described by a flat exponential profile supported by
rdered rotation (Freeman 1970 ; White & Rees 1978 ). 
Recent high-resolution observations have challenged such two-

omponent decomposition. For instance, bulges are commonly
ivided into ‘classical bulges’ and ‘pseudo-bulges’, with the latter
requently showing disc-like features (see Laurikainen, Peletier &
adotti 2016 , for a re vie w). To model this structural complexity,
urely photometric decomposition methods and codes have been
eveloped, initially working on 1D surface brightness profiles (e.g.
avazzi et al. 2000 ), then applied to 2D images (e.g. GIM2D, by
imard et al. 2002 ) and including discs, bars (e.g. BUDDA, by de
 E-mail: frigamonti@uninsubria.it 
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ouza, Gadotti & dos Anjos 2004 ), spiral arms, rings, and warps
e.g. GALFIT, by Peng et al. 2002 ). 

In recent years, the development of integral field unit (IFU) spec-
roscopy has allowed for an unprecedentedly detailed description of
he velocity field of galaxies, forcing the ‘bulge + disc’ decomposition
o take into account also the observed kinematics; this has mainly
een done by combining a photometry-assumed decomposition of
he galaxy images with the extraction of each component kinematics
rom the spectra (Oh et al. 2016 ; Tabor et al. 2017 ). 

These methods have been successfully applied on subsamples
f surv e ys such as SAMI (Oh et al. 2016 ), MaNGA (Tabor et al.
019 ), and CALIFA (Pak et al. 2021 ), helping us to disentangle and
haracterize the kinematic properties of bulges and discs. Relying
nd/or assuming a first decomposition based only on photometric
ata, these methods can inevitably introduce bias in an y ev entual
xtraction of kinematic information without guaranteeing any self-
onsistency between the density and the underlying gravitational
otential. 
An alternative approach is the orbit superposition method

Schwarzschild 1979 ), in which both the surface brightness and
he line-of-sight kinematic observables are reproduced as the su-
erposition of purposely weighted orbital families. In this method,
he structural components of the galaxies are estimated ex-post the
© 2023 The Author(s) 
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2 Note that the Manga square cut-outs al w ays exceed the he xagonal re gion 
for which IFU data are available. Since it is not obvious how to limit the 
region within which brightness measurements are considered for large galaxy 
samples, we chose to never exceed the MaNGA squared cut-outs and to mask 
all the pixels outside an ellipse containing more than 60 noisy (i.e. NaN) 
measurements. 
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t, associating orbits to bulge and disc components depending on 
heir angular momentum and spatial extension (Zhu et al. 2018b , 
 ). Despite the strength and the generalization capabilities of these 
ethods, their applicability is limited by the huge computational 

ower required for orbits integration and weighting. 
In a former paper (Rigamonti et al. 2022b , hereinafter Paper I), we

roposed a new approach to this problem that lies between the purely
hotometric decomposition methods and the orbit-based ones. To this 
im, we developed and publicly released BANG 

1 , a GPU-optimized 
ode aimed at a fully Bayesian estimation of the global structure of
isc galaxies. BANG performs a nested sampling analysis (Skilling 
004 ), assuming that each galaxy is composed of simple ‘classical’
omponents, such as a bulge and one or more discs, parametrized 
n terms of analytic density distributions and characterized by well- 
efined dynamics. In Paper I, as a case study, we applied BANG to
GC 7683, an S0 galaxy carefully selected for its regular velocity 
attern and disc-like geometry, finding substantial agreement with 
he orbit-based code DYNAMITE (Jethwa et al. 2020 ) at a fraction of
he computational cost despite the fact that the number of models 
xplored by BANG far exceeds the orbit-based galaxy realizations. 

Moti v ated by the first success of our effort, we decided to apply an
pdated version of BANG to a large sample of galaxies, namely, the
ull SDSS-DR17 MaNGA surv e y (Abdurro’uf et al. 2022 ), consisting
n + 10 000 local (0.01 � z � 0.1) galaxies with IFU data. This
aper is the first of a series describing our study and findings, and
t is structured as follows. In §2 we briefly set out the sample we
nalysed, in §3 we summarize the methodology upon which BANG is
ased. §4 is devoted to the analysis of a single galaxy as a showcase,
hile in §5 we perform a comparison of BANG results for a selected

ubsample to orbit superposition methods. Our no v el methodology 
s then applied to the whole MaNGA sample in §6 highlighting some
reliminary results. In §7 we show scaling relations in comparison 
o similar existing studies, while §8 is devoted to summary and 
iscussion about follow-up studies. 

 DATA  SAMPLE  

his study is based on a morphokinematic data set built upon the
DSS imaging surv e y (Strauss et al. 2002 ) and the final release
f the MaNGA surv e y from the Seventeenth Data Release (DR17;
bdurro’uf et al. 2022 ) of the fourth phase of the Sloan Digital Sky
urv e y (SDSS-IV; Blanton et al. 2017 ). In the following, we briefly
escribe the most rele v ant features of these surv e ys and their data
eduction pipelines. 

.1 Kinematics: the MaNGA sur v ey 

he Mapping Nearby Galaxies at Apache Point Observatory 
MaNGA) surv e y (Bundy et al. 2015 ; Drory et al. 2015 ) has collected
ntegral field spectroscopic measurements for + 10 000 local galaxies 
elected to have a roughly flat stellar mass distribution abo v e 10 9 M �
n the redshift range 0 . 01 < z < 0 . 15. The IFUs observations have
een carried out with different setups ranging from 19 IFU-fibre 
undles ( � 12 arcsec diameter) to 127 IFU-fibre bundles ( � 32 arcsec
iameter). The adopted configuration changes depending on different 
alaxy properties, we refer to Wake et al. ( 2017 ) for more details
bout the selection criteria and the distribution of the IFU sizes. The
aNGA surv e y is divided into a primary sample ( � 67 per cent )

onsisting of galaxies observed up to 1 . 5 R e and a secondary sample
 ht tps://pypi.org/project /BANGal/

3

U
o

 � 33 per cent ) with spatial co v erage of 2 . 5 R e . The ra w data are
ollected after a � 3 h-long dithered exposure and reduced by the data 
eduction pipeline (Law et al. 2016 ; Yan et al. 2016 ). The reduced data
ubes contain a spectrum at each spatial element with a resolution
 � 2000 (i.e. σinst � 70 km s −1 ) in the wavelength range 3600–
0 000 Å. During each exposure, the hexagonal plate of the IFU is
ubject to dithered mo v ements resulting in a datacube binned to a 0.5
rcsec grid in order to optimally sample the 2.5 arcsec full width at
alf-maximum (FWHM) reconstructed point spread function (PSF) 
Westfall et al. 2019 ). In addition to each data cube, the MaNGA
ollaboration provides a data analysis pipeline ( DAP ; Belfiore et al.
019 ; Law et al. 2021 ) comprising a set of spatially resolved maps in
ifferent configurations depending on the spatial binning and on the 
tellar templates adopted in the data-cube spectral fitting process (see 
estfall et al. 2019 for further details). In this work, we collected,

hrough the DAP web interface MARVIN (Cherinka et al. 2019 ), line
f sight (l.o.s.) stellar velocity and velocity dispersion estimates and 
heir associated errors assuming the same spatial binning as for the
ata cube. For each galaxy, we discarded all the pixels with S/N < 4
 < 6) for the velocity (velocity dispersion) to a v oid spurious data
n the outskirt of galaxies. On top of this, we applied the isolation
orest algorithm (Liu, Ting & Zhou 2012 ) to each of the two maps to
urther mask possible outliers still present especially in the outskirt 
f velocity dispersion data. 

.2 Photometry: the SDSS sur v ey 

he observed MaNGA galaxies are a small subsample drawn from 

he SDSS imaging surv e y for which a wealth of ancillary information
s available. For each MaNGA galaxy, we downloaded the original 
 and g band (10 arcmin × 13 arcmin) SDSS (DR17; Abdurro’uf
t al. 2022 ) brightness maps and cropped them to the same spatial
xtension and resolution of the MaNGA kinematics squared cut- 
uts 2 using the procedure discussed in Bertin et al. ( 2002 ). We then
omputed the associated error by considering a Poissonian statistics 
n the number of detected photo-electrons and the contribution of 
dditional sources of noise (i.e. read-noise and noise in the dark
urrent). 3 We then converted, by knowing the galaxy redshift, the 
hotometric maps to astrophysical units (L � kpc −2 ) and masked the
ossible presence of stars using D AOStarFinder , a PYTHON package 
ased on the Stetson ( 1987 ) implementation, combined with the
solation forest algorithm mentioned abo v e. This procedure has been
utomated and applied to all the MaNGA galaxies in both the i
nd g bands allowing us to compute estimates of the stellar mass-
o-light ratio (M / L) from standard colour–M / L relation (Zibetti,
harlot & Rix 2009 ). The associated error, computed by propagation,

s generally large enough to account for the scatter of the linear
elation and for any assumption on the initial mass function. M / L
atio data are masked following the same procedure as done in the
ase of the velocity dispersion. In the end, we obtained a data set
omprising spatially resolved information of brightness, M / L, l.o.s. 
 elocity, and v elocity dispersion of 10 005 galaxies morphologically
MNRAS 525, 1008–1022 (2023) 

 See https://dr 12.sdss.or g/datamodel/files/BOSS PHOTOOBJ/fr ames/RER 

N/RUN/CAMCOL/frame.html for further details about the computation 
f the photometric errors. 

https://pypi.org/project/BANGal/
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1010 F. Rigamonti et al. 

M

c  

V  

2

3

F  

b  

d  

e  

a  

a  

p  

r  

i  

t  

g  

3

E  

r  

s  

t  

 

i  

a  

p  

d

�

σ

w  

γ

 

r  

v  

c  

o  

g  

d  

v  

1  

v

v

w  

t  

d  

c

σ

w  

a  

a  

v  

d

 

p
e  

2  

a

v

w  

h  

p  

b

 

d  

r  

a  

a  

F  

D  

g  

b  

m  

s  

m  

o  

t  

m

3

O  

e  

c  

i  

t  

l  

t  

s  

o  

a  

k  

i  

f  

m  

d  

o

U  

(  

b  

t  

e  

i  

e  

c  

F  

f  

G  

(  

w  

a  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/525/1/1008/7237480 by guest on 31 January 2024
haracterized according to the classification presented in the MaNGA
isual Morphology Catalogue (VMC-VAC; V ́azquez-Mata et al.
022 ). 

 M E T H O D O L O G Y  

or each galaxy, we fit simultaneously the logarithm of the i -band
rightness, the stellar M / L, the velocity (v los ), and the l.o.s. velocity
ispersion ( σlos ) using an upgraded version of BANG (Rigamonti
t al. 2022a ). In the following, we will briefly summarize the main
ssumption underlying our dynamical model, the assumed priors,
nd the adopted criteria for selecting among different models. To
erform this study we e xtensiv ely used high-performance computing
esources dividing our samples into groups of 20 galaxies and
teratively analysing them with a multi-GPU parallelization strategy;
he average duration of each GPU job was � 12 h ( � 30 min per
alaxy) implying a total amount of � 6000 GPU h −1 per sample run.

.1 Model 

ach galaxy is the superposition of a spherical bulge, two exponential
azor-thin discs and a dark-matter halo. Each model is axially
ymmetric and has a well-defined centre that corresponds to both
he photometric and dynamical centre shared by all the components.

(i) The bulge is assumed to be spherically symmetric with an
sotropic velocity distribution described, differently from what is
ssumed in Paper I, by a Dehnen profile (Dehnen 1993 ). The l.o.s.
rojected quantities, namely the surface density ( � b ) and the velocity
ispersion ( σ b ) at any location in the plane of the sky R , are: 

 b ( R) = 

M b R b (3 − γ ) 

2 π

∫ ∞ 

R 

r 1 −γ

( r + R b ) 4 −γ

d r √ 

r 2 − R 

2 
, (1) 

2 
b ( R) = 

(3 − γ ) GM 

2 
b R 

2 R b 

4 π�( R) 

∫ ∞ 

R 

r 1 −2 γ

( r + R b ) 7 −2 γ

d r √ 

r 2 − R 

2 
, (2) 

here M b and R b are the mass and the scale radius of the bulge while
is the inner slope of the density profile. 
(ii) The inner and the outer discs are modelled as exponential

azor-thin discs whose intrinsic velocity dispersion and tangential
elocity are approximated assuming that a fraction k j (with the
onvention of j = 1 for the inner disc and j = 2 for the outer disc)
f the total kinetic energy is in ordered bulk motion and the rest
oes into an isotropic velocity dispersion component. The ‘kinematic
ecomposition parameter’ k j is a free parameter of the model. Its
alue ranges from k j = 0 for a dispersion-supported regime to k j =
 for a rotation-supported regime. More specifically, the bulk l.o.s.
elocity component for each disc is 

 d,j ( R) = −k j sin i cos φ v c ( r) , (3) 

here r is the deprojected distance from the centre of the galaxy of
he R position, φ is the azimuthal angle e v aluated in the plane of the
isc from the major axis of the projected disc, and v c is the total
ircular velocity. 

The l.o.s. velocity dispersion of the disc is instead 

2 
d,j ( R) = 

(
1 − k 2 j 

) v 2 c ( r) 

3 
, (4) 

here the factor 3 at the denominator is due to the assumption of
n isotropic velocity dispersion tensor. As discussed in Paper I, the
ssumption of razor-thin discs is inconsistent with having a finite
elocity dispersion; still, the effect on the fit is small as long as the
iscs have aspect ratio � 0.1. 
NRAS 525, 1008–1022 (2023) 
(iii) The dark matter halo is described by a Navarro–Frenk–White
rofile (Navarro, Frenk & White 1996 ) with a cut-off radius R 200 

quals to the distance at which the mean density corresponds to
00 times the cosmological critical density. The circular velocity
ssociated to the dark matter contribution to the total potential reads: 

 

2 
h ( r) = 

GM h 

r 

log (1 + r/a) − r/ ( r + a) 

log (1 + c) − c/ (1 + c) 
, (5) 

here M h is the halo mass, c is the concentration, and a is the
alo scale radius computed as R 200 / c . Within our fitting strategy, we
arametrized the halo mass in terms of the logarithm of the ratio
etween the dark and the visible mass log 10 f � . 

SDSS i -band image data and MaNGA kinematics come with
ifferent PSFs, with an average of about 1.2 arcsec and 2.5 arcsec,
espectively. To a v oid any loss of information in the data, we
ccounted for different PSF convolutions between the photometry
nd the kinematic, considering for each galaxy the actual PSF
WHM as provided by the SDSS ancillary data and the MaNGA
AP catalogue. For this analysis, we successfully fitted 10 005
alaxies with three possible components configurations, namely a
ulge + disc + disc (‘B + D 1 + D 2 ’) model, a bulge + disc (‘B + D 1 ’)
odel, and a disc + disc (‘D 1 + D 2 ’) model, whose parameters are

ummarized in Table 1 . For each galaxy we selected the best-fitting
odel as the one with the highest evidence, resulting in � 86 per cent

f the sample preferring the ‘B + D 1 + D 2 ’ model, � 6 per cent
he ‘B + D 1 ’ model, and the remaining � 8 per cent the ‘D 1 + D 2 ’

odel. 

.2 Priors 

ur Bayesian approach requires the inclusion of any a priori knowl-
dge of the probability distribution of each model parameter. In our
ase, since we are dealing with a statistically large sample of galaxies,
t is mandatory to assume well-moti v ated representati ve priors. Gi ven
he complex nature of the problem at hand, we assumed different
evels of priors combining information from both simulations and
heoretical predictions. We emphasize that our modelling scheme
ignificantly deviates from any other approach employed in the study
f galactic dynamic decomposition, particularly when it comes to
nalysing such a large sample of objects while also considering
inematic information. This is the reason why we have not taken
nto account observational priors, which are typically derived solely
rom photometric decomposition and thus not aligned with our
ethodology. We also stress that in the majority of cases, where the

ata provide sufficient information, our results are in fact independent
f the assumed priors. 

(i) Strong prior 
sing the output from a z = 0 snapshot of the TNG50 simulation

Nelson et al. 2019 ; Pillepich et al. 2019 ), we estimated a relation
etween the total stellar mass ( M � ) and the halo mass ( M h ) (see
he next bullet point for a detailed description on how these mass
stimates have been obtained). Moreover, following previous works
n the literature (Cappellari et al. 2013 ; Zhu et al. 2018a ; Jin
t al. 2020 ), we assumed a relation between the halo mass and its
oncentration following estimates from Dutton & Macci ̀o ( 2014 ).
or both the halo mass and its concentration parameter we opted
or two different fitting set-ups. In both cases, we still assumed 2D
aussian priors respectively centred around the assumed relations

 M � − M h and M h − c ), but in a second, more conserv ati ve approach
e do not allow for halo parameter exploration outside 1- σ of the

ssumed relation. We refer to the two cases respectively as ‘halo-
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Table 1. Summary of the model parameters in the three different configurations, namely a bulge + disc + disc (‘B + D 1 + D 2 ’), a bulge + disc (‘B + D 1 ’), and a 
disc + disc (‘D 1 + D 2 ’) model. The first two columns describe each parameter and its reference name used in this work. Columns three, four, and five visually 
represent the inclusion of the parameters in the different models, while the last column describes the adopted prior ranges. When not differently specified 
positions, masses, angles, and mass-to-light ratios are respectively normalized to kpc, M �, degrees, and M �/ L �. We refer to Section 3.2 for a more detailed 
discussion about the assumed priors. 

Description Name ‘B + D 1 + D 2 ’ ‘B + D 1 ’ ‘D 1 + D 2 ’ Prior range 

Horizontal/vertical position of the centre x 0 ; y 0 � � � [ −2,2] 
Position angle P.A. � � � [ −180,180] 
Inclination angle i � � � [3,87] 
Mass, scale radius, and inner slope of the bulge log 10 M b ; log 10 R b ; γ � � × [7.75,13.0], [ −2,2], [0,2] 
Mass and scale radius of the inner disc log 10 M d , 1 ; log 10 R d , 1 � � � [7.75,13], [ −2,2] 
Mass and scale radius of the outer disc log 10 M d , 2 ; log 10 R d , 2 � × � [7.75,13], [ −2,2] 
Halo-to-stellar mass fraction and concentration log 10 f � ; c � � � [0.1,2.7], [1,20] 
Mass-to-light ratio of the bulge ( M / L ) b � � × [0.1,20] 
Mass-to-light ratio of the inner disc ( M / L ) d , 1 � � � [0.1,20] 
Mass-to-light ratio of the outer disc ( M / L ) d , 2 � × � [0.1,20] 
Kinematic decomposition parameter of the inner disc k 1 � � � [0.01,1] 
Kinematic decomposition parameter of the outer disc k 2 � × � [0.01,1] 
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ree’ and ‘halo-fixed’ configurations, we anticipate that generally, 
he two approaches lead to similar results in terms of the estimated
tellar parameters. 

(ii) Mild-informati v e prior 
e assumed prior relations among the following pairs of model 

arameters: ( M b , R b − half ), ( M d 1 , R d 1 − half ), ( M d 2 , R d 2 − half ), where
he ‘half’ subscript refers to the half-mass radius of that component. 
tarting from a z = 0 snapshot of the TNG50 simulation (Nelson
t al. 2019 ; Pillepich et al. 2019 ), we collected masses and half-
ass radii for bulges, discs, and haloes of a representative sample 

f simulated galaxies analysed with MORDOR 

4 (Zana et al. 2022 ), a
ublicly available code which decomposes galaxies in their structural 
omponents depending on the energy and angular momentum of the 
tellar distribution. Note that this methodology, being phase-space 
ased, allow us to include prior information in the most consistent 
ay with BANG . For each galaxy component analysed by MORDOR ,
e estimated scaling relations for the abo v e-mentioned parameter 
airs by computing the average and standard deviation in different 
ass bins. We stress that, in our fitting approach, we do not force

hose parameters to strictly obey the simulated-obtained relations, 
nstead, we included that additional information as a Gaussian prior 
n the considered radii whose dispersion does depend on the mass of
he component such that any parameter pair is still free to converge
ossibly far away from the assumed relation. 
(iii) Uninformati v e prior 
e assumed uniform or log-uniform prior for most of the parameters 
 v er a range broad enough to account for the large variability present
n our sample. Similarly to what was done in Paper I, we adopted
 prior proportional to the sine of the inclination angle for disc-like
alaxies (S and S0) while a flat distribution is assumed in the case of
llipticals. We summarize the adopted choices in the 6th column of
able 1 

.3 Caveats 

efore any further analysis, we discuss some cav eats re garding our
ethodology. 
In � 15 per cent of the cases, the spherical bulge is almost not

esolved, with a half-mass radius, even if generally affected by large 
 ht tps://github.com/t hanatom/mordor

5

k

rrors, well below the pixel resolution. It is possible that in some
ircumstances this indicates the presence of a sub-nuclear structure, 
ven though, more probably, it is an effect arising either from some
imitations of our modelling scheme or from spurious features in 
he central regions of the data. This happens only in models made
p of three visible components and it roughly anticorrelates with 
he model evidence, meaning that for small bulges, generally the 
 vidence dif ference between the three visible components model 
nd the two visible components one generally decreases. As we will
iscuss again in Section 6 this should not affect our analysis in terms
f the proposed decomposition. 
The brightness spatial extension is typically larger than the field 

f view co v ered by the kinematics. It is not obvious where to stop
ncluding brightness measurements, especially if the process must 
e automated for many galaxies. Our choice is never to exceed
he squared MaNGA cut-outs and to mask all the pixels outside
n ellipse containing more than 60 noisy (i.e. NaN) measurements. 
his approach generally prevents our fits to be affected by brightness
oise-dominated re gions, ev en though, in some cases, our estimates
onverge towards unrealistically extended discs (for ‘D 2 ’ only); 
imilarly to what is discussed for the bulge, this happens only for
 three visible components model. As a conserv ati ve approach, in
hese cases, when the disc scale radius ( R d , 2 ) is larger than 2.5 R e , 5 

e replace the total mass of the external disc with the mass within
.5 R e . For the forthcoming analysis we adopt R e as provided by the
aNGA DAP (Blanton et al. 2011 ). 
Before moving to discuss our results, it is important to stress

he main focus of our work. Galaxy automated decomposition can 
ometimes lead to incorrect classification of the components. In fact, 
ome confusion can arise between classical b ulges, pseudo-b ulges, 
nd bars. Similarly, degenerations can arise between extended bars 
nd galactic thin and thick discs (Kormendy & Kennicutt 2004 ; Erwin 
t al. 2015 ; Kruk et al. 2018 ). At present, our model is not complex
nough to account for such a detailed description. It must be said
hat it is not clear whether the current spatial and spectral resolution
f the largest IFS surv e ys (i.e. MaNGA) is sufficient to break the
e generac y between these components. None the less, we argue that
ncluding kinematics in the decomposition, as we do in this work,
MNRAS 525, 1008–1022 (2023) 

 Which roughly corresponds to the maximum region probed by the MaNGA 

inematics. 
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Table 2. Results of the fit o v er the 1–256009 galaxy. The first column is 
the name of the parameter while the second and the third columns refer the 
best-fitting value and the errors, estimated as the 50th, the 95th, and the 
5th percentiles of its marginalized posterior distribution, respectively in the 
‘halo-fixed’ and ‘halo-free’ configurations. 

Parameter Halo-fixed Halo-free 

x 0 (kpc) 0 . 227 + 0 . 002 
−0 . 003 0 . 225 + 0 . 002 

−0 . 002 

y 0 (kpc) 0 . 244 + 0 . 002 
−0 . 002 0 . 245 + 0 . 002 

−0 . 002 

P . A . ( deg ) 22 . 6 + 0 . 2 −0 . 2 22 . 7 + 0 . 2 −0 . 2 

i 50 . 7 + 0 . 3 −0 . 3 50 . 7 + 0 . 3 −0 . 3 

log 10 ( M b / M �) 10 . 69 + 0 . 01 
−0 . 02 10 . 73 + 0 . 01 

−0 . 01 

log 10 ( R b /kpc) −1 . 05 + 0 . 04 
−0 . 04 −0 . 96 + 0 . 03 

−0 . 03 

γ 0 . 06 + 0 . 14 
−0 . 06 0 . 06 + 0 . 14 

−0 . 06 

log 10 ( M d , 1 / M �) 10 . 89 + 0 . 01 
−0 . 01 10 . 87 0 . 01 

0 . 01 

log 10 ( R d, 1 /kpc) 0 . 20 + 0 . 01 
−0 . 01 0 . 26 + 0 . 01 

−0 . 01 

log 10 ( M d , 2 / M �) 10 . 79 + 0 . 02 
−0 . 02 10 . 76 + 0 . 03 

0 . 04 

log 10 ( R d, 2 /kpc) 0 . 95 + 0 . 01 
−0 . 01 1 . 11 + 0 . 02 

−0 . 02 

log 10 ( f ) 1 . 94 + 0 . 01 
−0 . 01 1 . 8 + 0 . 2 −0 . 1 

c 7 . 81 + 0 . 02 
−0 . 03 10 . 0 + 1 −1 . 3 

log 10 M h , 5 / M � 12 . 15 + 0 . 02 
−0 . 02 12 . 38 + 0 . 06 

−0 . 05 

( M/L ) b [ M �/ L �] 2 . 8 + 0 . 2 −0 . 2 3 . 2 + 0 . 1 −0 . 1 

( M / L ) d, 1 [M �/L �] 3 . 78 + 0 . 08 
−0 . 09 3 . 3 + 0 . 1 −0 . 1 

( M / L ) d, 2 [M �/L �] 1 . 17 + 0 . 06 
−0 . 06 0 . 81 + 0 . 1 −0 . 1 

k 1 0 . 42 + 0 . 01 
−0 . 01 0 . 44 0 . 01 

0 . 01 

k 2 0 . 53 + 0 . 01 
−0 . 01 0 . 53 −0 . 01 

+ 0 . 01 
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7 As already pointed out in Rigamonti et al. ( 2022b ) most of the statistical 
errors are often smaller than a few percent; this is a quite common situation 
when using nested sampling algorithms, related to the simplified nature of 
the model not taking into account the whole underlying physics go v erning 
the problem at hand thus implicitly reducing possible degeneracies between 
parameters. 
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eads us to more robust results than purely photometric approaches.
e are not focusing on any simple ‘bulge + disc’ decomposition here,

nstead, we are to propose a more general approach, as detailed
tarting from Section 4 . 

It is indeed possible for structures not directly modelled by BANG

such as bars, thick discs, etc.) to be mimicked by some combination
f the structures actually included in the modelling (i.e. the bulge, the
nner and outer discs). As an example, thick discs could possibly be

odelled as the superposition of components ‘D 1 ’ and ‘D 2 ’ weighted
ith appropriate values of the kinematic decomposition parameters
 1 and k 2 , while strongly non-axisymmetric components such as
ars can only be modelled in their azimuth-averaged properties. We
mphasize that even when the inner and outer discs are modelled
s razor-thin exponential components, caution must be payed in
nterpreting them as dynamically cold thin discs. A physically

oti v ated discussion cannot neglect considering their kinematic
tate. 

 ANALYSIS  O F  A N  I N D I V I D UA L  G A L A X Y  

n this section, we show the results of our analysis focusing on a
pecific galaxy. For this purpose we choose 1-256009 (MaNGA-ID)
n S0a galaxy 6 exhibiting a regular rotation pattern at redshift z =
.04935. 
We fitted this galaxy, as we did for the whole sample, with three

ifferent models (‘B + D 1 + D 2 ’,‘B + D 1 ’,‘D 1 + D 2 ’) choosing the
ost statistically fa v oured according to the highest evidence cri-

erion, ‘B + D 1 + D 2 ’ in this case. We report in Table 2 the best-
NRAS 525, 1008–1022 (2023) 

 According to the MaNGA Visual Morphology Catalogue (VMC-VAC) 
V ́azquez-Mata et al. 2022 ) 

8

c
9

t

tting parameters and their upper and lower errors 7 computed as the
0th, the 95th, and the 5th percentiles of the marginalized posterior
istribution, both in the ‘halo-fixed’ and ‘halo-free’ configurations.
he two models generally agree with a small scatter between most of

he rele v ant parameters, especially regarding the stellar components.
iven the limited spatial extension of the MaNGA kinematics, it is
ot clear whether and in which cases the halo parameters can be
eally constrained by the data, this is why, from now on, following a
onserv ati ve approach, we will focus our analysis on the ‘halo-fixed’
onfiguration. 8 

Fig. 1 illustrates the best-fitting model obtained from our fit for
he logarithm of the surface brightness (left-hand column), the line-
f-sight velocity (middle column), and the line-of-sight velocity
ispersion (right-hand column). The first and the second rows refer
espectively to the data and the best-fitting model, while in the last
o w, we sho w the residuals respecti vely di vided by the data errors:
B (for the brightness), δv (for the velocity), and δσ (for the velocity
ispersion). Comparing our model predictions with the data, we
enerally find a quite good agreement between all three quantities,
s can be shown from the residual maps in the third row. In this case,
he brightness differences between our model and the data (left-hand
anel, third row) highlight the presence of a nuclear structure poorly
tted by our smooth and axially symmetric model. 
In Fig. 2 , we show the azimuthally average profiles of the bright-

ess (left-hand panel), velocity (middle), and velocity dispersion
centre) for the full model (green line) showing a good agreement
etween our best-fitting model and the data (black dots). 

We decided to decompose the galaxy into two more general
omponents, dynamically hot and cold, respectively. Starting from
he parameter of Table 2 we use the information about the originally
ssumed (bulge and discs) components to define the brightness
rofiles of the hot and cold constituents as: 

 hot ( r) = B b ( r) + (1 − k 1 ) B d, 1 ( r) + (1 − k 2 ) B d, 2 ( r) , (6) 

nd similarly for the cold component: 

 cold ( r) = k 1 B d, 1 ( r) + k 2 B d, 2 ( r) . (7) 

We propose here a decomposition which accounts both for
he geometrical structure of the galaxy constituents and for their
inematics state; keeping this in mind we include in the ‘hot’
omponent the bulge, which is entirely supported by dispersion,
nd a fraction of each disc in a way proportional to their degree of
andom motion. 9 As opposed, we define the ‘cold’ component as the
isc brightness proportional to the rotation and hence proportional
o k 1 and k 2 . 

Our decomposition can be visualized in the left-hand panel of
ig. 2 where we show the ‘hot’ and ‘cold’ brightness profiles,
espectively in red and blue colours, as a function of the distance
rom the galaxy centre. The ‘hot’ component almost dominates in
he whole physical region being, as expected, more important in the
 Please refer to table 1 and appendix C for the discussion about the statistical 
onsistency of the results obtained using the two different fitting procedures. 
 Remember that the larger is 0 < k 1; 2 < 1 the more is the rotational motion of 
he disc, thus implying that 1 − k 1; 2 is proportional to the dispersion support. 
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Figure 1. Best-fitting model of the 8258–6102 galaxy. The first, second, and third columns refer to the surface brightness, the line-of-sight velocity and the 
line-of-sight velocity dispersion, respectively. From top to bottom we report the observational data, the best-fitting model, and the residual maps. The residuals 
are computed as differences between the data and the model divided by the data errors δB δv, δσ . 

Figure 2. Average radial profiles of the logarithm of the surface brightness (left-hand panel), of the velocity (middle panel), and of the line-of-sight velocity 
dispersion (right-hand panel). The data are reported as black dots, with the errors, computed by an azimuthal average, shown as a grey-shaded area. The 
green lines refer to the best-fitting model, while the red and blue lines refer to a kinematic decomposition of the galaxy in its dispersion-dominated and 
rotation-dominated components (we refer to Sec. 4 for further details on this tentative decomposition). 
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Table 3. Table summary of decomposition adopted in par. 4 for the 1–256009 
galaxy reporting total stellar masses and half-mass radii of each component 
together with their light and mass fraction in respect to the whole galaxy 
and within the R e . The first two columns are the description of the parameter 
together with the associated name while the third column refers to the best- 
fitting value and the errors, estimated as in Table 2 . 

Description Name Value 

Total stellar mass log 10 ( M � /M �) 11 . 27 + 0 . 01 
−0 . 01 

Total hot mass log 10 ( M hot /M �) 11 . 09 + 0 . 01 
−0 . 01 

Total cold mass log 10 ( M cold /M �) 10 . 81 + 0 . 01 
−0 . 01 

Half-mass radius log 10 ( R half,� / kpc) 0 . 50 + 0 . 01 
−0 . 01 

Half-mass radius hot component log 10 ( R half, hot / kpc) 0 . 33 + 0 . 01 
−0 . 01 

Half-mass radius cold component log 10 ( R half, cold / kpc) 0 . 75 + 0 . 02 
−0 . 02 

Hot ratio (mass) M hot / M � 0 . 65 + 0 . 01 
−0 . 01 

Cold ratio (mass) M cold / M � 0 . 35 + 0 . 01 
−0 . 01 

Hot ratio (light) L hot / L � 0 . 60 + 0 . 01 
−0 . 01 

Cold ratio (light) L cold / L � 0 . 40 + 0 . 01 
−0 . 01 

Hot ratio within R e (mass) M hot ( R e )/ M � ( R e ) 0 . 73 + 0 . 01 
−0 . 01 

Cold ratio within R e (mass) M cold ( R e )/ M � ( R e ) 0 . 27 + 0 . 01 
−0 . 01 

Hot ratio within R e (light) L hot ( R e )/ L � ( R e ) 0 . 71 + 0 . 01 
−0 . 01 

Cold ratio within R e (light) L cold ( R e )/ L � ( R e ) 0 . 29 + 0 . 01 
−0 . 01 
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entre; we note that the two discs, given their mild rotation ( k 1 = 0.42
nd k 2 = 0.53), add a rele v ant contribution to the ‘hot’ component. 

We report in Table 3 masses and half-mass radii of the ‘hot’
nd ‘cold’ decomposition together with their fraction for the whole
alaxy and within the ef fecti ve radius ( R e ). We refer to Section 5
or further discussion about any biases and limitations about our
efinition of ‘hot’ and ‘cold’ components. 

 C O M PA R I S O N  WITH  P R E V I O U S  

Y NA M I C A L  M O D E L L I N G  ESTIMATES  

n this section, we compare our results for the same subsample of
49 early-type galaxies (ETGs) analysed by Jin et al. ( 2020 ) with a
chwarzschild orbit superposition method (Schwarzschild 1979 ; van
en Bosch et al. 2008 ; Jethwa et al. 2020 ). 10 

Orbit-based methods represent the state-of-the-art dynamical
odelling techniques allowing deep investigation of the internal

tructure of galaxies, fully characterizing their phase-space distri-
ution and thus offering an optimal benchmark for comparison. 

Despite the robustness of these modelling techniques, their appli-
ability, mainly due to the large computational cost, has been limited
o a few hundred galaxies. BANG can offer an alternative and also
 complementary approach to the problem of galactic dynamical
odelling, especially in cases of large data samples. We, therefore,

est our approach against such reliable modelling techniques to pro v e
nd check the robustness of our modelling. 

In the left-hand panel of Fig. 3 , we compare stellar mass pre-
ictions, again as twice the mass within the ef fecti ve radius. The
greement is good in the whole range of masses with an average
catter, computed as the standard deviation of the differences, of
 0 . 07 dex, corresponding to a mean relative error of � 6 per cent .
nly one outlier is evident, identified in 8263–9102 (green diamond
NRAS 525, 1008–1022 (2023) 

0 Note that the work presented in Jin et al. ( 2020 ) has been completed before 
he disco v ery of a minor and statistically irrele v ant bug in the orbit mirroring 
cheme present in their implementation (Thater et al. 2022 ). 

1

t
a

n the plots), an elliptical galaxy clearly showing a twisting of the
otation pattern implying a geometrical structure far from axial sym-
etry and, hence, not consistent with BANG ’s modelling assumptions.
iven the rarity of those examples in the MaNGA data set, we expect
ur analysis not to suffer from any biases arising from those peculiar
ases (Jin et al. 2016 ; Feng et al. 2022 ). 

In the middle and right-hand panels of Fig. 3 we show a
omparison between our tentative ‘hot’ versus ‘cold’ decomposi-
ion (horizontal axis) and the orbital analysis extrapolated from
chwarzschild modelling (Jin et al. 2020 , vertical axis). Finding
 way to compare the two analyses is not straightforward. Jin
t al. ( 2020 ) orbital decomposition is luminosity-weighted and
imited to R e . We therefore computed our ‘hot’, ‘cold’, and ‘total’
uminosity as: 

 hot ( R e ) = 

M b ( R e ) 

( M/L ) b 
+ (1 − k 1 ) 

M d, 1 ( R e ) 

( M/L ) d, 1 
+ (1 − k 2 ) 

M d, 2 ( R e ) 

( M/L ) d, 2 
, (8) 

 cold ( R e ) = k 1 
M d, 1 ( R e ) 

( M/L ) d, 1 
+ k 2 

M d, 2 ( R e ) 

( M/L ) d, 2 
, (9) 

 � ( R e ) = 

M b ( R e ) 

( M/L ) b 
+ 

M d, 1 ( R e ) 

( M/L ) d, 1 
+ 

M d, 2 ( R e ) 

( M/L ) d, 2 
, (10) 

here M j ( R e ) with ( j = { b ; d , 1; d , 2 } ) is the enclosed mass of the
 -th component within R e . Moreo v er, we compared our ‘hot’ fraction
ith the sum of ‘hot’ and ‘counter-rotating’ orbits since those are

he ones expected to have the largest contribution to dispersion;
imilarly, most of the rotational support (our ‘cold’ fraction) should
eside in both ‘warm’ and ‘cold’ orbits. We highlight that the counter-
otating fraction decreases only by a slight amount the scatter in
he middle panel of Fig. 3 , acting more as a systematic shift and
ndicating almost no correlation with L hot ( R e )/ L � ( R e ). Similarly, in
hese galaxies, f cold is generally small, making it difficult to quantify
hether L cold ( R e )/ L � ( R e ) is more a proxy of the ‘warm’ or ‘cold’
rbital families. 
The two pictures show a correlation in the ‘hot’ and the ‘cold’

ases, 11 even though the scatter is quite rele v ant ( � 0.12) gi ven the
imited dynamic range. A systematic offset ( � 0.12) is present in
oth the ‘hot’ and ‘cold’ fractions mainly due to intrinsic differences
n the two approaches; we account for a decomposition proportional
o k 1 and k 2 , meaning that even when they are large enough (i.e.
 1, 2 � 0.8) to suggest the presence of a dynamically cold disc,
till a non-negligible amount of the galaxy mass will be added to
he hot component possibly resulting in an o v erestimation of its
ontribution. Differently, in Schwarzschild-based approaches, orbits
re divided into families depending on constant circularity thresholds
hus assigning, in the example of a dynamically cold disc, all of the

ass to the cold component. Note that the offset between the hot
cold) fraction predicted by DYNAMITE analysis on simulated galaxies
hown in Jin et al. ( 2019 ) is consistent (but opposite in sign) to the
ffset of our decomposition with respect to DYNAMITE shown in the
iddle (right-hand) panel of Fig. 3 . This may suggest that the main

ource of disagreement between DYNAMITE and BANG could be due
o an underestimate of hot orbits in DYNAMITE and not necessarily
o an o v erestimate in BANG . A more quantitative analysis of the
ifferences between the two approaches is beyond the scope of this
aper. 
1 Note that our definitions of ‘hot’ and ‘cold’ components are complementary 
o each other so that a relationship seen with one of the two quantities is present 
lso with the other by construction. 
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Figure 3. Comparison between our estimates and predictions from the Schwarzschild orbit superposition method on the 149 galaxies analysed in Jin et al. 
( 2020 ). From left to right we compare our estimates (on the x-axis) of stellar mass, hot, and cold luminosity weighted fractions, respectively, with the stellar 
mass, ‘hot’ + ‘counter-rotating’ orbital fractions and ‘warm’ + ‘cold’ orbital fractions presented in Jin et al. ( 2020 ). The stellar masses are estimated as twice the 
mass at the ef fecti ve radius ( R e ) while our hot and cold fractions are estimated from equations ( 8 ), (9 ), and (10) . The red star refers to the galaxy presented in 4 
(i.e. 8258–6102), the blue dots refer to the other 148 galaxies while the black line shows the one-to-one relation. 

Figure 4. Distribution of the kinematic decomposition parameters of the 
inner ( k 1 ) and outer ( k 2 ) discs, respectively, in magenta and cyan. Each 
histogram is normalized such that the total area sums to one. 
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 PRELIMIN  A RY  A N  ALYSIS  O N  T H E  

ROPOSED  DECOMPOSITION  

n this section, we present some of the results obtained from our
nalysis focusing mainly on the hot-cold decomposition proposed 
n the previous paragraphs and characterizing it in terms of visual 
orphology and kinematics. We show here the results of our analysis 

erformed o v er the whole MaNGA sample comprising, as reported 
n Section 3 , 10 005 galaxies roughly composed by 62 per cent of
pirals, 21 per cent of lenticulars, and 17 per cent of ellipticals 12 with
 best fit corresponding to a ‘B + D 1 + D 2 ’, ‘B + D 1 ’ a ‘D 1 + D 2 ’
odel respectively in � 86 per cent , � 6 per cent , and � 8 per cent

f the cases. Unless otherwise specified, all the forthcoming analysis 
s performed on such sample, which we refer to as the ‘main sample’.

e moreo v er refer to Appendix B for the same analysis on a selected
ubsample. 

Fig. 4 shows the distributions of the kinematic decomposition 
arameters k 1 and k 2 for the inner and the outer discs. The inner disc
as a significant peak for low values of k 1 , indicating the presence
f dispersion-supported exponential structures in galaxy internal 
egions; we argue that those discs account for corrections to the 
lassical bulge, assumed to be perfectly spherical in our modelling. 
2 According to the VMC-VAC V ́azquez-Mata et al. ( 2022 ) 

1

t

 rele v ant number of galaxies show intermediate rotational support
panning a wide range of k 1 , probably indicating the presence of a
ariety of more or less rotating structures in galaxy centres. 

As expected, the outer disc shows a clear peak at high values of
 2 (i.e. k 2 � 0.9) tracing, in these cases, the rotationally supported
omponent of the galaxy. Another peak is present in the dispersion-
ominated domain (i.e. k 2 � 0.15); interpreting those components 
s thin discs may be misleading since the majority of galaxies
ontributing to this are massive ellipticals dominated by dispersion. 
iven their not-al w ays-spherical light distribution and the absence 
f ordered rotation, we model these systems as a superposition of
ispersion-supported exponential ‘discs’. 
It is clear by this discussion that analysing bulges and discs, as

efined by BANG , without accounting for their kinematic state may
ead to biased and incorrect conclusions; this is why we focus the
ollowing analysis on what we previously defined as ‘hot’ and ‘cold’
omponents (see Section 5 ): 

 hot = M b + (1 − k 1 ) M d, 1 + (1 − k 2 ) M d, 2 , (11) 

 cold = k 1 M d, 1 + k 2 M d, 2 , (12) 

here M hot and M cold are, respectively, the mass of the ‘hot’ and
cold’ component. 

Fig. 5 shows the distribution of masses, respectively, for the ‘hot’
left-hand panel) and ‘cold’ (middle) components together with the 
otal stellar mass (right-hand panel) of the galaxy colour-coded by 
isual morphology (spirals in blue, lenticulars in green, and ellipticals 
n red). Focusing on the first panel, we can notice, as expected,
 clear trend between the ‘hot’ mass and the morphology with
lliptical galaxies skewed at the high-mass end of the distribution; 
enticulars and spirals are, on av erage, less massiv e with a broader
istribution and contributing in the whole dynamical range. 13 On 
he top panel of the picture, we show the distribution for the whole
ample demonstrating that, even though ellipticals dominate in terms 
f mass, their number, in the analysed sample, is less significant; we
tress that these histograms are affected by the selections criteria 
dopted in the MaNGA surv e y and cannot be considered (without
ccounting for the proper corrections) representative of the real local 
alaxy population (Wake et al. 2017 ). 

Similar trends can be seen in the M cold distribution. Ellipticals are
till skewed at high masses peaking much closer to lenticulars. For
oth lenticulars and spirals the distributions span very similar ranges 
MNRAS 525, 1008–1022 (2023) 

3 As we show in appendix B even applying some quality cuts on the sample, 
he general trends between the different distributions are unaffected. 
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Figure 5. From left to right we show the mass distribution of the hot, cold, and total stellar mass for the sample under analysis. The hot and cold mass is 
estimated following equations ( 11 ) and ( 12 ). Each histogram is normalized to have a total area equal to one, and the distributions are colour coded according to 
visual morphology: blue for spirals, green for lenticulars, and red for ellipticals. The panel o v er each picture represents the distribution of that variable for the 
whole population helping in understanding the relative role of the three morphological types. 

Figure 6. Distribution of the ‘hot’ (see equation 11 ) o v er total stellar mass 
fraction colour-coded according to morphology: blue for spirals, green for 
lenticulars, and red for ellipticals. Each histogram is normalized to have a 
total area equal to one. The top panel shows in black and grey the distribution 
for the whole sample. 
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ompared to their ‘hot’ counterparts suggesting an increase in the
otational support (if compared to ellipticals) with a still rele v ant
ontribution from dispersion-dominated structures. 

The last panel on the right shows the distribution of the total stellar
ass for each galaxy mostly reflecting the behaviour of the ‘hot’

‘cold’) component in the high (low) mass bins, stressing their role
nd their dependence on stellar mass in the o v erall galaxy budget.
e verified that our stellar masses are consistent with the prediction

rom the NASA-Sloan Atlas (NSA) 14 settling on linear relation with
 small offset of 0 . 04 dex and a scatter of 25 km s −1 . 

This is even clearer if we look at Fig. 6 showing the fraction
etween the ‘hot’ and total mass of the galaxy colour-coded in the
ame way as done in Fig. 6 . As expected, the ‘hot’ component largely
ominates in the case of ellipticals. Interestingly, lenticulars demon-
trate a bimodal distribution; a fraction of them, peaking at M hot / M � 

 1.0, is entirely supported by dispersion and further inspection
NRAS 525, 1008–1022 (2023) 

4 ht tp://nsat las.org/

s  

v  

i  
s needed to address if these objects may have misclassified visual
orphology according to the VMC-VAC (V ́azquez-Mata et al. 2022 ).
piral galaxies have, in terms of mass, a considerable contribution
rom the hot component with a broad distribution skewed towards
igh values of M hot / M � . Even though this could be surprising, we
tress again that our definition of the ‘hot’ component al w ays includes
 fraction of the disc mass even in cases of rotationally supported
ystems. We note also that a large contribution to the hot component
ass of spirals comes from the two discs (second and third terms

f equation 11 ), possibly indicating that a simple spherical bulge
annot account for the variety of inner galactic structures (such as
ars etc...) that are often present in spiral and that can be a rele v ant
ource of dispersion. The distribution of ellipticals shows a prominent
ail towards small values of M hot / M � possibly suggesting that visual

orphology alone cannot al w ays be reliable while characterizing the
inematic state of a galaxy (Krajnovi ́c et al. 2008 ; Cappellari et al.
011 ). 

 SCALI NG  R E L AT I O N S  IN  T H E  W H O L E  

A N G A  SAMPLE  

orrelations between photometric and kinematic properties have
een e xtensiv ely studied for inv estigating the matter content of
alaxies. As first attempts, scaling relations between the total stellar
r baryonic matter with the maximum circular velocity (or a proxy
f it) have been discovered for late-type galaxies (LTGs; Tully
 Fisher 1977 ). Similarly, in the case of ETGs, a correlation

xists between stellar mass and stellar velocity dispersion (Faber &
ackson 1976 ) as a projection of the more general fundamental plane
elation (Djorgovski & Davis 1987 ; Dressler et al. 1987 ) which,
t first order, can be interpreted as a consequence of the virial
heorem. 

All these relations demonstrate the implicit connection, through
he Poisson equation, between the distribution of mass (or density)
nd the stellar kinematic (or the gravitational potential). This is
hy, aiming at unifying ETGs and LTGs on the same scaling law, a
ew correlation, combining rotational and random motion, has been
ecently proposed (Weiner et al. 2006 ). 

In the following, we do not aim at any detailed study regarding
caling relations. Given their universality, we instead use them as a
alidating tool for our modelling scheme, probing the ability of BANG

n reco v ering the stellar mass and the gravitational potential, and its

http://nsatlas.org/
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obustness against outliers (such as mergers, non-masked stars, and 
ype I AGNs or other contaminants). 

F or consistenc y with previous works (Cortese et al. 2014 ; Aquino-
rt ́ız et al. 2018 , 2020 ) and to show the generalization ability of our
odelling scheme and its robustness against outliers together with the 

esults on the main sample (see Section 6 ) we repeated the analysis on
 carefully selected subsample of galaxies selected according to the 
ame criteria adopted in Aquino-Ort ́ız et al. ( 2020 ). More specifically,
n the latter case, we considered only galaxies with an inclination 
ngle 25 < i < 75, masking all the pixels with an error in the velocity
arger than 25 km s −1 ( � 1/3 of the average MaNGA spectral resolu-
ion σi ns t � 70 km / s), and discarding all galaxies with more than 40
er cent pixels masked within an ellipse of semimajor axis equal to
he ef fecti ve radius of the galaxy. As a final cut, we visually inspected
ll the objects in our sample excluding ongoing mergers or other 
ontaminants (i.e. wrong redshift, central non-masked stars, and type 
 AGNs); in the following we refer to this sample as ‘kinematic
ample’ 

We focus our analysis on the scaling relation proposed in 
einer et al. ( 2006 ) relating the stellar rotational and disper-

ion support within R e to the enclosed stellar mass of the 
alaxy ( M � ( R e )). 

The left-hand panel of Fig. 7 shows the relation between M � ( R e )
y-axis) and V R e colour-coded by visual morphology. M � ( R e ) is the
tellar mass within the ef fecti ve radius and it is computed from
he best-fitting stellar mass profile as predicted by BANG , while 
 R e is a proxy of the rotation velocity within the ef fecti ve radius
stimated following Aquino-Ort ́ız et al. ( 2020 ). More specifically, 
tarting from the l.o.s. velocity maps as modelled by BANG , we
onsidered all the pixels within an ellipse of semimajor axis equal 
o the ef fecti ve radius of the galaxy and we estimated V Re by
omputing the difference between the 90th and 10th percentile 
i.e. W = ( V 90 − V 10 )/2) of its velocity histogram and accounting
or deprojection by dividing for sin i , being i the inclination angle
stimated by BANG . As expected, a linear correlation is present 
n the case of spirals, even though the scatter is significant and it
argely increases changing morphology, with ellipticals dominating 
he spread in V R e mainly due to the huge contribution of slow
otators. 

Due to the morphology dependence of this relation, following 
everal works in the literature, we define: 

 K ( R e ) = 

√ 

K V 

2 
R e 

+ σ 2 
R e 

, (13) 

here σR e is the average velocity dispersion within R e and the 
onstant multiplicative factor K is usually set equal to 0.5 (Cortese
t al. 2014 ; Aquino-Ort ́ız et al. 2018 ; Barat et al. 2019 ; Gilhuly,
ourteau & S ́anchez 2019 ). We estimate σR e starting from l.o.s.
elocity dispersion best-fitting model and linearly averaging over 
he same elliptical region as defined abo v e. We estimated the errors
n M � ( R e ), V R e , and σR e by repeating the procedure detailed abo v e,
ith the model parameters associated with the 15 and 85 percentile 
f the posterior distribution. 15 

In all cases, we fitted a line to the data points by considering errors
n both the x and y axes. Doing that would generally require a fit with
t least N + 3 free parameters (where N is the number of considered
5 A proper Bayesian approach would require to e v aluate our model on the 
hole posterior distribution estimating the best fit and its error by computing 

he median and the percentiles on the actual set of models instead of the 
arameter posteriors. For computational reasons, we refrain from following 
his strategy; this is why we opted for what is discussed in the text. 

o

1

n
s

ata points, see Andreon & Hurn 2013 ), an impractical solution in
ur case. Luckily, in the case of a straight line, it is still possible to
educe the parameter space dimension back to three (slope, intercept, 
nd optionally, intrinsic scatter) under a few simplifying assump- 
ions (see chapter seven of Hogg, Bovy & Lang 2010 for further
etails). 
Following Aquino-Ort ́ız et al. ( 2020 ), we considered the stellar
ass as the independent variable fitting, with CPNEST (Veitch et al.

017 ), the following functional form: 

log 10 

(
S 0 . 5 ( R e ) 

100 km s −1 

)
= a + b log 10 

(
M � ( R e ) 

10 10 . 5 M �

)
, (14) 

here a and b are, respectively, the intercept and the slope of
he relation and together with the intrinsic scatter σ are the free
arameters of the fit. 
The M � ( R e ) − S 0.5 ( R e ) is presented in the middle panel (Fig. 7 );

he additional contribution of the dispersion component helps in 
educing the scatter moving all galaxies on a similar linear relation.
he best-fitting results on the whole sample are presented in the
rst line of Table 4 , with an exceptional agreement, in terms of the
lope, 16 with what found in Aquino-Ort ́ız et al. ( 2020 ). This result
s even more striking considering that we see a significant reduction
about 30 per cent less if compared to sample and analysis of 2458
alaxies presented in Aquino-Ort ́ız et al. 2020 ) of the scatter in
he relation, even though our sample comprises � 10 000 galaxies,
emonstrating the ability of BANG of reco v ering the true gravitational
otential of galaxies and its robustness against outliers, strengthening 
ur results, and moti v ating its blind applicability even on larger
amples. 

Driven by these results, we provide in the third panel of the figure a
ew kinematic tracer computed by dividing V R e with a proxy of the
verage rotational support of the galaxy ( k R e ). Similarly to what was
one in Rigamonti et al. ( 2022b ), we compute k R e for each galaxy as
he brightness-weighted average of the k 1 and k 2 parameters within 
 e . Note k R e is limited between zero and one resulting in major
orrections for slowly rotating galaxies. We provide through the 
ollowing functional form an empirical relation for estimating k R e 
irectly from V R e /σR e : 

 R e = 1 + 

arccot 
[
b 
(
V R e /σR e − x 0 

)]
arctan ( bx 0 ) + π/ 2 

, (15) 

here b = 1.47 and x 0 = 0.086 are calibrated by fitting that profile on
ur estimates obtained from the MaNGA sample. Note that equation 
 15 ) ensures that k R e is equal to zero (one) for V R e /σR e = 0 ( ∞ ).
ig. 8 shows the relation between k R e and V R e /σR e colour coded
ccording morphology. As expected, spiral galaxies (blue dots) 
re supported by rotation, while ellipticals dominate the dispersion 
egime. 

Fitting the following linear relation: 

log 10 

(
V R e /k R e 

100 km s −1 

)
= a + b log 10 

(
M � ( R e ) 

10 10 . 5 M �

)
, (16) 

o the proposed correction gives the same results, in terms of the
lope, as the M � ( R e ) − S 0.5 ( R e ) relation, reducing, even more, the
catter and possibly suggesting V R e /k R e as being a better indicator
f the relation between stellar mass and the underlying gravitational 
MNRAS 525, 1008–1022 (2023) 

6 A comparison of the zero point of the relation with literature results is 
ot trivial due to possible differences in the mass estimates and the sample 
election. 
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Figure 7. Scaling relations of different kinematics tracers divided according to morphology (blue for spirals, green for lenticulars, and red for ellipticals). In 
all three plots, the y-axis is the logarithm of the stellar mass within one R e , while the horizontal axis, respectively from left to right, shows the logarithm of the 
velocity at one R e ( V R e ), the logarithm of the S 0.5 parameter (see equation 13 ) and the logarithm of the velocity at R e corrected according to equation ( 15 ). For 
each morphological class, the coloured area contains 80 per cent of the kernel density estimated probability mass, only for the first plot on the left we included 
a second contour at a 70 per cent level. The solid black lines are the best-fitting linear relations while the black dotted lines represent the one −σ confidence 
interval. The best-fitting parameters are summarized in Table 4 . 

Table 4. Summary table of the best-fitting parameters for the linear 
fit (equations 14 , 16 ) of the kinematic tracers presented in the middle 
and left-hand panels of Fig. 7 . The first column refers to the considered 
dependent variable (the independent variable is al w ays M � ( R e )), while 
the other three columns are the free parameters of the fit, namely, the 
intercept (a), the slope (b) and the intrinsic scatter σ . 

y-axis a b σ

log 10 S 0.5 ( R e ) 0.13 ± 0.01 0.30 ± 0.01 0.073 
log 10 V R e /k R e 0.24 ± 0.01 0.30 ± 0.01 0.064 

Figure 8. On the x-axis velocity at the ef fecti ve radius divided by average 
velocity dispersion; on the y-axis the luminosity weighted average rotational 
support at R e . Points are colour coded in the same way as done in Fig. 7 . The 
black solid line is the best fit to the data of the functional form presented in 
equation ( 15 ). 

Table 5. Same as Table 4 but for ‘kinematic sample’ ( � 7000 galaxies) 
selected according to the same criteria applied in Aquino-Ort ́ız et al. 
( 2020 ) and defined at the beginning of Section 7 . 

y-axis a b σ

log 10 S 0.5 ( R e ) 0.13 ± 0.01 0.31 ± 0.01 0.065 
log 10 V R e /k R e 0.24 ± 0.01 0.31 ± 0.01 0.053 
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otential. 17 Note that with the provided correction the scatter in
he linear relation becomes almost consistent with the scatter in the
ully–Fisher relation for pruned samples (Lelli et al. 2019 ). 
For both kinematic tracers ( S 0.5 ( R e ) and V R e /k R e ) the results of a

inear fit are still consistent with each other even when repeating the
nalysis on the ‘kinematic sample’ defined in the first part of Section
 , with a further decrease in the scatter of the relation (Table 5 ). We
peculate that a possible bending may be present in those relations
see Appendix A ) since a fit with two lines gives a larger evidence
han with a single one; this may hint at a decrease of the M star / M h 

raction in the high stellar mass end (Noordermeer & Verheijen 2007 ;
oster, Naab & White 2018 ; Behroozi et al. 2019 ). Further analysis

s still required before drawing any conclusion, especially given the
riors assumed on the halo. 

 SUMMARY  A N D  C O N C L U S I O N S  

n this work, we presented some results from the application of
ANG , a software purposely designed for bulge + discs dynamical
7 Note that we use k R e as estimated from equation ( 15 ) and not directly from 

ANG , thus the reduction of the scatter in the last panel of Fig. 7 may be also 
riven by that. 
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odelling of galaxies, on the galaxies observed by the MaNGA 

urv e y. Being fast (GPU-based) and coupled with robust Bayesian 
arameter estimation techniques (e.g. Nested Sampling), BANG is 
erfectly suited for automated applications to large galaxy data sets. 
e impro v ed upon the earlier v ersion of BANG discussed in Paper

 both in the modelling approach and, by accounting for physically 
oti v ated priors, in the parameter estimation set-up. 
We successfully modelled the photometry and kinematic of 

0 005 galaxies assuming three different possible configurations (i.e. 
ulge + inner disc + outer disc, bulge + inner disc, inner disc + outer
isc) with two different halo prior assumptions, 18 estimating the 
tructural and dynamical parameters for each galaxy of the sample 
see Table 1 for a summary of the free parameters in the models). 

In order to test the accuracy of the methodology, we compared 
ur results to well-known kinematic scaling relations (e.g. M � versus 
 0.5 ; Weiner et al. 2006 ), finding a substantial agreement (regardless
f the assumed halo prior) with previous works in the literature, for
ll kind of morphologies (see e.g. Aquino-Ort ́ız et al. 2020 ). We
lso provide an empirical correction, dependent on the velocity-to- 
ispersion ratio, able to reduce the scatter in the stellar mass-to-
elocity relation, resulting in a tighter correlation when compared to 
he M � ( R e ) versus S 0.5 . These results do not assume any particular
election criteria and highlight the power of BANG in reco v ering
he gravitational potential of single galaxies even in an automated 
ecomposition applied to large samples. 
We also compared stellar mass estimates for a subsample of 149 

TGs galaxies analysed through Schwarzschild orbit superposition 
ethods (Jin et al. 2020 ), finding an excellent agreement. We 

herefore propose a new decomposition scheme that combines the 
isible components of our model (i.e. bulge, inner disc, and outer 
isc) into more general, and dynamically moti v ated, ‘hot’ and ‘cold’
omponents. This decomposition correlates with purely orbit-based 
stimates, possibly helping in extending studies of the ‘hot’ versus 
cold’ mass budget to larger samples. 

We performed a preliminary analysis of the distribution of the 
tructural components for different morphological types. We showed 
hat the physical interpretation of the two exponential disc compo- 
ents of the model depends on their kinematical parameters k 1 and 
 2 . In cases where k 1 is small, the inner disc typically models a
on-spherical central structure dominated by dispersion. Similarly, 
hen k 2 is small, the outer disc (potentially in conjunction with the

nner disc) models non-circular isophotes in ellipticals. The detailed 
nalysis of the possible many real natures of the two discs is deferred
o an ongoing investigation. As expected, our definition of ‘hot’ and 
cold’ mass correlates with the morphological type, with ellipticals 
nd spirals positioned at the high and low ends, respectively, of the
hot’ fraction distribution. 

Our work aimed to demonstrate the proposed methodology’s 
bility to cope with large samples and to validate our results.
he preliminary analysis presented in Section 6 paves the road to 

urther developments which we will address in future works. In 
articular, we will exploit our parametrization k 1 and k 2 to clarify 
he role that the two discs have in determining the dynamic state
f the internal components of galaxies. We will quantify the mass
udget of each component also in dependence on the star-formation 
ate of the galaxy. This will help us to understand the relative
ole of mergers versus coherent accretion in shaping local galaxies 
Rigamonti et al., to be submitted). We also plan to characterize the
ossible rotational support of photometric bulges, hence breaking 
8 for a grand total of + 60 000 different fits. 

E
F
F  

F

he de generac y between classical b ulges and pseudo-b ulges. We also
im at applying BANG to mock simulation-based catalogues (e.g. 
MaNGA; Nanni et al. 2022 ) in order to select the parameter space
egion that could identify and characterize thick discs and, possibly, 
ars. 
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Figure A1. Same as the central panel of Fig. 7 . The black solid line is 
the best linear fit (i.e. Table 4 ) while the dashed lines represent the one- σ
confidence intervals. The fuchsia line is the result of a fit assuming two slopes 
(i.e. equation A1 ) whose best-fitting parameters are presented in Table A1 . 

Table A1. Summary table of the best-fitting parameters for the fit to the 
M � ( R e ) − S 0.5 ( R e ) with the functional form of equation ( A1 ). 
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PPENDI X  A :  SCALI NG  R E L AT I O N  WI TH  

O U B L E  SLOPES  

e present here the result of a fit on the M � ( R e ) − S 0.5 ( R e ) with two
lopes (Fig. A1 ). Equation ( A1 ) represent the functional form that
e used for the fit, while the best-fitting parameters are reported in
able A1 . The evidence of the ‘two slopes’ model is log Z = 20 516
gainst log Z = 20 336 for the single slope fit 

og 10 

(
S 0 . 5 ( R e ) 

100 km s −1 

)

= 

⎧ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎨ 

⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎩ 

a 1 + b 1 log 10 

(
M � 

10 10 . 5 M �

)
if log 10 

(
M � 

10 10 . 5 M �

)
≤ M 0 

a 2 + b 2 log 10 

(
M � 

10 10 . 5 M �

)
if log 10 

(
M � 

10 10 . 5 M �

)
> M 0 , 

(A1) 

here the two constants a 1 and a 2 are not independent of each other
ue to the continuity condition of the function in M 0 . 
.12 ± 0.01 0.12 ± 0.01 0.29 ± 0.01 0.32 ± 0.01 10.57 ± 0.01 

http://dx.doi.org/10.1093/mnras/sty2792
http://arxiv.org/abs/1008.4686
http://dx.doi.org/10.1093/mnras/stw2055
http://dx.doi.org/10.1093/mnras/stz1170
http://dx.doi.org/10.1093/mnras/stz3072
http://dx.doi.org/10.1146/annurev.astro.42.053102.134024
http://dx.doi.org/10.1111/j.1365-2966.2008.13712.x
http://dx.doi.org/10.1093/mnras/stx2605
http://dx.doi.org/10.3847/0004-6256/152/4/83
http://dx.doi.org/10.3847/1538-3881/abcaa2
http://dx.doi.org/10.1093/mnras/stz205
http://dx.doi.org/10.1145/2133360.2133363
http://dx.doi.org/10.1088/0067-0049/210/1/3
http://dx.doi.org/10.1093/mnras/sty655
http://dx.doi.org/10.1093/mnras/stac1531
http://dx.doi.org/10.1086/177173
http://dx.doi.org/10.1093/mnras/stz2306
http://dx.doi.org/10.1111/j.1365-2966.2007.12369.x
http://dx.doi.org/10.3847/0004-637X/832/1/69
http://dx.doi.org/10.3847/1538-4357/ac1ba1
http://dx.doi.org/10.1086/340952
http://dx.doi.org/10.1093/mnras/stz2338
http://dx.doi.org/10.1093/mnras/stac1326
http://dx.doi.org/10.1086/157282
http://dx.doi.org/10.1086/341399
http://dx.doi.org/10.1086/131977
http://dx.doi.org/10.1086/342343
http://dx.doi.org/10.1093/mnras/stw3183
http://dx.doi.org/10.1093/mnras/stz431
http://dx.doi.org/10.1051/0004-6361/202243926
http://dx.doi.org/10.1111/j.1365-2966.2008.12874.x
http://dx.doi.org/10.1093/mnras/stac635
http://dx.doi.org/10.3847/1538-3881/aa7ecc
http://dx.doi.org/10.1086/508921
http://dx.doi.org/10.3847/1538-3881/ab44a2
http://dx.doi.org/10.1093/mnras/183.3.341
http://dx.doi.org/10.3847/0004-6256/151/1/8
http://dx.doi.org/10.1093/mnras/stac1708
http://dx.doi.org/10.1038/s41550-017-0348-1
http://dx.doi.org/10.1093/mnras/stx2409
http://dx.doi.org/10.1093/mnras/sty1521
http://dx.doi.org/10.1111/j.1365-2966.2009.15528.x


BANG-MaNGA 1021 

A
S

I  

o  

9  

t
a
w

 

m  

o  

r
s  

d  

(  

(

F
e
e
e

PPEN D IX  B:  A NALYSIS  O N  A  G A L A X Y  

UBSAMPLE  

n this section, we partially repeat the analysis outlined in Section 6
n a galaxy subsample selected discarding all galaxies with log 10 M � <
.5 and whose bulge half-mass radius is smaller (within its error) than
he pixel resolution. We moreover visually inspected and discarded 
ll the objects including ongoing mergers or other contaminants (i.e. 
rong redshift, central non-masked stars, and type I AGN). 
igure B1. From left to right we show the mass distribution of the hot, cold, and
stimated following equations ( 11 ) and ( 12 ) for the sample selected according to th
qual to one, and the distributions are colour-coded according to visual morphology
ach picture represents the distribution of that variable for the whole population he
As shown in Fig. B1 the distribution of ‘hot’, ‘cold’, and total
asses show similar trends to the one mentioned in the main body

f the text (see Section 6 with ellipticals dominating the high-mass
egime with a dominant contribution of the ‘hot’ component and 
pirals being colder and skewed to slightly smaller masses. The main
ifference from Fig. 5 is the missing peak at small stellar masses
log 10 M hot � 9.4) in spirals mostly due to the exclusion of low mass
log 10 M � < 9.5) galaxies. 
MNRAS 525, 1008–1022 (2023) 

 total stellar mass for the sample under analysis. The hot and cold mass are 
e text ( � 5 500 galaxies). Each histogram is normalized to have a total area 
: blue for spirals, green for lenticulars, and red for ellipticals. The panel o v er 
lping in understanding the relative role of the three morphological types. 
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PPENDIX  C :  SC ALING  R E L AT I O N S  IN  T H E  

ALO- F R EE  C O N F I G U R AT I O N  

e report in this section a summary of the same analysis detailed
n Section 5 in the case of the halo-free configuration (see Section
.2 ). Tables C1 and C2 report the best-fitting parameters of a linear

able C1. Summary table of the best-fitting parameters for the linear fit
equations 14 , 16 ) of the kinematic tracers presented in the middle and left-
and panels of Fig. C1 . The first column refers to the considered dependent
ariable (the independent variable is al w ays M � ( R e )), while the other three
olumns are the free parameters of the fit, namely, the intercept (a), the slope
b), and the intrinsic scatter σ . 

-axis a b σ

og 10 S 0.5 ( R e ) 0.15 ± 0.01 0.26 ± 0.01 0.088 
og 10 V R e /k R e 0.26 ± 0.01 0.26 ± 0.01 0.081 
NRAS 525, 1008–1022 (2023) 

igure C1. Scaling relations of different kinematics tracers divided according to m
he case of the halo-free configuration. In all three plots, the y-axis is the logarithm 

eft to right, shows the logarithm of the velocity at one R e ( V R e ), the logarithm of 
orrected according to equation ( 15 ). Density contours respectively contain 75 per 
ass. The solid black lines are the best-fitting linear relations while the black dotte

est-fitting relation computed from Table 4 . The best-fitting parameters are summa

his paper has been typeset from a T E 

X/L 

A T E 

X file prepared by the author. 
t to the data, whose results are roughly comparable (within two σ
able C2. Same as Table C1 but for a subsample of � 7000 galaxies selected
ccording to the same criteria applied in Aquino-Ort ́ız et al. ( 2020 ) (see par.
 for further details). 

-axis a b σ

og 10 S 0.5 ( R e ) 0.15 ± 0.01 0.27 ± 0.01 0.076 
og 10 V R e /k R e 0.27 ± 0.01 0.27 ± 0.01 0.065 

rrors) to the one reported in the halo-fixed configuration (Tables 4
nd 5 ). Fig. C1 shows the same quantities as Fig. 7 for the halo-
ree case. Some differences can be seen, especially in the low mass
e gime, where, as e xpected, the priors on the halo parameters are
ore informative. The fuchsia line represents the best-fitting linear

elation in the halo-fixed configuration which is compatible (within
ne −σ scatter) with the best-fitting line in the halo-free case (black
olid line). 
orphology (blue for spirals, green for lenticulars, and red for ellipticals) in 
of the stellar mass within one R e , while the horizontal axis, respectively from 

the S 0.5 parameter (see equation 13 ) and the logarithm of the velocity at R e 

cent, 80 per cent, and 80 per cent of the kernel density estimated probability 
d lines represent the one −σ confidence interval, and the fuchsia line is the 
rized in Table C1 . 
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