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A B S T R A C T 

The distribution of dark matter in the inner r egions of g alaxies poses a key challenge for small-scale Lambda-cold dark 

matter ( �-CDM) cosmology. While CDM simulations predict cuspy inner density profiles, observations of low surface 
brightness and dwarf galaxies oft en fav our cor ed pr ofiles, an issue known as the cusp–cor e pr oblem. We investig ate 
this problem by comparing four dark matter halo pr ofiles: NFW (N avarr o–Fr enk–White, cuspy), Einasto (intermediate), 
Burkert (cored), and pseudo-isothermal (cored) in a pilot sample of 11 galaxies from the GMRT ARChIve Atomic gas 
survey (GARCIA). We have performed mass modelling using Markov Chain Monte Carlo techniques, utilizing rotation 

curv es deriv ed fr om r obust 3D kinematic modelling . Baryonic contributions fr om stars derived using stellar kinematics 
based on 3 . 6 μm or r-band photometry via multi-Gaussian expansion combined with Jeans anisotropic model and from 

g as, calculated dir ectly fr om the g as surface density (H i + He) without assuming any pr e-defined functional form, ar e 
included. Our mass modelling shows that all halo pr ofiles pr ovide statistically good fits, yielding consistent estimates of 
halo mass and st ellar mass-t o-light ratio. To validate our analysis, we examine the stellar-to-halo mass relation and find 

br oad agr eement with empirical models. N on-parametric density pr ofiles derived fr om bary on-subtract ed rotation curv es 
show that NFW fits the inner regions best, while all profiles converge in the outskirts. Future studies with a larger sample 
fr om G ARCIA will be helpful in r efining this tr end and addr essing the cusp–cor e issue in gr eater depth. 

Key wor ds: g alaxies: general – galaxies: haloes – galaxies: kinematics and dynamics. 
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 INTRODUCTION  

t is widely acknowledged in the literature that a discrepancy 
xists between the predicted and observed rotation curves of 
alaxies. The observed rotation curves imply that the amount of 
ass inferr ed fr om stars and g as in g alaxies cannot account for

he total dynamical mass of galaxies (e.g. A. Bosma 1978 ; T. S. van
lbada & R. Sancisi 1986 ; K. G. Begeman 1987a ; R. H. Sanders
990 ; J. Dubinski & R. G. Carlberg 1991 ). F. Zwicky ( 1933 ) esti-
ated the total mass of the Coma cluster using the virial theorem

nd found a discrepancy between the mass of luminous matter 
nd the gravitational mass of the system. V. C. Rubin, W. K. Jr
ord & N. Thonnard ( 1978 ) demonstrated, using a sample of 10
piral galaxies, that their rotation curves remain approximately 
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at out to large radii ( ∼ 50 kpc ), further supporting the presence
f additional mass at these extended distances. This discrepancy 
ave rise to the idea that galaxies are embedded within extended,
assiv e dark matt er (DM) haloes (J. F. N avarr o, C. S. Fr enk &

. D. M. White 1997 ). However, alternative interpretations are 
resent that do not include extra matter, but suggests a modifi-
ation of gravity (e.g . M. Milgr om 1983a , b ). High-r esolution N-
ody simulations of collisionless cold dark matter (CDM) have 

ndicated that DM haloes develop a density structure that rises 
t eeply t owar d the centr e (cuspy) in a hierarchically clustering
niverse (e.g. J. Dubinski & R. G. Carlberg 1991 ). Building on

his, J. F. N avarr o, C. S. Frenk & S. D. M. White ( 1996b ) and J.
. N avarr o et al. ( 1997 ) demonstrated that spherically averaged
ensity profiles, now known as the N avarr o–Fr enk–White (NFW)
r ofile, pr ovide a good fit to haloes over a wide mass range, from
warf g alaxies to g alaxy clusters. Further r efinement of simula-
ions, incorporating improved resolution, suggested that haloes 
 This is an Open Access article distributed under the terms of the 
/by/4.0/ ), which permits unrestricted reuse, distribution, and 
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ay exhibit even steeper inner density slopes than predicted by
he original NFW model, indicating more pronounced cusps (B.

oore et al. 1997 , 1998 ). But observation (e.g. C. Carignan & S.
eaulieu 1989 ; R. A. Flores & J. R. Primack 1994 ; W. J. G. de Blok
t al. 2001 ; W. J. G. de Blok & A. Bosma 2002 ; W. J. G. de Blok
003 ; S.-H. Oh et al. 2015 ; J. I. Read et al. 2016 ; J. Schombert, S.
cGaugh & F. Lelli 2018 ; P. E. Mancera Piña et al. 2025 ) from

ow surface brightness (LSB) g alaxies, dwarf g alaxies (which ar e
nown to be dominated by DM) and less massive galaxies re-
ealed that the DM density profile is flat in the central region,
aking a core. In the GHASP survey (M. Spano et al. 2008 ), the
ass distribution of 36 spiral and irr egular g alaxies was studied,

 evealing the pr esence of a constant density cor e, independent of 
he morphological type of the g alaxies. Furthermor e, studies of 
ome spiral galaxies (S. Blais-Ouellet te, P. Amr am & C. Carignan
001 ; G. Gentile et al. 2004 ; T. P. K. Martinsson et al. 2013 ) also
upported a constant density core over a cuspy density profile.
his tension between CDM simulation and observation of galax-

es’ rotation curve, known as the cusp–core problem (B. Moore
994 ; R. A. Flores & J. R. Primack 1994 ), indicates a modification
f the �CDM model on small scales. Although ther e ar e some
bservations (F. C. van den Bosch & R. A. Swaters 2001 ; R. A.
waters et al. 2003 ; E. Hayashi 2004 ) on LSBs and dwarfs showed
hat most of their rotation curves fit consistently with cored as
ell as cuspy DM profiles, so we cannot rule out the cuspy nature
f DM halo. Similarly, the THINGS survey (F . W alter et al. 2008 ),
hich provides high-quality H i rotation curves, found that mas-

iv e, disc-dominat ed galaxies can be fitted equally well by cuspy
nd cored DM halo models (S.-H. Oh et al. 2015 ). How ev er, the
ituation is further complicated by the significant scatter in the
nner density slopes reported across different studies. 

Three main types of solutions have been proposed for the cusp–
or e pr oblem: two ar e simulation-based, involving the inclusion
f baryonic effects in simulations, and the other considers the
ature of DM itself. The third is observational, focusing on sys-

ematics or measurement uncertainties in rotation curve analysis.
arious physical processes can substantially alter the inferred

nner structure of DM haloes. Several studies have shown that
aryonic processes such as the acquisition of angular momentum
uring structure formation, central black hole activity (M. Le
elliou, R. N. Henriksen & J . D . MacMillan 2010 , 2011 ), dynam-

cal friction leading to energy transfer from baryons to DM (A.
l-Zant, I. Shlosman & Y. Hoffman 2001 ), star formation and
upernovae-driven gas outflows (e.g. J. F. Navarro, V. R. Eke & C.
. Frenk 1996a ; S. Mashchenko, H. M. P. Couchman & J. Wadsley
006 ; S. Mashchenko, J. Wadsley & H. M. P. Couchman 2008 ; F.
ov ernat o et al. 2010 ; S.-H. Oh et al. 2011b ; F. Gov ernat o et al.
012 ) can modify the inner structure of DM halo, resulting in
 flatter inner density profile than those predicted by DM only
imulations. 

Alt ernativ e DM models hav e also been proposed. For instance,
elf-interacting DM can reduce central densities in haloes (e.g. D.
. Spergel & P. J. Steinhardt 2000 ; A. Burkert 2000 ; M. Kapling-
at, S. Tulin & H.-B. Yu 2016 ; S. Tulin & H.-B. Y u 2018 ; T . Ren
t al. 2019 ; A. Bañares-Hernández et al. 2023 , 2024 ; P. E. Mancera
iña et al. 2025 ), and may produce detectable radiation through
M annihilation. Other scenarios include decaying DM (R. Cen
001 ), scalar field DM (V. H. Robles & T. Matos 2012 ), and fuzzy
M (W. Hu, R. Barkana & A. Gruzinov 2000 ), each offering dif-

erent mechanisms for modifying the inner structure of haloes. 
Another possible explanation lies in observational limitations.

he mass distribution of galaxies is typically inferr ed fr om their
NRAS 546, 1–18 (2026) 
otation curves and systematic errors in measuring these curves
an lead to incorrect conclusions about the inner DM density pro-
le (e.g. F. C. van den Bosch et al. 2000 ; F. C. Bosch & R. A. Swaters
001 ; R. A. Swaters et al. 2003 ; E. Hayashi et al. 2004 ; J. C. B.
ineda et al. 2016 ; K. A. Oman et al. 2019 ; F. A. Roper et al. 2023 ;
. R. Downing & K. A. Oman 2023 ; I. S. Sands et al. 2024 ). For
xample, beam smearing a result of finite resolution in H i obser-
ations can smooth out velocity gradients, particularly in galax-
es with small-scale structures or high inclination. This effect is
articularly pronounced in the central r egions of g alaxies, wher e
he velocity gradient is higher compared to the outskirts. In the
ase of H α rotation curv es, inaccurat e slit placement may cause
he dynamical centre of the galaxy to be missed, resulting in an
rtificially shallow rotation curv e. How ev er, Ha rotation curv es
hrough IFU observations are not affected by this limitation. Ad-
itinally, unmodelled non-circular motions can further reduce
he observed inner rotation velocities, complicating the interpre-
ation of the underlying mass distribution. Many of these obser-
ational issues have been significantly mitigated with the advent
f high-r esolution H i interfer ometric data. These data sets e xtend
ver large radii and are well suited for the assumption of circular
otion due to the cold nature of H i gas. Earlier, H i rotation

urves used for mass modelling were typically derived from 2D
elocity maps by fitting the tilted-ring model (D. H. Rogstad, I. A.
ockhart & M. C. H. Wright 1974 ), a method susceptible to beam
mearing and projection effects. How ev er, recent advances now
llow for the direct use of full 3D H i data cubes in tilted-ring mod-
lling (P. Kamphuis et al. 2015 ; E. M. Di Teodoro & F. F r aternali
015 ), which helps to overcome these systematic errors and pro-
uce accurate rotation curves shown in E. M. Di Teodoro & F. F r a-
ernali ( 2015 ), G. Iorio et al. ( 2017 ), G. Sharma et al. ( 2021 ), N. Deg
t al. ( 2022 ), and P. E. Mancera Piña et al. ( 2025 ). For instance,
ecent studies by S. Kurapati et al. ( 2020 ) hav e demonstrat ed that
he method used to derive the rotation curve 2D versus 3D fitting
an significantly impact the inferred inner density slope of DM
aloes. Their results show that while 2D methods favour cored
rofiles, such as the pseudo-isothermal (pISO) model, the more
ccurate 3D rotation curves are better fitted by the cuspy NFW
odel. 
The GMRT ARChIve Atomic gas survey ( GARCIA ) is designed

o uniformly analyse H i interferometric spectral line data for a
ample of 515 nearby g alaxies fr om the GMRT archive, enabling
 wide range of scientific investigations. As part of this project,
he first paper in the series, GAR CIA -I (P. Biswas et al. 2022 ),
r esents data pr oducts fr om a pilot sample of 11 sources. The
econd paper, GAR CIA -II (P. Biswas et al. 2023 ) focuses on 3D
inematic and mass modelling using only the NFW DM halo.
n this paper, we extend that analysis by introducing a compar-
tiv e framew ork across four DM halo profiles and incorporating
 non-parametric reconstruction of the DM distribution. This
llows us to test not only which profiles fit the observed rota-
ion curves, but also which are physically consistent with the
ctual inner DM density profiles, a key question in the cusp–core
ebate. 
Section 2 describes the sample and data used for mass mod-

lling. Section 3 outlines the DM halo profiles, methodology and
esults, including parametric and non-parametric DM, followed
y a comparison of scaled profiles. Section 4 discusses the im-
lications for the M star −M 200 relation and the impact of kine-
atic disturbances, and the comparison of parametric and non-

arametric DM. Finally, we summarize in Section 5 , highlighting
ey findings and prospects. 

https://physics.iisc.ac.in/ nroy/garcia_web/about.html
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Table 1. Observation sample properties and derived H i and stellar masses (P. Biswas et al. 2023 ). 

Source Morph. i opt i mom0 i kin Dist. Method M H I M star 
name type (deg) (deg) (deg) (Mpc) used ( M �) ( M �) 

NGC0784 SBd 81.1 82 82.22 5.45 1 (4 . 22 ± 0 . 06) × 10 8 (8 . 0 ± 2 . 3) × 10 8 
NGC1156 IB 50.0 51 48.79 6.79 2 (5 . 38 ± 0 . 07) × 10 8 (1 . 11 ± 0 . 31) × 10 9 
NGC3027 Sc 73.8 63 62.60 16.54 3 (5 . 14 ± 0 . 06) × 10 9 (4 . 6 ± 1 . 4) × 10 9 
NGC3359 Sc 52.2 55 56.31 16.79 3 (9 . 95 ± 0 . 07) × 10 9 (1 . 9 ± 1 . 8) × 10 9 
NGC4068 I 60.0 51 57.47 4.39 1 (1 . 284 ± 0 . 035) × 10 8 (1 . 2 ± 0 . 4) × 10 8 
NGC4861 Sm 66.5 69 78.96 9.95 1 (9 . 12 ± 0 . 22) × 10 8 (6 ± 6) × 10 7 
NGC7292 I 66.4 23 19.16 9.60 3 (5 . 49 ± 0 . 15) × 10 8 (1 . 2 ± 0 . 5) × 10 9 
NGC7497 Sc 82.8 73 80.53 19.82 3 (5 . 05 ± 0 . 06) × 10 9 (1 . 32 ± 0 . 29) × 10 10 

NGC7610 SABc 42.1 50 52.91 12.60 4 (2 . 07 ± 0 . 05) × 10 10 (1 . 90 ± 0 . 26) × 10 10 

NGC7741 SBc 61.6 38 50.09 46.96 3 (1 . 536 ± 0 . 031) × 10 9 (6 . 2 ± 0 . 9) × 10 9 
NGC7800 IB 67.0 52 49.20 20.56 3 (3 . 69 ± 0 . 08) × 10 9 (1 . 3 ± 0 . 8) × 10 9 

N otes. Refer ences used for methods of distance measurements are: 1 – tip of the red giant branch (TRGB), 2 – brightest stars, 3 – cosmological distance, 
and 4 – sosies. 
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 S  AMPLE  S E L E  CTION  AND  ANALYSIS  

his study inv estigat es the cusp–cor e pr oblem (R. A. Flores & J.
. Primack 1994 ; B. Moore 1994 ), which highlights a key tension
etween the cuspy inner density profiles of DM haloes predicted 

y �CDM simulations and the cored profiles observed in many 
 alaxies. A ccurate r otation curves ar e essential for pr obing this
iscr epancy. H i interfer ometric data play a critical r ole by pr o-
iding both spatial and kinematic information needed to trace the 
ass distribution. 
For this purpose, we utilize the H i rotation curv es deriv ed by

. Biswas et al. ( 2023 ) for a pilot sample, employing 3D kinematic
odelling. This sample comprises 11 bright (apparent magni- 

ude, m b = 11 . 03 –14.10), low-redshift ( z = 0 . 0006 –0.0012) galax-
es, observed at a velocity resolution of ∼ 6 . 6 km s −1 . The sam-
le spans a wide range of H i masses ( ∼ 10 8 –10 10 M �) and in-
ludes both spiral and irr egular g alaxies, with a mix of barr ed
nd unbarred morphologies. The parameter distribution of the 
ources has been shown in P. Biswas et al. ( 2022 ); observational
roperties (see P. Biswas et al. 2022 , fig. 2) and H i line flux,
 -band magnitude, H i mass (see P. Biswas et al. 2022 , fig. 2),
istance, inclination angle with the method for determining, H i 
nd stellar masses from P. Biswas et al. ( 2023 ) are mentioned
n Table 1 . P. Biswas et al. ( 2023 ) derived the rotation curves
y applying 3D tilted-ring modelling to the H i data cubes using
wo pipelines: Fully Automated TiRiFiC ( fat ) and 3D-b ar olo ;
oth methods produced acceptable models. As summarized in P. 
iswas et al. ( 2023 ), fat performs more reliably across a wider

nclination range, samples the rotation curve to larger radii by 
tting more rings for the same radial spacing, and is less sen-
itiv e t o initial paramet er choices due t o its aut omat ed SoFiA -
ased setup. fat also captures structural features such as warps 
etter than 3D-b ar olo , and it generally produces lower mo-
ent 1 residuals. The choice between the rotation curves derived 

rom fat (P. Kamphuis et al. 2015 ) and 3D-b ar olo (E. M. Di
eodoro & F. F r aternali 2015 ) was based on a comparison of the
esidual velocity fields ( see fig. 3 on GARCIA w edsit e ). For 10 of 
he 11 galaxies, fat yielded residuals typically below 20 km s −1 

nd lower than those obtained from 3D-barolo . How ev er, for
GC4861, the rotation curve generated by fat showed higher 

esiduals. In this case, the bbarolo -derived curve was pr eferr ed,
s it yielded a mor e r eliable r otation pr ofile with low er v elocity
esiduals ( see fig. 4 on GARCIA w ebsit e ). All mass modelling in
he study was based on these finalized rotation curves from P. 
iswas et al. ( 2023 ). 
To decompose the mass distribution, we also need to include 
tellar mass surface density profiles. However, the M/L ) varies 
ignificantly across photometric bands, introducing uncertainty 
n estimating the stellar mass distribution. Young, massive stars 
ominate the light in the optical bands due to their high lumi-
osity, despite contributing little to the total stellar mass (E. F.
ell & R. S. de Jong 2001 ). As a r esult, r ecent star formation
an significantly boost optical luminosity without substantially 
ffecting stellar mass, making optical M/L ratios highly sensi- 
iv e t o the recent star formation hist ory (SFH). In contrast, near-
nfrared (NIR) light is dominated by older, low-mass stars that 
v olv e slowly and contribute most of the stellar mass, making
IR M/L less affected by SFH. Several studies (E. F. Bell & R. S.
e Jong 2001 ; E. F. Bell et al. 2003 ; S. Zibetti, S. Charlot & H.-
. Rix 2009 ; S. S. McGaugh & J. M. Schombert 2014 ; S. E. Meidt

t al. 2014 ; M. A. Norris et al. 2016 ; J. Schombert et al. 2018 ; A.
arasco et al. 2025 ) have shown that NIR data particularly at

.6 μm provides the most stable estimates for M/L . 
P. Biswas et al. ( 2023 ) calculated the stellar mass surface den-

ity profiles using Spitzer 3.6 μm data, and supplemented these 
ith Sloan Digital Sky Survey (SDSS) r-band images for the two

alaxies (NGC7610 and NGC7292) with the multi-Gaussian ex- 
ansion (MGE) method (M. Cappellari 2002 ), and the resulting 
GE models were converted into stellar mass distributions by 

ssuming a radially constant M/L , which was determined via 
arkov Chain Monte Carlo (MCMC) together with the halo mass 

nd concentration (see Section 3.2.1 , see section 5.1 in P. Biswas
t al. 2023 ). 

All mass modelling in the study relies on the finalized rotation
urves and stellar mass surface density profiles from P. Biswas 
t al. ( 2023 ). Further details on the data reduction, 3D kine-
atic modelling, and rotation curve extraction can be found in 

. Biswas et al. ( 2022 , 2023 ). 

 D I ST R I B U T I O N  OF  T H E  DARK  MATTER :  
ETHODOL  OG  Y  AND  R E S U LT S  

.1 Dark matter halo profiles 

n this study, we have considered four DM halo profiles (Fig. 1 )
ith varying halo shape, cuspy, cored, and int ermediat e betw een

usp and core. A brief overview of these profiles and the theoret-
cal framework for deriving mass and velocity pr ofiles fr om the
ensity distribution is provided below. 
MNRAS 546, 1–18 (2026) 

https://physics.iisc.ac.in/ nroy/garcia_web/kinematics.html#fig3
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M

(a) (b)

Figur e 1. N ormalized DM density pr ofiles for differ ent halo models. Panel (a): pr ofiles scaled by density, assuming r s = 1 for NFW/Einasto and r c = 1 
for pISO/Burkert, with densities normalized at r = 0 . 001 to emphasize the inner slope differ ences. Panel (b): same pr ofiles scaled such that the enclosed 
mass at r = 10 kpc is matched. 
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.1.1 NFW profile 

he NFW arises from N -body simulation of �CDM (J. F. Navarro
t al. 1996b ) and describes a cuspy nature of DM halo density
istribution. It is widely used as a model profile for describing
M haloes and is defined as, 

(r) = 

ρs (
r 
r s 

) (
1 + 

r 
r s 

)2 (1) 

here, ρs is the characteristic density and r s is the scale radius.
he enclosed mass within radius r is: 

 NFW 

(r) = 4 πρs r 3 s 

[
ln 

(
1 + 

r 
r s 

)
− r/r s 

1 + r/r s 

]
. (2) 

The corresponding velocity profile can be written as: 

 NFW 

(r) = V 200 ×
√ 

M NFW 

(r) 
M 200 

· r 200 

r 
(3) 

where r 200 is the radius within which the average density of 
 halo is 200 times the critical density of the universe, the total
ass enclosed within this radius is defined as M 200 , and V 200 is

he rotational velocity at r 200 . Substituting the mass expression
equation 2 ) and V 200 = 10 C r s H 0 with H 0 = 72 km s −1 Mpc −1 

 NFW 

(r) = 

0 . 014 M 

1 / 3 
200 √ 

x ×
√ 

ln (1+ Cx) − Cx 
1+ Cx 

ln (1+ C) − C 
1+ C 

, (4) 

here x = 

r 
20 . 24 M 

1 / 3 
200 

will be same for all halo profiles and C = 

R 200 
r s 

s the concentration parameter . W e have used the same method
 o deriv e the v elocity profile for all the DM haloes. 

.1.2 pISO Profile 

he density profile of the pISO model (K. G. Begeman 1987b ) is
ommonly used due to its simplicity and assumes a DM halo with
 cored structure. The density profile of this model is as follows: 

(r) = 

ρs 

1 + 

(
r 
r c 

)2 (5) 
NRAS 546, 1–18 (2026) 
here ρs is the characteristic density and r c is the core radius. 
The enclosed mass within radius r is: 

 pISO (r) = 4 πρs r 3 c 

[
r 
r c 

− arctan 

(
r 
r c 

)]
(6) 

The corresponding velocity profile is, 

 pISO ( r) = 

0 . 014 M 200 
1 
3 √ 

x 
×

√ 

Cx − arctan ( Cx) 
C − arctan ( C) 

(7) 

here, C = 

R 200 
r c 

is the concentration parameter. 

.1.3 Burk ert Pr ofile 

t is another empirical cored model used here and presented
y A. Burkert ( 1995 ) which diverges more slowly than pISO at

arger radii. The density profile of the Burkert model is defined
s follows: 

(r) = 

ρs (
1 + 

r 
r c 

){
1 + 

(
r 
r c 

)2 
} (8) 

here ρs is the characteristic density and r c is the core radius. 
The enclosed mass is: 

 Burkert (r) = 2 πρs r 3 c 

[ 

1 
2 ln 

(
1 + 

(
r 
r c 

)2 
)

+ ln 

(
1 + 

r 
r c 

)

− arctan 

(
r 
r c 

) ] 

(9) 

The corresponding velocity profile is, 

 Burkert (r) = 

0 . 014 M 200 
1 
3 √ 

x 
×√ 

1 
2 ln 

{
1 + (Cx) 2 } + ln (1 + Cx) − arctan (Cx) 

1 
2 ln (1 + C 

2 ) + ln (1 + C) − arctan (C) 
(10) 

here, C = 

R 200 
r c 

is the concentration parameter. 
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.1.4 Einasto Profile 

. F. N avarr o et al. ( 2004 ) e xplor ed the mass profiles of CDM
aloes covering a mass range from dwarf galaxies to galaxy clus-

ers, using numerical simulations and proposed a new profile that 
etter r epr oduces the log arithmic slope (−d ln ρ/d ln r) than the
FW pr ofile. Later, it was r ealized that this pr ofile was alr eady

ntroduced by J. Einasto ( 1965 , 1969 ) to describe the stellar dis-
ribution. The density profile of the Einasto model is described 

s, 

Einasto (r) = ρs exp 

[
− 2 

αe 

{(
r 
r s 

)αe 

− 1 
}]

(11) 

where ρs is the characteristic density and r s is the scale radius,
his profile introduces an additional parameter called the shape 
arameter ( αe ), which controls the curvature of the halo density
rofile. 
The enclosed mass (V. F. Cardone, E. Piedipalumbo & C. Tor-

ora 2005 ; G. A. Mamon & E. L. Łokas 2005 ; D. Merritt et al. 2006 )
s, 

 Einasto (r) = 4 π ρs r 3 s exp 

(
2 
αε

) (
2 
αε

)− 3 
αε 1 

αε

×�

(
3 
αε

, 
2 
αε

(
r 
r s 

)αε
)

(12) 

The corresponding velocity profile is, 

 Einasto (r) = 

0 . 014 M 200 
1 
3 √ 

x 
×

√ √ √ √ √ 

�
(

3 
αe 

, 2 
αe 

(Cx) αe 
)

�
(

3 
αe 

, 2 
αe 

C 

αe 
) (13) 

. Chemin, W. J. G. de Blok & G. A. Mamon ( 2011 ) showed that
he Einasto profile fits the rotation curves of spiral galaxies better
han the NFW and pISO models, and this result holds for different
hoices of the initial mass function (IMF). The choice of IMF
ffects the stellar mass-to-light ratio ( M/L ), hence it affects how
uch of the rotation curve is explained by stars versus DM. Even

hough the M/L can change with the IMF, the Einasto model 
till performs well. They also found that the shape parameter α
an vary from about 0.1 to 10 across galaxies of different masses.
hough many studies (e.g. L. Gao et al. 2008 ; A. A. Dutton & A. V.
acciò 2014 ; P. Li et al. 2018 ; A. D. Ludlow et al. 2016 ; A. D.

udlow & R. E. Angulo 2017 ) showed lower values of Einasto
hape parameter. In our study, we test the density profile with
ifferent α values and found α = 0 . 4 produces DM haloes that
eflect an int ermediat e structure, with central slopes neither too 
teep nor too shallow. We ther efor e fix ed α = 0 . 4 for all g alaxies
hroughout the analysis to represent this transitional behaviour 
etween cuspy and cored profiles and to ensure consistent com- 
arison with other halo models. 
Fig. 1 shows different halo models’ normalized DM density 

rofiles. To allow direct comparison of their inner slopes and 

tructural differences, we computed each profile assuming a scale 
adius (for NFW and Einasto) or a core radius (for cored mod-
ls like pISO and Burkert) of unity, i.e. r s = 1 or r c = 1 and the
ensities were normalized by their respective values at a radius 
f r = 0 . 001 to highlight the differences in central concentration
see Fig. 1 a). This normalization ensures that all profiles intersect
t the same r efer ence point in the innermost region, allowing
heir inner slope behaviour to be compar ed mor e clearly on a log–
og scale. As a result, the plot emphasizes the intrinsic shape of 
ach profile, particularly in the central regions where the cusp–
or e differ ences ar e most pr onounced. Fig . 1 (b) shows the same
et of profiles scaled by fixing the enclosed mass within a radius of 
 = 10 kpc , illustrating how the relative behaviour of the models
hanges when matched in total mass rather than scale density. 

.2 Results 

otation curves offer a direct probe of the mass distribution in
alaxies, capturing the combined gravitational influence of stars, 
as, and DM. By analysing these curv es, w e separat e the contribu-
ions from these components. We model the total rotation velocity
y summing three main components in quadratur e: stellar, g as,
nd DM halo. The total velocity follows: 

 

tot 
mod 

2 = V gas 
2 + V star 

2 + V halo 
2 (14) 

wher e V gas , V star , and V halo r epr esent the contributions from gas,
tars, and the DM halo, r espectively. Her e, we ar e using observed
otational velocity as it closely traces the true circular velocity for
old H i gas, i.e. V rot � V circ . 

We adopt the stellar and gas velocity components from P. 
iswas et al. ( 2023 ), who performed detailed 3D mass modelling
sing NFW halo for the GAR CIA -I galaxy sample. To model the
tellar luminosity distribution (P. Biswas et al. 2023 , see section
.1), they used the MGE method (M. Cappellari 2002 ), which
ccurately r epr oduces comple x light pr ofiles in g alaxies with mul-
iple components, such as bulges and discs. The MGE method 

odels the galaxy luminosity distribution by decomposing it into 
 sum of 2D Gaussian functions and the projected surface bright-
ess. Then, the stellar circular velocity contribution, V star , was 
erived using the MGE components by the Jeans anisotropic 
odel (JAM) model (M. Cappellari 2008 ), which solves the ax-

symmetric Jeans equations assuming constant anisotropy. JAM 

s especially effective in converting observed light distributions 
nt o st ellar kinematic predictions when used with MGE, making
t a widely adopted tool for stellar dynamical analysis. 

For the gas component, P. Biswas et al. ( 2023 ) did not assume
 parametric form for the H i distribution. Instead, they extracted
he H i surface density profile directly from 3D kinematically 

odelled H i data cubes using a tilted-ring model (P. Biswas et al.
023 , see section 5.2 and appendix A). This approach allows for a
or e r ealistic r epr esentation of the g as distribution and its contri-

ution to the rotation curves. The derived H i further multiplied
y a factor of 1.33 to include the contribution from helium and the
olecular gas (H 2 ) component was not included, as uniform CO

ata are not available for the full pilot sample. How ev er, previous
tudies on disc galaxies (e.g. B. S. F r ank et al. 2016 ; P. E. Mancera
iña et al. 2022 ) have shown that neglecting the molecular gas has
nly a minor impact on the inferred rotation curves and DM halo
arameters. The gas velocities were then calculated from these 
orrected surface densities using the standard relation (assuming 
xisymmetric razor-thin disc) between surface mass density and 

ravitational potential (see J. Binney & S. Tremaine 2008 , equa-
ion 2.188). At the mass range of our galaxies, the finite thickness
nd flaring of the H i disc ar e e xpect ed t o introduce only minor
orrections to the derived circular velocities and halo parameters 
e.g. P. E. Mancera Piña et al. 2022 , 2025 ). 

All these components V star , V gas , and along with the NFW DM
alo model fitted by P. Biswas et al. ( 2023 ) are adopted in our
nalysis. 

The DM component was determined using these components 
 star , V gas in two different approaches. The first is a parametric
ethod (Section 3.2.1 ), where the DM halo is modelled using
MNRAS 546, 1–18 (2026) 
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our profiles: NFW (adopted from P. Biswas et al. 2023 ), Einasto,
urkert, and pISO. Each profile describes how the DM density
hanges with radius using a set of parameters. These parameters
re optimized using an MCMC framework to find the best fit
 o the observ ed rotation curv e. The second is a non-parametric

ethod (Section 3.2.2 ), no specific shape or equation is assumed
or the DM profile. Instead, the DM contribution is directly calcu-
ated by subtracting the known contributions from stars and gas
rom the total observed rotational velocity. 

.2.1 Parametric dark matter 

o model the DM halo profiles of our galaxy sample, we employ
he MCMC-based circular velocity fitting framework developed
y V. Kalinova et al. ( 2017 ). This framework utilizes the emcee
ackage (D . F oreman-Mackey et al. 2013 ), which implements the
ffine-invariant ensemble sampler for efficient MCMC parameter
stimation. The code has previously been adapted to fit the NFW
M profile in the works of N. Tyulneva ( 2021 ) and P. Biswas et al.

 2023 ). 
In the present analysis, we employ an ext ended v ersion of the
CMC-based fitting tool (Kalinova et al., in preparation) that en-

bles modelling with multiple halo profiles, specifically the pISO,
urkert, and Einasto models. The framework simultaneously fits

he observed rotation curves by varying thr ee fr ee parameters: the
alo mass M 200 , the concentration parameter C, and the M/L . For
omputational simplicity, we assume a radially constant M/L . For
he NFW and Einasto profiles, the concentration is defined as C =
 200 /r s , where r s is the scale radius, while for the cored profiles
pISO and Burkert) we use the analogous definition C = r 200 /r c ,
ith r c r epr esenting the cor e radius. 
How ev er, M/L in real galaxies is not strictly constant; it can

ary systematically with radius due to stellar population gradients
n age, metallicity, and SFH (e.g. E. F. Bell & R. S. de Jong 2001 ; S.
ibetti et al. 2009 ). Incorporating such radial variations in M/L
ould yield more physically realistic mass models and tighter
onstraints on halo parameters. 

In previous studies (e.g. H. Katz et al. 2017 ; P. E. Mancera Piña
t al. 2022 ; E. M. Di Teodoro et al. 2023 ; P. E. Mancera Piña et al.
025 ), various scaling relations, such as the st ellar-t o-halo mass
elation (SHMR; B. P. Moster, T. Naab & S. D. M. White 2013 ) and
he M 200 –C relation (A. V. Macciò, A. A. Dutton & F. C. van den
osch 2008 ; A. A. Dutton & A. V. Macciò 2014 ) have been em-
loy ed t o uniform prior selection. These priors help constrain DM
alo parameters but can influence the results t oward expect ed

rends. P. Li et al. ( 2020 ) found that using priors based on scal-
ng r elations impr ov es consist ency with large-scale cosmological
rends. How ev er, these priors can degrade the quality of the rota-
ion curve fits, indicating that they may bias the inferred parame-
 er estimat es. P. E. Mancera Piña et al. ( 2022 ) also found that flat
riors on the concentration parameter C led to poor constraints

n some g alaxies, wher eas Gaussian or lognormal priors based on
he C − M 200 relation significantly improved convergence and the
uality of parameter inference. So, P. Biswas et al. ( 2023 ) adopt
wo prior distributions, uniform and lognormal, independent of 
uch scaling relations. Since lognormal priors can result in an un-
ounded explor ation of par ameter space, a broad uniform prior

s used to constrain them. 
We use the same uniform priors on the halo mass ( M 200 ) and

he M/L as adopted in P. Biswas et al. ( 2023 ), since these parame-
ers do not depend on the choice of halo profile. For M 200 , we as-
NRAS 546, 1–18 (2026) 
ume a lognormal prior with a mean value of 10 11 . 225 and a width
f 0.5 dex, based on constraints from the DiskMass Survey (see
g. 16 in A. A. Dutton & A. V. Macciò 2014 ). The M/L is best con-
trained in the 3.6 μm infrared band. Stellar population synthesis
odels (S. E. Meidt et al. 2014 ; J. Schombert & S. McGaugh 2014 ;

. S. McGaugh & J. M. Schombert 2014 ) suggest that M/L values
n this band typically lie between 0.4 and 0.6, depending on the
MF and the underlying stellar population. However, bulges can
xhibit systematically higher M/L 3 . 6 than discs, even in the NIR,
n some cases by up to a factor of ∼2 (J. Schombert et al. 2022 ).
o check the impact of M/L in our sample we have done mass
odelling for one galaxy with different M/L for disc and bulge for
FW profile mentioned in Appendix B . F. Lelli et al. ( 2016b ) used
xed values of M/L 3 . 6 = 0 . 5 for discs and M/L 3 . 6 = 0 . 7 for bulges
 o estimat e st ellar central density . Similarly , P. Li et al. ( 2020 )
dopted lognormal priors centred at these same values, each with
 standard deviation of 0.1. Following P. Biswas et al. ( 2023 ), we
se a lognormal prior on M/L , centred at 0.6 with a standard
eviation of 0.2. To avoid unbounded sampling, we also impose
 uniform prior over the range [0 . 01 , 100] . For the remaining
wo g alaxies, wher e SDSS r -band data ar e used instead of 3.6 μm,
e apply a uniform prior on M/L in the range [0 . 01 , 10] . Unlike

he 3.6 μm band, where previous studies (e.g. S. E. Meidt et al.
014 ) have established a r elatively narr ow and stable range for
/L , the r band lacks such str ong constraints. Ther efor e, a wider

niform prior allows mor e fle xibility in exploring the parameter
pace. 

Since the concentration parameter ( C) depends on the spe-
ific form of the DM halo density profile, we use different prior
anges for differ ent pr ofiles to ensure accurate and unbiased mod-
lling. For NFW and Einasto profiles, the concentration parame-
er tracks the assembly hist ory; syst ems that collapse earlier form
enser interiors because their inner structure reflects the higher
osmic critical density at the time of collapse where as for cored
rofile the concentration parameter is just phenomenological,
hich help to fit the galaxy kinamatics though they depend on
aryonic physics such as feedback process, disc halo coupling. As
hown by A. A. Dutton & A. V. Macciò ( 2014 ), the concentration
alues obtained from fitting the Einasto profile can vary by up
o 15 per cent compared to the NFW profile. To account for this,
e follow P. Biswas et al. ( 2023 ) and widen the prior range for

he concentration parameter C when using the Einasto profile,
y 15 per cent relative to that used for the NFW profile. We use a
ean of 10 with a scale of 6. 
For the cored profiles, the concentration parameter is C = 

r 200 
r c 

,
here r 200 is the virial radius and r c is the core radius. We used

(r c ) as a r efer ence to guide the range of (C) values e xplor ed by
he MCMC fitting. We used r c values from previous observational
tudies of galaxies with similar halo masses and morphologies:
or the pISO profile, we refer to table 6 in T. P. K. Martinsson et al.
 2013 ), and for the Burkert profile, to table 4 in D. C. Rodrigues
t al. ( 2017 ). Based on the ranges of r c reported in these works,
 e adopt ed lognormal priors for C with a mean of 8 and a scale
f 7.99 for the Burkert profile, and a mean of 15 and a scale of 14
or the pISO profile. To ensure flexibility in parameter exploration
nd t o av oid ov erconstraining the fits, w e used a broad uniform
rior on C within the range [0 . 01 , 1000] for all profiles, allowing
alkers of MCMC to e xplor e a larger parameter space. 
Fig . 2 pr esents the mass modelling results for NGC7800 using

our different DM halo profiles. The corresponding posterior dis-
ributions of the fitted parameters are shown below each mod-
lled rotation curve. All four profiles yield comparably good fits
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Figure 2. Modelled rotation curves (first and third rows) and the corresponding posterior distributions of the fit ted par ameters ( M/L , M 200 , and C) 
from MCMC-based mass modelling (second and fourth rows) for the galaxy NGC 7800. Results are shown for four DM halo profiles: NFW, Einasto, 
Burkert, and pISO. V HI , V model , V halo , V star , and V gas r epr esent the observed H i r otation v elocity, the t otal modelled v elocity (which varies depending on 
the assumed DM halo profile), the DM halo contribution, the stellar velocity component, and the gas velocity component, respectively. 
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M

Table 2. Best-fitting M 200 (in 10 11 M �), M/L , and concentration parameter C for the four DM halo profiles. 

Galaxy NFW Einasto Burkert pISO 

M 200 M/L C M 200 M/L C M 200 M/L C M 200 M/L C 

NGC0784 1 . 51 +3 . 00 
−1 . 23 0 . 62 +0 . 18 

−0 . 18 2 . 12 +2 . 57 
−1 . 02 1 . 83 +3 . 03 

−1 . 50 0 . 68 +0 . 17 
−0 . 18 3 . 05 +1 . 59 

−0 . 79 1 . 97 +3 . 24 
−1 . 71 0 . 75 +0 . 16 

−0 . 17 7 . 28 +2 . 43 
−1 . 37 1 . 59 +3 . 01 

−1 . 10 0 . 72 +0 . 17 
−0 . 17 17 . 54 +8 . 53 

−4 . 47 

NGC1156 1 . 36 +3 . 07 
−1 . 16 0 . 25 +0 . 07 

−0 . 07 1 . 79 +3 . 29 
−0 . 95 2 . 31 +3 . 06 

−1 . 82 0 . 30 +0 . 06 
−0 . 06 2 . 42 +1 . 08 

−0 . 60 2 . 62 +3 . 09 
−2 . 02 0 . 33 +0 . 06 

−0 . 06 6 . 20 +1 . 18 
−0 . 99 2 . 27 +3 . 07 

−1 . 67 0 . 32 +0 . 06 
−0 . 06 13 . 58 +4 . 67 

−2 . 81 

NGC3027 1 . 67 +0 . 52 
−0 . 35 0 . 65 +0 . 19 

−0 . 19 11 . 63 +2 . 61 
−2 . 36 0 . 86 +0 . 26 

−0 . 17 0 . 65 +0 . 20 
−0 . 20 11 . 11 +1 . 70 

−1 . 61 1 . 10 +0 . 20 
−0 . 16 0 . 72 +0 . 19 

−0 . 19 21 . 18 +2 . 86 
−2 . 63 4 . 54 +0 . 78 

−0 . 68 0 . 93 +0 . 18 
−0 . 17 50 . 12 +8 . 45 

−7 . 63 

NGC3359 5 . 19 +0 . 47 
−0 . 39 0 . 04 +0 . 04 

−0 . 02 8 . 70 +0 . 76 
−0 . 85 2 . 55 +0 . 32 

−0 . 25 0 . 18 +0 . 05 
−0 . 05 9 . 56 +1 . 16 

−1 . 04 3 . 18 +0 . 28 
−0 . 25 0 . 29 +0 . 03 

−0 . 03 16 . 60 +1 . 95 
−1 . 64 8 . 96 +0 . 60 

−0 . 54 0 . 30 +0 . 03 
−0 . 03 47 . 36 +7 . 57 

−6 . 52 

NGC4068 1 . 59 +3 . 09 
−1 . 41 0 . 51 +0 . 16 

−0 . 16 1 . 32 +2 . 15 
−0 . 68 2 . 37 +3 . 06 

−1 . 89 0 . 59 +0 . 16 
−0 . 15 2 . 56 +0 . 83 

−0 . 51 2 . 72 +3 . 05 
−2 . 09 0 . 64 +0 . 15 

−0 . 15 7 . 20 +1 . 04 
−0 . 95 2 . 45 +3 . 10 

−1 . 90 0 . 63 +0 . 15 
−0 . 15 15 . 89 +3 . 58 

−2 . 64 

NGC4861 3 . 73 +2 . 71 
−1 . 93 0 . 09 +0 . 09 

−0 . 06 1 . 82 +0 . 67 
−0 . 41 3 . 80 +2 . 83 

−2 . 10 0 . 21 +0 . 11 
−0 . 10 3 . 07 +0 . 51 

−0 . 31 3 . 40 +2 . 84 
−1 . 98 0 . 30 +0 . 10 

−0 . 10 7 . 91 +0 . 58 
−0 . 42 3 . 92 +2 . 66 

−1 . 85 0 . 29 +0 . 10 
−0 . 10 17 . 76 +1 . 96 

−1 . 31 

NGC7292 2 . 60 +1 . 89 
−0 . 96 2 . 22 +0 . 88 

−0 . 88 12 . 26 +3 . 81 
−2 . 95 1 . 00 +1 . 35 

−0 . 45 2 . 84 +0 . 97 
−0 . 98 12 . 43 +3 . 68 

−2 . 97 1 . 30 +0 . 89 
−0 . 39 3 . 77 +0 . 87 

−0 . 84 23 . 97 +4 . 29 
−3 . 86 7 . 82 +1 . 94 

−1 . 59 4 . 56 +0 . 75 
−0 . 72 58 . 23 +7 . 77 

−6 . 88 

NGC7497 2 . 36 +0 . 73 
−0 . 42 0 . 58 +0 . 13 

−0 . 13 12 . 05 +3 . 49 
−3 . 30 1 . 30 +0 . 59 

−0 . 29 0 . 67 +0 . 13 
−0 . 13 10 . 23 +2 . 53 

−2 . 42 1 . 61 +0 . 48 
−0 . 28 0 . 76 +0 . 12 

−0 . 11 18 . 44 +4 . 18 
−4 . 32 5 . 69 +1 . 06 

−0 . 88 0 . 85 +0 . 09 
−0 . 08 42 . 96 +9 . 95 

−9 . 30 

NGC7610 3 . 59 +2 . 23 
−1 . 21 3 . 10 +0 . 43 

−0 . 56 5 . 45 +4 . 04 
−2 . 02 4 . 21 +2 . 52 

−1 . 77 3 . 59 +0 . 31 
−0 . 33 3 . 96 +1 . 30 

−0 . 84 3 . 95 +2 . 21 
−1 . 38 3 . 78 +0 . 28 

−0 . 29 7 . 44 +1 . 65 
−1 . 19 6 . 33 +2 . 08 

−1 . 65 3 . 77 +0 . 28 
−0 . 28 17 . 83 +5 . 21 

−3 . 78 

NGC7741 0 . 43 +0 . 10 
−0 . 08 0 . 99 +0 . 14 

−0 . 14 17 . 68 +3 . 93 
−3 . 79 0 . 19 +0 . 03 

−0 . 03 0 . 75 +0 . 17 
−0 . 17 21 . 35 +3 . 51 

−3 . 48 0 . 32 +0 . 06 
−0 . 05 1 . 00 +0 . 15 

−0 . 15 28 . 56 +5 . 19 
−4 . 93 1 . 32 +0 . 39 

−0 . 32 1 . 28 +0 . 11 
−0 . 11 43 . 78 +10 . 00 

−9 . 28 

NGC7800 5 . 75 +1 . 62 
−1 . 17 0 . 23 +0 . 15 

−0 . 13 7 . 47 +1 . 26 
−1 . 10 3 . 06 +1 . 03 

−0 . 68 0 . 33 +0 . 16 
−0 . 15 8 . 06 +1 . 02 

−0 . 95 2 . 85 +0 . 49 
−0 . 37 0 . 45 +0 . 15 

−0 . 15 17 . 24 +1 . 79 
−1 . 63 10 . 44 +1 . 18 

−1 . 01 0 . 48 +0 . 14 
−0 . 14 46 . 23 +5 . 91 

−5 . 18 
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o the observed rotation curve. Mass modelling results for all the
alaxies have been uploaded as Supporting Information, and they
ill be uploaded to the GARCIA w ebsit e lat er. Table 2 and the

our panels in Fig. 3 present the posterior distributions of the free
arameters obtained from the MCMC-based mass modelling of 
1 galaxies, modelled using four DM halo profiles: NFW (adopted
rom P. Biswas et al. 2023 ), pISO, Burkert, and Einasto. The pa-
ameters shown are the M/L , halo mass ( M 200 ), concentration pa-
ameter ( C), and r educed chi-squar e ( χ2 

red ), with distinct markers
or each halo model and consistent colour coding for each galaxy.

Although the halo mass ( M 200 ) and M/L can depend on the
ssumed halo profile due to differences in the inner mass distri-
ution (e.g. R. Jimenez, L. Verde & S. P. Oh 2003 ; X. Ou et al.
024 ), our analysis shows that for the pilot GARCIA sample these
arameters remain broadly consistent within their uncertainties
cross the four t est ed profiles. The inferred M/L (Fig. 3 a) val-
es are generally consistent across all halo profiles, clustering
round 0.5–1.0, in line with expectations from 3 . 6 μm stellar
opulation models. Although we adopt a single M/L for both
ulge and disc components, this is not expected to have a sig-
ificant impact on our results. At 3.6 μm, the M / L ratio is only
 eakly sensitiv e t o st ellar population variations (S. E. Meidt et

l. 2014 ), so radial gradients in M/L are expected to be modest.
oreover, the statistical uncertainties on the r-band M/L from

ur MCMC fits are larger as expected due to radial variation
n r-band M/L (R. García-Benito et al. 2019 ). A notable outlier
n our sample is NGC7610, for which the best-fitting M / L ratio
s higher than for the other galaxies. For this galaxy, we lack
pitzer 3.6 μm data, so the stellar mass is constrained from op-
ical r-band photometry. It is well established that optical M / L
atios, particularly in g and r, are more weakly constrained than
ear-IR or 3.6 μm estimates because they are more sensitive to
ust attenuation and recent star formation, and ther efor e e xhibit
 larger intrinsic scatter at fixed luminosity or colour (e.g. G.
auffmann et al. 2003 ). The M 200 estimates (Fig. 3 b) ar e br oadly

onsistent across the different halo profiles. The per-galaxy total
 ariations r ange from 0.21 to 0.58 dex, with only a few systems
howing moderate deviations. However, these differences remain
ithin the same order of magnitude and are consistent with the
 xpected pr ofile-to-pr ofile variations arising from differences in
he inner mass distribution. This suggests that, given the qual-
ty of the current data, the total halo mass and global M/L are
NRAS 546, 1–18 (2026) 
easonably well constrained, while the concentration parameter
Fig. 3 c) varies significantly across profiles, reflecting sensitivity
o inner halo structur e. Cor ed pr ofiles (Burkert and pISO) show
igher concentrations, whereas NFW and Einasto yield lower
oncentrations. 

Table 3 and Fig. 3 (d) present the reduced chi-square values for
ach DM profile and galaxy. Values close to 1 indicate a good fit,
nd we find that for many g alaxies, multiple pr ofiles pr ovide sta-
istically acceptable fits. In some cases, cuspy profiles like NFW
erform better (e.g. NGC0784 and NGC7292), while in others,
or ed pr ofiles lik e Burk ert or pISO yield lower chi-square values
e.g. NGC3359 and NGC7741). Out of the 11 galaxies, roughly
alf favour cuspy profiles and half favour cored ones, indicating
o clear pr efer ence for one type over the other . Moreover , from
isual inspection, NFW appears to r epr oduce the overall shape of 
he rotation curves well for several galaxies. This suggests that as-
uming a fixed parametric form may not capture the full diversity
f halo structur es. Mor e fle xible models, such as the coreNFW
rofile, have been shown to successfully describe galaxies span-
ing several orders of magnitude in stellar mass (e.g. J. I. Read et
l. 2017 ; P. E. Mancera Piña et al. 2025 ). To probe the underlying
M distribution without bias from any specific profile shape, we

lso apply a non-parametric approach, as described in Section
.2.2 . 

.2.2 N on–par ametric dark matter 

 on-parametric modelling pr ovides a model-independent esti-
ate of the DM distribution by subtracting baryonic contribu-

ions from observed rotation curves (T. P. K. Martinsson et al.
013 ). The DM rotational velocity is obtained from 

 

2 
dm 

= V 

2 
obs − V 

2 
gas − V 

2 
star , (15) 

here V obs is the observed rotational velocity derived from tilted-
ing modelling of the H i data cube, V gas is the gas contribution
including both H i and helium), and V star is the stellar con-
ribution. To compute V star in this approach, a value of M/L
s r equir ed. We ther efor e adopted the best-fitting M/L value
btained from the MCMC analysis (Section 3.2.1 ). Our non-
arametric approach does not assume a specific DM halo profile;
ow ev er, the st ellar contribution V is deriv ed from MCMC
star 
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Figure 3. Distributions of model parameters obtained from the MCMC-based mass modelling. (a)–(c) show the mean values of the posterior distribu- 
tions for M/L , M 200 , and C, r espectively. (d) displays the r educed chi-squar e ( χ2 

red ) distribution. Cir cle, diamond, squar e, and triangle symbols r epr esent 
the NFW, pISO, Burkert, and Einasto profiles, respectively. Different colours correspond to different galaxies. 

Table 3. Reduced χ2 values for the four DM halo models. 

Galaxy NFW Einasto Burkert pISO

NGC0784 0.368 0.278 0.324 0.295 
NGC1156 0.193 0.207 0.274 0.237 
NGC3027 0.061 0.106 0.205 0.416 
NGC3359 1.503 0.317 0.221 0.993 
NGC4068 0.096 0.081 0.139 0.125 
NGC4861 2.734 2.153 2.017 2.025 
NGC7292 0.885 0.721 1.225 2.414 
NGC7497 0.630 0.978 1.583 1.406 
NGC7610 5.246 4.945 4.441 4.695 
NGC7741 6.869 4.999 5.853 8.022 
NGC7800 1.495 1.015 0.434 0.930 
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odelling via a mass-to-light ratio, making the method not en- 
irely model-independent. For comparison, we also repeated the 
on-parametric calculation using a fiducial constant M/L value, 
s described in Appendix A . 

A direct subtraction using equation ( 15 ) sometimes yields neg-
tive values for V 

2 
dm 

, particularly in the inner r egions of g alax-
es. This occurs when the modelled velocity V 

2 
mod , inferred from

CMC, slightly e x ceeds the observ ed v elocity V 

2 
obs in the mean,

ven though the fit remains within observational error bars. 
o overcome this issue and ensure physically meaningful (non- 
egativ e) DM v elocities, w e adopt the Mont e Carlo method. At
ach radial point, we generate 10 000 random samples of V obs ,
 gas , and V star , drawing from normal distributions centred on their
espective mean values and with standard deviations computed 

s ( error up + error down ) / 2 . For each sample, we compute V dm 

and
iscard any cases where the result is imaginary (i.e. where V 

2 
dm 

<

 ). The final DM velocity profile is then obtained from the median
f the accepted V dm 

distribution at each radius. 
Given that our sample includes galaxies with varying mor- 

hologies and rotational velocity ranges, we have unified their 
MNRAS 546, 1–18 (2026) 
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M

Figure 4. Scaled the circular velocity contribution of the dark halo component for parametric and non-parametric DM. The dashed line corresponds 
to parametric DM using MCMC-based mass modelling, and each panel r epr esents a differ ent DM halo model, with differ ent colours indicating differ ent 
galaxies. 
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otation curves through a scaling approach. A common method
or scaling (E. Hayashi & J. F. N avarr o 2006 ; S.-H. Oh et al. 2011a ,
015 ) inv olv es normalizing the rotation curv es at a charact eristic
oint, typically situated between the rising and flat regions of 
he rotation curve. We have taken both the parametric and non-
arametric curves for the circular velocity contribution of the
ark halo component, and scaled them to a point where d log V dm 

d log r =
 . 3 (E. Hayashi & J. F. N avarr o 2006 ; S.-H. Oh et al. 2011a , 2015 ;
. Kurapati et al. 2020 ). For seven galaxies, this point is natu-
ally present within the observed data. However, for four galaxies
NGC0784, NGC1156, NGC4068, and NGC4861), this value is
ot directly reached in the available rotation curve data. In these
ases, w e hav e estimat ed the slope d log V dm 

d log r v ersus r curv e using the
rst-order polynomial fit t o det ermine the corresponding point,
nd then extrapolate the rotational velocity at that radius. 

Fig. 4 shows all the circular velocity contributions of the dark
alo component derived from parametric and non-parametric
pproaches. The curves are scaled at the point where d log V 

d log R = 0 . 3 .
he dashed line r epr esents the parametric appr oach e xtracted
NRAS 546, 1–18 (2026) 
rom mass modelling via MCMC, and filled circles represent the
on-parametric approach. All the velocities are scaled with re-
pect to the rotational velocity V 0 . 3 at R 0 . 3 . 

.2.3 Scaled density profiles 

he mass distribution can be dir ectly inferr ed fr om its r otation
urve, if the mass distribution is assumed to be spherical. How-
ver, this pr ocedur e can be unstable in systems with thin discs
W. J. G. de Blok et al. 2001 ) because the circular velocity at a
iven radius in a flattened system receives contributions from
ass over a wide range of radii, so small fluctuations or noise in
 rot (r) can lead to large and unphysical variations in the r ecover ed
ass profile (P. D. Sackett 1997 ). To avoid this complication, we

onsider only the DM component of the rotation curve, under the
ssumption that the DM forms a spherically symmetric halo. For
uch a distribution, applying the Poisson equation, 

 

2 
 = 4 πGρ (16) 
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Figure 5. Scaled DM density profiles: parametric (dashed lines; see Section 3.2.1 ) and non-parametric (circles; see Section 3.2.2 ). Each panel corresponds 
to a different DM halo model, with different colours representing different galaxies. 
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long with the gravitational potential 
 = − GM 

r , leads to the fol-
owing e xpr ession for the density (W. J. G. de Blok et al. 2001 ,
008 ; S.-H. Oh et al. 2015 ; S. Kurapati et al. 2020 ): 

(r) = 

1 
4 πG 

( 

2 
V dm 

r 
d V dm 

d r 
+ 

(
V dm 

r 

)2 
) 

(17) 

here G is the gravitational constant, V dm 

represents the rota- 
ional velocity correspond to DM, and r is the radius. We derived
oth parametric and non-parametric DM (DM) density profiles 
or each galaxy. The parametric profiles are obtained from MCMC 

ts assuming specific halo models, while the non-parametric 
r ofiles ar e computed by subtracting the baryonic contribution 

rom the observed rotation curves. Fig. 5 compares these two ap- 
r oaches. The figur e pr esents scaled DM density pr ofiles in four
anels, each corresponding to a different halo model. The dashed 

ines r epr esent the parametric DM densities fr om MCMC mod-
lling (see Section 3.2.1 ), and the circles show the non-parametric
M densities derived directly from the data (see Section 3.2.2 ). 

n the outer regions, all models show good agreement with the
on-parametric estimat es. How ev er, in the inner regions, only
he NFW profile remains consistent with the non-parametric re- 
ults, while the cor ed pr ofiles (Burkert and pISO) tend to deviate
rom them. As we have already mentioned, our non-parametric 
pproach is not entirely model-independent, since the stellar ve- 
ocity component is derived from MCMC modelling of M/L . To
r oss-check our r esults, we r epeated the non-parametric anal-
sis using fiducial values of the M / L ratio described in Ap-
endix A . We find that the overall tr ends r emain unchanged: the
uter regions show good agreement between parametric and non- 
arametric DM pr ofiles, wher eas cor ed pr ofiles continue to devi-
te in the inner regions. This consistency supports the reliability 
f our findings across different assumptions for M/L . 

 DISCUSSION  AND  CONCLUSION  

his paper presents a comparison of the modelling of DM haloes
sing four distinct density profiles, NFW (taken from P. Biswas et
l. 2023 ), Einasto, Burkert, and pISO for a pilot sample of 11 galax-
es from the GARCIA survey. The analysis employs both para- 
MNRAS 546, 1–18 (2026) 
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M

Figure 6. The M star –M 200 relation is shown for different DM halo profiles. In each figure, the left panel displays galaxies colour-coded by Hubble type, 
while the right panel shows the same galaxies colour-coded by the presence or absence of bars. Circle and square symbols denote galaxies from the 
G ARCIA sample, wher eas dots r epr esent g alaxies fr om the SPARC database. Stars r epr esent the g alaxies fr om P. E. Mancera Piña et al. ( 2025 ): teal stars 
correspond to massive spirals, grey stars to dwarf galaxies, and pink stars to BDDs. The black solid line indicates the relation from B. P. Moster et al. 
( 2013 ), and the yellow shaded region shows the corresponding 3 σ uncertainty. 
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etric (via MCMC) and non-parametric approaches. We have
ompared the density profiles from both analyses (Fig. 5 ) for all
alaxies. To check the consistency of the different parameters de-
ived from the MCMC-based mass modelling, we have studied the
 xisting r elation and compar ed our r esults with pr evious studies,
s discussed in the following Section 4.1 . 

.1 Consistency of different halo profiles 

e studied the M star −M 200 relation, which offers the connection
etween the baryonic and DM components of g alaxies. Pr evious
tudies (e.g . B . P . Moster et al. 2010 ; P . S. Behr oozi, C. Conr oy &
. H. Wechsler 2010 ; B. P. Moster et al. 2013 ) have shown that

his relation rises steeply at low halo masses, flattens around
 200 ∼ 10 12 M �, and then declines at higher halo masses. In

ur analysis, we placed the G ARCIA sour ces on the M star −M 200 
lane, using the M 200 values derived from different DM halo
rofiles. We also ov erplott ed the corresponding parameters for
PARC 

1 (Spitzer Photometry and Accurate Rotation Curves)
alaxies for comparison (see Fig. 6 ). The parameter values for
he SPARC galaxies were taken from F. Lelli, S. S. McGaugh &
. M. Schombert ( 2016a ), F. Lelli et al. ( 2016b , 2019 ), and P. Li et
l. ( 2019 , 2020 ), and morphological classifications were obtained
NRAS 546, 1–18 (2026) 

 https://astroweb .cwru.edu/SPAR C/ 2
rom the HyperLeda database 2 (D. Makarov et al. 2014 ). As
hown in Fig. 6 , the G ARCIA sour ces br oadly follow the expected
rend of the M star −M 200 relation. How ev er, some deviations are
vident, consistent with observational studies of massive spirals,
iscs, and g as-rich dwarf g alaxies, which also find discrepancies
ith the abundance-matching SHMR (e.g. L. Posti, F. F r aternali
 A. Marasco 2019 ; A. B. Romeo, O. Agertz & F. Renaud 2020 ;
. Posti & S. M. Fall 2021 ; P. E. Mancera Piña et al. 2025 ). These
orks suggest a morphological dependence: massive spirals tend

o lie above the predicted SHMR, massive discs that grow gradu-
lly via g as accr etion or minor mergers occupy the rising branch,
nd massive spheroids that have experienced major mergers or
trong active galactic nucleus feedback follow the falling branch.
ossible explanations for deviations of the G ARCIA g alaxies ar e
iscussed below. 
NGC4861, a magellanic-type spiral galaxy which falls signifi-

antly below the e xpected M star –M 200 r elation fr om B . P. Moster
t al. ( 2013 ), suggesting a lower stellar mass than expected for
ts DM halo. Similar type of discrepancy also noticed by P. E.

ancera Piña et al. ( 2025 ) for a population of galaxies called
aryon deficient dwarfs (BDDs) with halo masses ( log (M 200 ) ∼
0 . 5 − 12 M �) and stellar masses as low as ( log (M star ) ∼ 7 −
 M �) . For NGC 4861, the discrepancy may also be related to
 http://atlas.obs-hp .fr/h yperleda/ 

https://physics.iisc.ac.in/ nroy/garcia_web/about.html
https://astroweb.cwru.edu/SPARC/
https://astroweb.cwru.edu/SPARC/
https://astroweb.cwru.edu/SPARC/
http://atlas.obs-hp.fr/hyperleda/
http://atlas.obs-hp.fr/hyperleda/
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ts disturbed morphology and clumpy star formation. H. Dottori 
t al. ( 1994 ) reported a double nucleus and a countervail structure
ointing to a recent merger or tidal interaction that may have dis-
upted or suppressed star formation. Additionally, a prominent, 
right knot in the southeastern part of the stellar disc, identified
s a massive star-forming region, has been previously reported 

nd spectroscopically studied (I. F. Fernandes et al. 2004 ; H. R.
chmitt et al. 2006 ). These starburst-driven irregularities likely 
 esult fr om r ecent or ongoing e xternal perturbations and may
uppr ess or r edistribut e the st ellar cont ent, thereby complicating
ass modelling. 
NGC7741, a barred spiral galaxy, deviates from the expected 

 star −M 200 relation when modelled with the NFW, Einasto, and 

urkert profiles, all of which yield relatively low M 200 values. 
n contrast, the pISO profile does not exhibit this deviation, al- 
hough it has the highest reduced χ2 among the models. This 
iscrepancy may stem from the galaxy’s dist ort ed rotation curv e,
hich could cause the pISO model to overestimate the halo mass

n an att empt t o fit the kinematic data. Such a deviation for other
rofiles may be physically motivated and warrants further inves- 
igation, especially given the marginal spatial resolution of our 
ata for this source. 
NGC7800, an irregular barred galaxy, deviates from the ex- 

ected M star −M 200 relation for the NFW and pISO profiles but
ot for Einasto and Burkert. A possible reason can be induced 

y its bar and asymmetric morphology. For this, we need to do a
etailed analysis of this galaxy. 

.2 Parametric versus non-parametric dark matter 

ur mass modelling shows that all four DM halo profiles: NFW, 
urkert, pISO, and Einasto yield broadly consistent fits for most 
alaxies in the GAR CIA -I sample. The total halo mass M 200 
nd M/L remain stable across different models, except for two 
alaxies (NGC7292 and NGC7610) where only r-band data were 
vailable, resulting in less reliable M/L estimates. In contrast, 
he concentr ation par ameter C v aries significantly between pro-
les due to its sensitivity to the inner halo structure. To fur-

her probe the nature of the DM distribution, we conducted a 
on-parametric analysis (Section 3.2.2 ) by subtracting the bary- 
nic component from the observed rotation velocity and deriving 
he corresponding DM density profile using equation ( 17 ). This

odel-independent method is directly compared with the density 
r ofiles inferr ed fr om our MCMC fits. Fig . 5 shows that, in the in-
er regions of most galaxies, the DM density profiles derived from

he parametric and non-parametric approaches overlap closely 
nly for the NFW model. The Einasto and cored (Burkert and 

ISO) pr ofiles r epr oduce the outer parts of the rotation curves
easonably well, but their inner densities deviate from the non- 
arametric pr ofiles. This differ ence arises because the paramet- 
ic fits depend on the assumed halo shape, whereas the non-
arametric method is model-independent. If both methods trace 
he true mass distribution, their inner density profiles should 

gree; the closer match for the NFW case therefore suggests 
hat, within our data quality, the NFW profile provides the most
onsistent description of the inner halo. This result aligns with 

he findings of S. Kurapati et al. ( 2020 ), who also reported that,
hen employing improved 3D modelling techniques for rota- 

ion curve derivation, gas-rich void dwarf g alaxies e xhibit central 
ensity slopes consistent with cuspy NFW profiles. The presence 
f cuspy profiles in both dwarf (weak baryonic influence) and 

ormal galaxies (significant baryonic component present) im- 
lies that DM halo structure is likely independent of baryonic 
eedback. Though ther e ar e sev eral studies show ed that bary onic
eedback can play a crucial role in transforming central DM cusps
nto cores, particularly in dwarf galaxies, as shown in numerous 
ydrodynamical simulations and observational studies (e.g. R. 
eyssier et al. 2013 ; A. Benítez-Llambay et al. 2019 ). Our sample
ncompasses a range of morphologies, including galaxies with a 
ignificant bary onic component, y et they exhibit a similar trend
o that observed in dwarf systems. 

From the mass modelling of NGC7800 (Fig. 2 ), we observe
n the corner plots that the distributions of the concentration 

arameter C and halo mass M 200 are elongated for the NFW,
inasto, and Burkert profiles, whereas for the pISO profile, the 
ontours ar e mor e cir cular and less correlated. This trend is con-
istent across most galaxies in our sample, with the elongation 

n the M 200 − C plane increasing from cored to cuspy profiles.
he observed elongation suggests a degeneracy between M 200 
nd C in the inner regions of the halo, reflects the well-known
oncentration–mass ( C − M 200 ) relation (e.g. J. S. Bullock et al.
001 ; D. H. Zhao et al. 2003 ; Y. Lu et al. 2006 ; A. V. Macciò et al.
008 ; A. A. Dutton & A. V. Macciò 2014 ; C. A. Correa et al. 2015 ; B.
iemer & A. V. Kravtsov 2015 ; A. Klypin et al. 2016 , etc.) in halo
ts. In cuspy profiles, the central density rises steeply, providing 
or e fle xibility in fitting the inner r otation curve thr ough adjust-
ents in either mass or concentration. In contrast, cored profiles 

xhibit a flat inner density distribution, requiring a larger total 
ass to r epr oduce a steep inner rotation curve. This reduces the

exibility of the concentration parameter, making it more tightly 
onstrained compared to cuspy profiles. 

Our analysis confirms that the galaxies in the GAR CIA -I sam-
le broadly follow the expected M star −M 200 relation, supporting 
he well established empirical link between baryonic and DM 

omponents in galaxy formation. How ev er, some galaxies show 

eviations from this relation. These discrepancies may arise from 

arious astr ophysical pr ocesses. For instance, past merger events 
r tidal interactions can disrupt the baryonic structure and sup- 
r ess star formation, r esulting in low er st ellar masses for a given
alo mass (J. S. Spilker et al. 2022 ). Morphological disturbances,
uch as asymmetries or warps, can also impact mass estimates. In
ddition to physical effects, some of the observed scatter appears 
o be artificial, particularly for fits involving the cored pISO pro-
le. In several cases, this model tends to overestimate the halo
ass M 200 , leading to an offset from the expected relation. This

rend is evident in Fig. 3 . The presence of a bar can complicate the
eriv ation of accur at e rotation curv es, particularly in the inner
 egions wher e non-cir cular motions and the bar’s pattern speed

ay bias the kinematic modelling. In this study, we did not apply
ny specific correction for the non-circular motions associated 

ith bar dynamics. In our pilot sample, four galaxies (NGC0784, 
GC1156, NGC7741, and NGC7800) exhibit bar -lik e structures. 
hile these effects likely contribut e t o the deviations observed,

 more detailed investigation would be necessary to quantify the 
mpact of bar-driven perturbations on mass modelling results. 

 SUMMARY  

n summary, w e hav e modelled a pilot sample of G ARCIA g alax-
es using four different DM halo profiles via MCMC. We found
hat all profiles yield consistent fits for most galaxies. How ev er,
ased on the reduced χ2 values, it is difficult to identify a single
r eferr ed halo model across the sample. We subtracted the bary-
nic contribution from the observed rotation velocity and derived 
MNRAS 546, 1–18 (2026) 
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he corresponding DM density profile to further investigate the
M distribution. We find that the inner mass distribution for the
 ARCIA sample is mor e consistent with a cuspy NFW profile. In

ontrast, previous studies based on 2D rotation curve modelling
ft en fav our ed cor ed pr ofiles. These r esults underscor e the im-
ortance of employing careful 3D modelling with high-resolution
inematic data to accurately constrain the rotation curve and
etter understand the nature of DM distribution in galaxies. Some
ecent 3D kinematic modelling (e.g. J. I. Read et al. 2017 ; P. E.

ancera Piña et al. 2022 , 2025 ) report the presence of cores in
everal galaxies, though this outcome is not universal and appears
o depend on galaxy properties and data quality. Our analysis is
ubject to different limitations that we plan to address in forth-
oming work. First, the present study is based on a pilot sample
f 11 galaxies, the forthcoming GAR CIA -batch II samples will
rovide a substantially larger ( ∼ 25 ) and more diverse data set
hich will provide improved statistics and a better understanding
f halo properties across different morphological types. Second,
he mass models assume a radially constant M / L ratio; although
his is not expected to strongly bias our main conclusions, future
apers will relax them by explicitly accounting for exploring radi-
lly varying M/L profiles informed by multiband photometry and
tellar population modelling, and by quantifying the impact of 
on-circular motions, mainly in barred galaxies. We plan to carry
ut a detailed comparison between bulge–disc decompositions,
GE modelling, and variable M/L for the full GAR CIA -II sample

n a subsequent paper. Third, our study does not include the
olecular gas component because CO observation are not avail-

ble for the full pilot sample; in future work we will incorporate
 2 either fr om dir ect C O observations to obtain a more complete

aryonic budget. The current findings are based on a relatively
mall sample and moderate-resolution data from GMRT. With
he advent of next-generation radio telescopes such as the Square
ilometre Array, which will provide unprecedented sensitivity
nd spatial r esolution, futur e studies will be able t o resolv e the in-
er kinematics of g alaxies mor e pr ecisely. This will significantly
nhance our ability to distinguish between cored and cuspy halo
r ofiles, r efining our understanding of galaxy formation and DM
hysics. 
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t al. ( 2014 ). This constant value provides a robust estimate for
ld stellar populations with minimal bias from dust emission 

r young stellar populations. For most galaxies, we applied this 
alue directly to the Spitzer IRAC 3.6 μm images t o conv ert sur-
ace brightness to stellar mass surface density, followed by MGE 

tting and JAM to obtain V star . 
Two galaxies in our sample NGC7610 and NGC7292 do not 

ave 3.6 μm data. For these, we derived the M / L ratio using the
olour-based prescription from E. F. Bell et al. ( 2003 ): 

log 10 ( M/L ) r = a r + b r ( g − r) , (A1) 

here a r and b r are the coefficients for r band taken from table A7
n E. F. Bell et al. ( 2003 ), and (g − r) colours were taken from SDSS
R18 photometry (A. Almeida et al. 2023 ). The resulting M/L

alues were then applied to construct the stellar mass distribution 

nd compute V star using the same MGE + JAM pr ocedur e as
or the rest of the sample. Then the stellar velocity component, 
ogether with the previously derived gas velocity component (P. 
iswas et al. 2023 ), was combined to form the baryonic contri-
ution. This baryonic contribution was then subtracted from the 
bserved rotation curve to obtain the DM velocity component. 
sing this DM component, we constructed the scaled density 
istribution following equation 17 (see Section 3.2.3 ). 
Fig. A1 presents the scaled DM density profiles for four dif-

erent halo models. In each panel, the dashed lines r epr esent
he parametric DM densities from MCMC-based mass modelling 
see Section 3.2.1 ), while the circles show the non-parametric 
M densities derived directly from the data (see Section 3.2.2 ). 
he overall trends remain consistent with our earlier results: the 
uter regions exhibit good agreement between the parametric 
nd non-parametric pr ofiles, wher eas cor ed pr ofiles continue to
how systematic deviations in the inner regions. 

P P E N D I X  B :  IMPACT  OF  B U LGE – D I S C  M/L 

AR IATIONS  

n the main analysis, we adopt a single M/L , for the full stellar
omponent of each galaxy. How ev er, as discussed in Section 3.2.1 ,
/L may differ between structural components. Ther efor e, we 

ave done mass modelling for one of the galaxies (NGC4068, 
he galaxy with the highest bulge fraction in our sample) with
ifferent M/L for the bulge and disc. 
To separate the stellar contribution into bulge and disc com- 

onents at the level of the circular velocity calculation, we first
ecomposed the observed surface brightness distribution into 
wo structural components using the bulge_disk = True in 

GE analysis. Each component is described by its own set of 
aussian amplitudes ( � j ), dispersions ( σ j ), and observed axial 

atios ( q obs , j ). We hav e fittt ed the MGE model surface brightness
rofile with a Sérsic (bulge) plus an exponential (disc) model and 

sed the intersection radius of the two profiles to define a tran-
ition between the components. The stellar circular velocity con- 
ributions of the bulge and disc w ere comput ed independently 
y scaling the surface brightness amplitudes of the Gaussians as- 
igned to each component by their respective mass-to-light ratios, 
 M/L ) bulge and ( M/L ) disc . The t otal st ellar circular v elocity was
hen constructed by adding the bulge and disc contributions in 
uadrature, 

 star (R ) = 

√ 

V 

2 
bulge (R ) + V 

2 
disc (R ) . (B1) 
able B1. Disc and bulge light (or mass) fractions (H. Salo et al. 2015 ),
nd NGC4861 from S. M. Staudaher, D. A. Dale & L. van Zee ( 2019 ). 

ame Disc Bulge 

GC0784 0.998 0.002
GC1156 – –
GC3027 0.887 0.113
GC3359 0.816 0.184
GC4068 0.637 0.363
GC4861 1.00 –
GC7292 – –
GC7497 0.909 0.091
GC7610 – –
GC7741 0.849 0.151
GC7800 0.790 0.210

Finally, the full model rotation curve was obtained by combin- 
ng the stellar, gaseous, and DM halo components in quadrature, 

 dyn (R ) = 

√ 

V 

2 
gas (R ) + V 

2 
star (R ) + V 

2 
halo (R ) . (B2) 

Table B1 r epr esents the bulge-t o-t otal ( B/T ) light ratio for
ur galaxies, B/T is not available in literature for three galaxies
NGC1156, NGC7292, and NGC7610). We considered NGC4068, 
hich has the highest bulge fraction in our sample ( B / T = 0 . 363 ,
able B1 ). For this galaxy we presented here the mass modelling

n two configurations: (i) a single stellar M/L applied to all MGE
aussians (our fiducial setup), and (ii) different M/L to MGE 

aussians coming from bulge and disc, M/L bulge and M/L disc pa- 
ameters, both fitted with MCMC. 

The resulting best-fitting parameters are summarized in Table 
2 , and the corresponding rotation curves and posterior distribu-

ions are shown in Fig. B1 . Allowing different bulge and disc M/L
alues produces only small changes in the derived rotation curves 
nd halo parameters: the best-fitting M 200 , M/L and concentra- 
ion, and t otal st ellar mass (see Table B2 ) all remain consistent
ithin the error bars. 
These t ests indicat e that, ev en for the galaxy with the largest

 / T in our sample, adopting a single global stellar M/L does
ot significantly bias our main conclusions on halo masses and 

oncentrations. Given the relatively small bulge fractions of 
ost galaxies in the pilot sample, the single- M/L approach pro-

ides an adequate and internally consistent description of the 
t ellar contribution t o the rotation curv es. The MGE method
s sufficiently flexible to r epr oduce the surface brightness dis-
ributions of r ealistic, multicomponent g alaxies; how ev er, en-
bling bulge_disk = True restricts the phot ometry t o a tw o-
omponent r epr esentation, which can r educe the generality of 
he MGE description for complex morphologies. We will compare 
iffer ent modelling appr oaches for the full G AR CIA -II sample,

ncluding MGE with a single M/L , bulge–disc decompositions 
ith distinct M/L values, and with a radially varying (M/L ) in

orthcoming paper. 
MNRAS 546, 1–18 (2026) 
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Table B2. Best-fitting parameters for the single- M/L and two - component (disc + bulge) M/L mass models, and the inferred stellar mass. 

Name Model M/L M 200 [M �] M star [M �] C 

NGC4068 Single M/L 0 . 51 ± 0 . 16 1 . 6 +3 . 1 
−1 . 4 × 10 11 (1 . 2 ± 0 . 4) × 10 8 1 . 3 +2 . 1 

−0 . 7 

Different M/L ( M/L ) d = 0 . 47 +0 . 17 
−0 . 16 ; ( M/L ) b = 0 . 27 +0 . 15 

−0 . 13 1 . 73 +3 . 0 
−1 . 5 × 10 11 (1 . 17 ± 0 . 39) × 10 8 1 . 23 +1 . 79 

−0 . 64 

Figure B1. Comparison of single- M/L (left) and bulge + disc M/L (right) mass models for NGC4068; the upper panels show the modelled rotation 
curves and data, while the lower panels show the posterior distributions of the fitted parameters. 
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