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ABSTRACT

The distribution of dark matter in the inner regions of galaxies poses a key challenge for small-scale Lambda-cold dark
matter (A-CDM) cosmology. While CDM simulations predict cuspy inner density profiles, observations of low surface
brightness and dwarf galaxies often favour cored profiles, an issue known as the cusp-core problem. We investigate
this problem by comparing four dark matter halo profiles: NFW (Navarro-Frenk-White, cuspy), Einasto (intermediate),
Burkert (cored), and pseudo-isothermal (cored) in a pilot sample of 11 galaxies from the GMRT ARChlve Atomic gas
survey (GARCIA). We have performed mass modelling using Markov Chain Monte Carlo techniques, utilizing rotation
curves derived from robust 3D kinematic modelling. Baryonic contributions from stars derived using stellar kinematics
based on 3.6 um or r-band photometry via multi-Gaussian expansion combined with Jeans anisotropic model and from
gas, calculated directly from the gas surface density (H1 + He) without assuming any pre-defined functional form, are
included. Our mass modelling shows that all halo profiles provide statistically good fits, yielding consistent estimates of
halo mass and stellar mass-to-light ratio. To validate our analysis, we examine the stellar-to-halo mass relation and find
broad agreement with empirical models. Non-parametric density profiles derived from baryon-subtracted rotation curves
show that NFW fits the inner regions best, while all profiles converge in the outskirts. Future studies with a larger sample
from GARCIA will be helpful in refining this trend and addressing the cusp-core issue in greater depth.

Key words: galaxies: general — galaxies: haloes - galaxies: kinematics and dynamics.

1 INTRODUCTION

It is widely acknowledged in the literature that a discrepancy
exists between the predicted and observed rotation curves of
galaxies. The observed rotation curves imply that the amount of
mass inferred from stars and gas in galaxies cannot account for
the total dynamical mass of galaxies (e.g. A. Bosma 1978; T. S. van
Albada & R. Sancisi 1986; K. G. Begeman 1987a; R. H. Sanders
1990; J. Dubinski & R. G. Carlberg 1991). F. Zwicky (1933) esti-
mated the total mass of the Coma cluster using the virial theorem
and found a discrepancy between the mass of luminous matter
and the gravitational mass of the system. V. C. Rubin, W. K. Jr
Ford & N. Thonnard (1978) demonstrated, using a sample of 10
spiral galaxies, that their rotation curves remain approximately
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flat out to large radii (~ 50 kpc), further supporting the presence
of additional mass at these extended distances. This discrepancy
gave rise to the idea that galaxies are embedded within extended,
massive dark matter (DM) haloes (J. F. Navarro, C. S. Frenk &
S. D. M. White 1997). However, alternative interpretations are
present that do not include extra matter, but suggests a modifi-
cation of gravity (e.g. M. Milgrom 1983a, b). High-resolution N-
body simulations of collisionless cold dark matter (CDM) have
indicated that DM haloes develop a density structure that rises
steeply toward the centre (cuspy) in a hierarchically clustering
universe (e.g. J. Dubinski & R. G. Carlberg 1991). Building on
this, J. F. Navarro, C. S. Frenk & S. D. M. White (1996b) and J.
F. Navarro et al. (1997) demonstrated that spherically averaged
density profiles, now known as the Navarro-Frenk-White (NFW)
profile, provide a good fit to haloes over a wide mass range, from
dwarf galaxies to galaxy clusters. Further refinement of simula-
tions, incorporating improved resolution, suggested that haloes
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may exhibit even steeper inner density slopes than predicted by
the original NFW model, indicating more pronounced cusps (B.
Moore et al. 1997, 1998). But observation (e.g. C. Carignan & S.
Beaulieu 1989; R. A. Flores & J. R. Primack 1994; W. J. G. de Blok
et al. 2001; W. J. G. de Blok & A. Bosma 2002; W. J. G. de Blok
2003; S.-H. Oh et al. 2015; J. I. Read et al. 2016; J. Schombert, S.
McGaugh & F. Lelli 2018; P. E. Mancera Pifia et al. 2025) from
low surface brightness (LSB) galaxies, dwarf galaxies (which are
known to be dominated by DM) and less massive galaxies re-
vealed that the DM density profile is flat in the central region,
making a core. In the GHASP survey (M. Spano et al. 2008), the
mass distribution of 36 spiral and irregular galaxies was studied,
revealing the presence of a constant density core, independent of
the morphological type of the galaxies. Furthermore, studies of
some spiral galaxies (S. Blais-Ouellette, P. Amram & C. Carignan
2001; G. Gentile et al. 2004; T. P. K. Martinsson et al. 2013) also
supported a constant density core over a cuspy density profile.
This tension between CDM simulation and observation of galax-
ies’ rotation curve, known as the cusp-core problem (B. Moore
1994; R. A. Flores & J. R. Primack 1994), indicates a modification
of the ACDM model on small scales. Although there are some
observations (F. C. van den Bosch & R. A. Swaters 2001; R. A.
Swaters et al. 2003; E. Hayashi 2004) on LSBs and dwarfs showed
that most of their rotation curves fit consistently with cored as
well as cuspy DM profiles, so we cannot rule out the cuspy nature
of DM halo. Similarly, the THINGS survey (F. Walter et al. 2008),
which provides high-quality HI rotation curves, found that mas-
sive, disc-dominated galaxies can be fitted equally well by cuspy
and cored DM halo models (S.-H. Oh et al. 2015). However, the
situation is further complicated by the significant scatter in the
inner density slopes reported across different studies.

Three main types of solutions have been proposed for the cusp-
core problem: two are simulation-based, involving the inclusion
of baryonic effects in simulations, and the other considers the
nature of DM itself. The third is observational, focusing on sys-
tematics or measurement uncertainties in rotation curve analysis.
Various physical processes can substantially alter the inferred
inner structure of DM haloes. Several studies have shown that
baryonic processes such as the acquisition of angular momentum
during structure formation, central black hole activity (M. Le
Delliou, R. N. Henriksen & J. D. MacMillan 2010, 2011), dynam-
ical friction leading to energy transfer from baryons to DM (A.
El-Zant, 1. Shlosman & Y. Hoffman 2001), star formation and
supernovae-driven gas outflows (e.g. J. F. Navarro, V. R. Eke & C.
S. Frenk 1996a; S. Mashchenko, H. M. P. Couchman & J. Wadsley
2006; S. Mashchenko, J. Wadsley & H. M. P. Couchman 2008; F.
Governato et al. 2010; S.-H. Oh et al. 2011b; F. Governato et al.
2012) can modify the inner structure of DM halo, resulting in
a flatter inner density profile than those predicted by DM only
simulations.

Alternative DM models have also been proposed. For instance,
self-interacting DM can reduce central densities in haloes (e.g. D.
N. Spergel & P. J. Steinhardt 2000; A. Burkert 2000; M. Kapling-
hat, S. Tulin & H.-B. Yu 2016; S. Tulin & H.-B. Yu 2018; T. Ren
et al. 2019; A. Banares-Hernandez et al. 2023, 2024; P. E. Mancera
Pifia et al. 2025), and may produce detectable radiation through
DM annihilation. Other scenarios include decaying DM (R. Cen
2001), scalar field DM (V. H. Robles & T. Matos 2012), and fuzzy
DM (W. Hu, R. Barkana & A. Gruzinov 2000), each offering dif-
ferent mechanisms for modifying the inner structure of haloes.

Another possible explanation lies in observational limitations.
The mass distribution of galaxies is typically inferred from their
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rotation curves and systematic errors in measuring these curves
can lead to incorrect conclusions about the inner DM density pro-
file (e.g. F. C.van den Bosch et al. 2000; F. C. Bosch & R. A. Swaters
2001; R. A. Swaters et al. 2003; E. Hayashi et al. 2004; J. C. B.
Pineda et al. 2016; K. A. Oman et al. 2019; F. A. Roper et al. 2023;
E. R. Downing & K. A. Oman 2023; I. S. Sands et al. 2024). For
example, beam smearing a result of finite resolution in HI obser-
vations can smooth out velocity gradients, particularly in galax-
ies with small-scale structures or high inclination. This effect is
particularly pronounced in the central regions of galaxies, where
the velocity gradient is higher compared to the outskirts. In the
case of He rotation curves, inaccurate slit placement may cause
the dynamical centre of the galaxy to be missed, resulting in an
artificially shallow rotation curve. However, Ha rotation curves
through IFU observations are not affected by this limitation. Ad-
ditinally, unmodelled non-circular motions can further reduce
the observed inner rotation velocities, complicating the interpre-
tation of the underlying mass distribution. Many of these obser-
vational issues have been significantly mitigated with the advent
of high-resolution H 1interferometric data. These data sets extend
over large radii and are well suited for the assumption of circular
motion due to the cold nature of HI gas. Earlier, HI rotation
curves used for mass modelling were typically derived from 2D
velocity maps by fitting the tilted-ring model (D. H. Rogstad, I. A.
Lockhart & M. C. H. Wright 1974), a method susceptible to beam
smearing and projection effects. However, recent advances now
allow for the direct use of full 3D H1data cubesin tilted-ring mod-
elling (P. Kamphuis et al. 2015; E. M. Di Teodoro & F. Fraternali
2015), which helps to overcome these systematic errors and pro-
duce accurate rotation curves shown in E. M. Di Teodoro & F. Fra-
ternali (2015), G. Iorio et al. (2017), G. Sharma et al. (2021), N. Deg
et al. (2022), and P. E. Mancera Pifia et al. (2025). For instance,
recent studies by S. Kurapati et al. (2020) have demonstrated that
the method used to derive the rotation curve 2D versus 3D fitting
can significantly impact the inferred inner density slope of DM
haloes. Their results show that while 2D methods favour cored
profiles, such as the pseudo-isothermal (pISO) model, the more
accurate 3D rotation curves are better fitted by the cuspy NFW
model.

The GMRT ARChlve Atomic gas survey (GARCIA) is designed
to uniformly analyse HI interferometric spectral line data for a
sample of 515 nearby galaxies from the GMRT archive, enabling
a wide range of scientific investigations. As part of this project,
the first paper in the series, GARCIA-I (P. Biswas et al. 2022),
presents data products from a pilot sample of 11 sources. The
second paper, GARCIA-II (P. Biswas et al. 2023) focuses on 3D
kinematic and mass modelling using only the NFW DM halo.
In this paper, we extend that analysis by introducing a compar-
ative framework across four DM halo profiles and incorporating
a non-parametric reconstruction of the DM distribution. This
allows us to test not only which profiles fit the observed rota-
tion curves, but also which are physically consistent with the
actual inner DM density profiles, a key question in the cusp-core
debate.

Section 2 describes the sample and data used for mass mod-
elling. Section 3 outlines the DM halo profiles, methodology and
results, including parametric and non-parametric DM, followed
by a comparison of scaled profiles. Section 4 discusses the im-
plications for the Mg, —Mjo relation and the impact of kine-
matic disturbances, and the comparison of parametric and non-
parametric DM. Finally, we summarize in Section 5, highlighting
key findings and prospects.
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Table 1. Observation sample properties and derived H 1 and stellar masses (P. Biswas et al. 2023).

Source Morph. fopt Imomo0 Ikin Dist. Method My Mggar

name type (deg) (deg) (deg) (Mpc) used (Mo) Mo)
NGC0784 SBd 81.1 82 82.22 5.45 1 (4.22 £ 0.06) x 108 (8.0 +2.3) x 108
NGC1156 IB 50.0 51 48.79 6.79 2 (5.38 £ 0.07) x 108 (1.11 £0.31) x 10°
NGC3027 Sc 73.8 63 62.60 16.54 3 (5.14 £ 0.06) x 10° (4.6 +1.4) x 10°
NGC3359 Sc 52.2 55 56.31 16.79 3 (9.95 £ 0.07) x 10° (1.94+1.8) x 10°
NGC4068 I 60.0 51 57.47 4.39 1 (1.284 £0.035) x 108 (1.240.4) x 108
NGC4861 Sm 66.5 69 78.96 9.95 1 (9.12 4£0.22) x 108 (6 +6) x 107
NGC7292 I 66.4 23 19.16 9.60 3 (5.49 £ 0.15) x 108 (1.2+0.5) x 10°
NGC7497 Sc 82.8 73 80.53 19.82 3 (5.05 £ 0.06) x 10° (1.32£0.29) x 1010
NGC7610 SABc 42.1 50 52.91 12.60 4 (2.07 £ 0.05) x 10'° (1.90 & 0.26) x 10°
NGC7741 SBc 61.6 38 50.09 46.96 3 (1.536 4+ 0.031) x 10° (6.240.9) x 10°
NGC7800 1B 67.0 52 49.20 20.56 3 (3.69 4 0.08) x 10° (1.3£0.8) x 10°

Notes. References used for methods of distance measurements are: 1 - tip of the red giant branch (TRGB), 2 - brightest stars, 3 — cosmological distance,

and 4 - sosies.

2 SAMPLE SELECTION AND ANALYSIS

This study investigates the cusp-core problem (R. A. Flores & J.
R. Primack 1994; B. Moore 1994), which highlights a key tension
between the cuspy inner density profiles of DM haloes predicted
by ACDM simulations and the cored profiles observed in many
galaxies. Accurate rotation curves are essential for probing this
discrepancy. H I interferometric data play a critical role by pro-
viding both spatial and kinematic information needed to trace the
mass distribution.

For this purpose, we utilize the H1 rotation curves derived by
P. Biswas et al. (2023) for a pilot sample, employing 3D kinematic
modelling. This sample comprises 11 bright (apparent magni-
tude, m, = 11.03-14.10), low-redshift (z = 0.0006-0.0012) galax-
ies, observed at a velocity resolution of ~ 6.6 kms~!. The sam-
ple spans a wide range of HI masses (~ 10®-10'° M) and in-
cludes both spiral and irregular galaxies, with a mix of barred
and unbarred morphologies. The parameter distribution of the
sources has been shown in P. Biswas et al. (2022); observational
properties (see P. Biswas et al. 2022, fig. 2) and HI line flux,
B-band magnitude, HI mass (see P. Biswas et al. 2022, fig. 2),
distance, inclination angle with the method for determining, H1
and stellar masses from P. Biswas et al. (2023) are mentioned
in Table 1. P. Biswas et al. (2023) derived the rotation curves
by applying 3D tilted-ring modelling to the H1 data cubes using
two pipelines: Fully Automated TiRiFiC (FAT) and 3D-BAROLO;
both methods produced acceptable models. As summarized in P.
Biswas et al. (2023), FAT performs more reliably across a wider
inclination range, samples the rotation curve to larger radii by
fitting more rings for the same radial spacing, and is less sen-
sitive to initial parameter choices due to its automated SOFIA-
based setup. FAT also captures structural features such as warps
better than 3D-BAROLO, and it generally produces lower mo-
ment 1 residuals. The choice between the rotation curves derived
from FAT (P. Kamphuis et al. 2015) and 3D-BAROLO (E. M. Di
Teodoro & F. Fraternali 2015) was based on a comparison of the
residual velocity fields (see fig. 3 on GARCIA wedsite). For 10 of
the 11 galaxies, FAT yielded residuals typically below 20 km s~!
and lower than those obtained from 3D-BAROLO. However, for
NGC4861, the rotation curve generated by FAT showed higher
residuals. In this case, the BBAROLO-derived curve was preferred,
as it yielded a more reliable rotation profile with lower velocity
residuals (see fig. 4 on GARCIA website). All mass modelling in
the study was based on these finalized rotation curves from P.
Biswas et al. (2023).

To decompose the mass distribution, we also need to include
stellar mass surface density profiles. However, the M/L) varies
significantly across photometric bands, introducing uncertainty
in estimating the stellar mass distribution. Young, massive stars
dominate the light in the optical bands due to their high lumi-
nosity, despite contributing little to the total stellar mass (E. F.
Bell & R. S. de Jong 2001). As a result, recent star formation
can significantly boost optical luminosity without substantially
affecting stellar mass, making optical M/L ratios highly sensi-
tive to the recent star formation history (SFH). In contrast, near-
infrared (NIR) light is dominated by older, low-mass stars that
evolve slowly and contribute most of the stellar mass, making
NIR M/L less affected by SFH. Several studies (E. F. Bell & R. S.
de Jong 2001; E. F. Bell et al. 2003; S. Zibetti, S. Charlot & H.-
W. Rix 2009; S. S. McGaugh & J. M. Schombert 2014; S. E. Meidt
et al. 2014; M. A. Norris et al. 2016; J. Schombert et al. 2018; A.
Marasco et al. 2025) have shown that NIR data particularly at
3.6 um provides the most stable estimates for M/L.

P. Biswas et al. (2023) calculated the stellar mass surface den-
sity profiles using Spitzer 3.6 um data, and supplemented these
with Sloan Digital Sky Survey (SDSS) r-band images for the two
galaxies (NGC7610 and NGC7292) with the multi-Gaussian ex-
pansion (MGE) method (M. Cappellari 2002), and the resulting
MGE models were converted into stellar mass distributions by
assuming a radially constant M/L, which was determined via
Markov Chain Monte Carlo (MCMC) together with the halo mass
and concentration (see Section 3.2.1, see section 5.1 in P. Biswas
et al. 2023).

All mass modelling in the study relies on the finalized rotation
curves and stellar mass surface density profiles from P. Biswas
et al. (2023). Further details on the data reduction, 3D kine-
matic modelling, and rotation curve extraction can be found in
P. Biswas et al. (2022, 2023).

3 DISTRIBUTION OF THE DARK MATTER:
METHODOLOGY AND RESULTS

3.1 Dark matter halo profiles

In this study, we have considered four DM halo profiles (Fig. 1)
with varying halo shape, cuspy, cored, and intermediate between
cusp and core. A brief overview of these profiles and the theoret-
ical framework for deriving mass and velocity profiles from the
density distribution is provided below.
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Figure 1. Normalized DM density profiles for different halo models. Panel (a): profiles scaled by density, assuming r; = 1 for NFW/Einasto and r. = 1
for pISO/Burkert, with densities normalized at r = 0.001 to emphasize the inner slope differences. Panel (b): same profiles scaled such that the enclosed

mass at r = 10 kpc is matched.

3.1.1 NFW profile

The NFW arises from N-body simulation of ACDM (J. F. Navarro
et al. 1996b) and describes a cuspy nature of DM halo density
distribution. It is widely used as a model profile for describing
DM haloes and is defined as,

p(r) = —F—
(5)(+5)

where, p; is the characteristic density and r; is the scale radius.
The enclosed mass within radius r is:

@

MNFw(r) = 47rpsrs3 |:11’1 (1 + 1)

N

r/rs
a 1+r/rs]' )

The corresponding velocity profile can be written as:

Mypw(r) P00

(3)
Moo r

Wnrw(r) = Vago X

where r, is the radius within which the average density of
a halo is 200 times the critical density of the universe, the total
mass enclosed within this radius is defined as Mo, and Vg is
the rotational velocity at ry. Substituting the mass expression
(equation 2) and V509 = 10C ry Hy with Hy = 72 kms™! Mpc™!
In(14Cx)— £

1+Cx
In(1+0)- ¢ @

1/3
0.014 M.
Varw(r) = — 22 X

where x = ——=—r will be same for all halo profiles and C = Bae

Ts
3 200
is the concentration parameter. We have used the same method

to derive the velocity profile for all the DM haloes.

3.1.2 pISO Profile

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

p(r) = 1_|_p<sri)2 ©)
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where p; is the characteristic density and r, is the core radius.
The enclosed mass within radius r is:

Mpiso(r) = 4 pyr? [VL — arctan (1)] (6)

¢ re

The corresponding velocity profile is,

1
0.014M5403 Cx — arctan (Cx)
Vi r)= 7
prso(r) Jx "\ Cc Zarctan © @

where, C = Rf& is the concentration parameter.
c

3.1.3 Burkert Profile

It is another empirical cored model used here and presented
by A. Burkert (1995) which diverges more slowly than pISO at
larger radii. The density profile of the Burkert model is defined
as follows:

(1+1) {1S+ (7)2}

where p; is the characteristic density and r, is the core radius.
The enclosed mass is:

2
Mpurkert(r) = 27'[[337'3|: %ln (1 + (7:) ) +1n (1 + rLC)

— arctan (é) i| ©

The corresponding velocity profile is,

®)

p(r) =

0.014Mg0 3 y
Jx
11In {1+ (Cx)?} + In (1 4 Cx) — arctan (Cx)
1In(14C?)+In(1 +C) — arctan(C)

VBurkerl(r ) =

(10)

where, C = Rf—"” is the concentration parameter.
c
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3.1.4 Einasto Profile

J. F. Navarro et al. (2004) explored the mass profiles of CDM
haloes covering a mass range from dwarf galaxies to galaxy clus-
ters, using numerical simulations and proposed a new profile that
better reproduces the logarithmic slope (—d 1n p/d Inr) than the
NFW profile. Later, it was realized that this profile was already
introduced by J. Einasto (1965, 1969) to describe the stellar dis-
tribution. The density profile of the Einasto model is described
as,

PEinasto(I) = ps €XP [_ag {(;) e - 1}] 1y

where p; is the characteristic density and 7y is the scale radius,
this profile introduces an additional parameter called the shape
parameter (e, ), which controls the curvature of the halo density
profile.

The enclosed mass (V. F. Cardone, E. Piedipalumbo & C. Tor-
tora 2005; G. A. Mamon & E. L. Lokas 2005; D. Merritt et al. 2006)
is,

3 2 2 _% 1
MEinasto(r) = 47 p; rg exp| — —_ —

e e e

2 e
(E2G))
Oe O \Ts
The corresponding velocity profile is,

r (i, l(Cx)"e)

Ae " Ue
r (i , lcag)
ae’ e

L. Chemin, W. J. G. de Blok & G. A. Mamon (2011) showed that
the Einasto profile fits the rotation curves of spiral galaxies better
than the NFW and pISO models, and this result holds for different
choices of the initial mass function (IMF). The choice of IMF
affects the stellar mass-to-light ratio (M/L), hence it affects how
much of the rotation curve is explained by stars versus DM. Even
though the M/L can change with the IMF, the Einasto model
still performs well. They also found that the shape parameter «
can vary from about 0.1 to 10 across galaxies of different masses.
Though many studies (e.g. L. Gao et al. 2008; A. A. Dutton & A. V.
Maccio 2014; P. Li et al. 2018; A. D. Ludlow et al. 2016; A. D.
Ludlow & R. E. Angulo 2017) showed lower values of Einasto
shape parameter. In our study, we test the density profile with
different « values and found « = 0.4 produces DM haloes that
reflect an intermediate structure, with central slopes neither too
steep nor too shallow. We therefore fixed « = 0.4 for all galaxies
throughout the analysis to represent this transitional behaviour
between cuspy and cored profiles and to ensure consistent com-
parison with other halo models.

Fig. 1 shows different halo models’ normalized DM density
profiles. To allow direct comparison of their inner slopes and
structural differences, we computed each profile assuming a scale
radius (for NFW and Einasto) or a core radius (for cored mod-
els like pISO and Burkert) of unity, i.e. ry, =1 or r, = 1 and the
densities were normalized by their respective values at a radius
of r = 0.001 to highlight the differences in central concentration
(see Fig. 1a). This normalization ensures that all profiles intersect
at the same reference point in the innermost region, allowing
their inner slope behaviour to be compared more clearly on a log-
log scale. As a result, the plot emphasizes the intrinsic shape of
each profile, particularly in the central regions where the cusp-

(13)

VEinasto(r) =
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core differences are most pronounced. Fig. 1(b) shows the same
set of profiles scaled by fixing the enclosed mass within a radius of
r = 10 kpc, illustrating how the relative behaviour of the models
changes when matched in total mass rather than scale density.

3.2 Results

Rotation curves offer a direct probe of the mass distribution in
galaxies, capturing the combined gravitational influence of stars,
gas, and DM. By analysing these curves, we separate the contribu-
tions from these components. We model the total rotation velocity
by summing three main components in quadrature: stellar, gas,
and DM halo. The total velocity follows:

Vmotdz = Vga52 + Vstar2 + Vhaloz (14)

m

where Vias, Vitar, and Vi represent the contributions from gas,
stars, and the DM halo, respectively. Here, we are using observed
rotational velocity as it closely traces the true circular velocity for
cold H1gas, i.e. Vit =~ Viirc-

We adopt the stellar and gas velocity components from P.
Biswas et al. (2023), who performed detailed 3D mass modelling
using NFW halo for the GARCIA-I galaxy sample. To model the
stellar luminosity distribution (P. Biswas et al. 2023, see section
5.1), they used the MGE method (M. Cappellari 2002), which
accurately reproduces complex light profiles in galaxies with mul-
tiple components, such as bulges and discs. The MGE method
models the galaxy luminosity distribution by decomposing it into
a sum of 2D Gaussian functions and the projected surface bright-
ness. Then, the stellar circular velocity contribution, Vi, was
derived using the MGE components by the Jeans anisotropic
model (JAM) model (M. Cappellari 2008), which solves the ax-
isymmetric Jeans equations assuming constant anisotropy. JAM
is especially effective in converting observed light distributions
into stellar kinematic predictions when used with MGE, making
it a widely adopted tool for stellar dynamical analysis.

For the gas component, P. Biswas et al. (2023) did not assume
a parametric form for the H1 distribution. Instead, they extracted
the H1 surface density profile directly from 3D kinematically
modelled HI data cubes using a tilted-ring model (P. Biswas et al.
2023, see section 5.2 and appendix A). This approach allows for a
more realistic representation of the gas distribution and its contri-
bution to the rotation curves. The derived H I further multiplied
by a factor of 1.33 to include the contribution from helium and the
molecular gas (H,) component was not included, as uniform CO
data are not available for the full pilot sample. However, previous
studies on disc galaxies (e.g. B. S. Frank et al. 2016; P. E. Mancera
Pifia etal. 2022) have shown that neglecting the molecular gas has
only a minor impact on the inferred rotation curves and DM halo
parameters. The gas velocities were then calculated from these
corrected surface densities using the standard relation (assuming
axisymmetric razor-thin disc) between surface mass density and
gravitational potential (see J. Binney & S. Tremaine 2008, equa-
tion 2.188). At the mass range of our galaxies, the finite thickness
and flaring of the H1 disc are expected to introduce only minor
corrections to the derived circular velocities and halo parameters
(e.g. P. E. Mancera Pifia et al. 2022, 2025).

All these components Vi, Vgas, and along with the NFW DM
halo model fitted by P. Biswas et al. (2023) are adopted in our
analysis.

The DM component was determined using these components
Vitars Vias in two different approaches. The first is a parametric
method (Section 3.2.1), where the DM halo is modelled using
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four profiles: NFW (adopted from P. Biswas et al. 2023), Einasto,
Burkert, and pISO. Each profile describes how the DM density
changes with radius using a set of parameters. These parameters
are optimized using an MCMC framework to find the best fit
to the observed rotation curve. The second is a non-parametric
method (Section 3.2.2), no specific shape or equation is assumed
for the DM profile. Instead, the DM contribution is directly calcu-
lated by subtracting the known contributions from stars and gas
from the total observed rotational velocity.

3.2.1 Parametric dark matter

To model the DM halo profiles of our galaxy sample, we employ
the MCMC-based circular velocity fitting framework developed
by V. Kalinova et al. (2017). This framework utilizes the EMCEE
package (D. Foreman-Mackey et al. 2013), which implements the
affine-invariant ensemble sampler for efficient MCMC parameter
estimation. The code has previously been adapted to fit the NFW
DM profile in the works of N. Tyulneva (2021) and P. Biswas et al.
(2023).

In the present analysis, we employ an extended version of the
MCMC-based fitting tool (Kalinova et al., in preparation) that en-
ables modelling with multiple halo profiles, specifically the pISO,
Burkert, and Einasto models. The framework simultaneously fits
the observed rotation curves by varying three free parameters: the
halo mass Mo, the concentration parameter C, and the M/L. For
computational simplicity, we assume a radially constant M/L. For
the NFW and Einasto profiles, the concentration is defined asC =
T200/¥s, Where rs is the scale radius, while for the cored profiles
(pISO and Burkert) we use the analogous definition C = ryy /e,
with r, representing the core radius.

However, M/L in real galaxies is not strictly constant; it can
vary systematically with radius due to stellar population gradients
in age, metallicity, and SFH (e.g. E. F. Bell & R. S. de Jong 2001; S.
Zibetti et al. 2009). Incorporating such radial variations in M/L
could yield more physically realistic mass models and tighter
constraints on halo parameters.

In previous studies (e.g. H. Katz et al. 2017; P. E. Mancera Pifia
et al. 2022; E. M. Di Teodoro et al. 2023; P. E. Mancera Pina et al.
2025), various scaling relations, such as the stellar-to-halo mass
relation (SHMR; B. P. Moster, T. Naab & S. D. M. White 2013) and
the Myy—C relation (A. V. Maccio, A. A. Dutton & F. C. van den
Bosch 2008; A. A. Dutton & A. V. Maccio 2014) have been em-
ployed to uniform prior selection. These priors help constrain DM
halo parameters but can influence the results toward expected
trends. P. Li et al. (2020) found that using priors based on scal-
ing relations improves consistency with large-scale cosmological
trends. However, these priors can degrade the quality of the rota-
tion curve fits, indicating that they may bias the inferred parame-
ter estimates. P. E. Mancera Pifia et al. (2022) also found that flat
priors on the concentration parameter C led to poor constraints
in some galaxies, whereas Gaussian or lognormal priors based on
the C — My relation significantly improved convergence and the
quality of parameter inference. So, P. Biswas et al. (2023) adopt
two prior distributions, uniform and lognormal, independent of
such scaling relations. Since lognormal priors can result in an un-
bounded exploration of parameter space, a broad uniform prior
is used to constrain them.

We use the same uniform priors on the halo mass (M,q) and
the M/L as adopted in P. Biswas et al. (2023), since these parame-
ters do not depend on the choice of halo profile. For M,q, we as-
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sume a lognormal prior with a mean value of 10'??% and a width
of 0.5 dex, based on constraints from the DiskMass Survey (see
fig. 16 in A. A. Dutton & A. V. Macci6 2014). The M/L is best con-
strained in the 3.6 um infrared band. Stellar population synthesis
models (S. E. Meidt et al. 2014; J. Schombert & S. McGaugh 2014;
S. S. McGaugh & J. M. Schombert 2014) suggest that M/L values
in this band typically lie between 0.4 and 0.6, depending on the
IMF and the underlying stellar population. However, bulges can
exhibit systematically higher M/L; ¢ than discs, even in the NIR,
in some cases by up to a factor of ~2 (J. Schombert et al. 2022).
To check the impact of M/L in our sample we have done mass
modelling for one galaxy with different M/L for disc and bulge for
NFW profile mentioned in Appendix B. F. Lelli et al. (2016b) used
fixed values of M/L; ¢ = 0.5 for discs and M/L; s = 0.7 for bulges
to estimate stellar central density. Similarly, P. Li et al. (2020)
adopted lognormal priors centred at these same values, each with
a standard deviation of 0.1. Following P. Biswas et al. (2023), we
use a lognormal prior on M/L, centred at 0.6 with a standard
deviation of 0.2. To avoid unbounded sampling, we also impose
a uniform prior over the range [0.01, 100]. For the remaining
two galaxies, where SDSS r-band data are used instead of 3.6 um,
we apply a uniform prior on M/L in the range [0.01, 10]. Unlike
the 3.6 um band, where previous studies (e.g. S. E. Meidt et al.
2014) have established a relatively narrow and stable range for
M/L, the r band lacks such strong constraints. Therefore, a wider
uniform prior allows more flexibility in exploring the parameter
space.

Since the concentration parameter (C) depends on the spe-
cific form of the DM halo density profile, we use different prior
ranges for different profiles to ensure accurate and unbiased mod-
elling. For NFW and Einasto profiles, the concentration parame-
ter tracks the assembly history; systems that collapse earlier form
denser interiors because their inner structure reflects the higher
cosmic critical density at the time of collapse where as for cored
profile the concentration parameter is just phenomenological,
which help to fit the galaxy kinamatics though they depend on
baryonic physics such as feedback process, disc halo coupling. As
shown by A. A. Dutton & A. V. Maccio (2014), the concentration
values obtained from fitting the Einasto profile can vary by up
to 15 per cent compared to the NFW profile. To account for this,
we follow P. Biswas et al. (2023) and widen the prior range for
the concentration parameter C when using the Einasto profile,
by 15 per cent relative to that used for the NFW profile. We use a
mean of 10 with a scale of 6.

For the cored profiles, the concentration parameter is C = '2%,
where ry is the virial radius and r. is the core radius. We used
(rc) as a reference to guide the range of (C) values explored by
the MCMC fitting. We used r, values from previous observational
studies of galaxies with similar halo masses and morphologies:
for 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
et al. (2017). Based on the ranges of r, reported in these works,
we adopted lognormal priors for C with a mean of 8 and a scale
of 7.99 for the Burkert profile, and a mean of 15 and a scale of 14
for the pISO profile. To ensure flexibility in parameter exploration
and to avoid overconstraining the fits, we used a broad uniform
prior on C within the range [0.01, 1000] for all profiles, allowing
walkers of MCMC to explore a larger parameter space.

Fig. 2 presents the mass modelling results for NGC7800 using
four different DM halo profiles. The corresponding posterior dis-
tributions of the fitted parameters are shown below each mod-
elled 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 fitted parameters (M/L, Mg, 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. Vi1, Vinodel> Vhalo» Vstar, and Vgas represent the observed H I rotation velocity, the total modelled velocity (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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Table 2. Best-fitting Mygo (in 101! M), M/L, and concentration parameter C for the four DM halo profiles.

Galaxy NFW Einasto Burkert pISO
Mo M/L c Maoo M/L C Maoo M/L C Maoo M/L c

NGC0784 1511399 0.627018 2127257 183139 0687017 3.057320 1978321 0757018 728728 1597300 0727017 17.541833
NGCI1S6 136730 025%9% 179732 231730 030%0% 242700 262730 033700 6207l 22770 03279% 135874
NGC3027 1.671032 0.657019 11.637251 0.86702% 0.657020 11.117179 1107020 0.72%019 21.187280 4547078 0.937018  50.12184
NGC3359 519704 0.0470% 870778 25503 018708 o.seTll 318T0E 029700 166071% 896708 03009 47367
NGC4068 1.591399 0.517016 1327213 2374396 0.59%016 2567088 2721305 0.647013 7207398 2451330 0.637013  15.891338
NGCas6l 373737 0.0970% 182%0% 380%3% 021701 3077031 34073 0307010 791°0% 392728 029%09 1776715
NGC7292 2.601350 2227088 12267381 1.00733 2.847097 12437388 130705 377108 23.977%2 782113 456707 58.231] 77
NGC7497 236707 0.587013 12.05734% 1307039 0.677013 1023723 161708 0767012 18.447418 5697006 0857009 42.9610%
NGC7610 3.59%223 310708 5457397 4217237 3507031 3967130 395122 3.78%028 7447103 6337208 377028 17.8303%
NGC7741 0437030 0.99701% 17687323 0.197003 0.757017 21.357351 0327005 1.007013 28.567337 132703 1.287011 43.78710%0
NGC7800 5.7511¢2 0.23%01> 7477138 3.0670% 0337018 8.067592 2.8510% 0457013 17.24717% 10441138 0487010 46.2313%

to the observed rotation curve. Mass modelling results for all the
galaxies have been uploaded as Supporting Information, and they
will be uploaded to the GARCIA website later. Table 2 and the
four panels in Fig. 3 present the posterior distributions of the free
parameters obtained from the MCMC-based mass modelling of
11 galaxies, modelled using four DM halo profiles: NFW (adopted
from P. Biswas et al. 2023), pISO, Burkert, and Einasto. The pa-
rameters shown are the M/L, halo mass (M), concentration pa-
rameter (C), and reduced chi-square (x2,), with distinct markers
for each halo model and consistent colour coding for each galaxy.

Although the halo mass (M;) and M/L can depend on the
assumed halo profile due to differences in the inner mass distri-
bution (e.g. R. Jimenez, L. Verde & S. P. Oh 2003; X. Ou et al.
2024), our analysis shows that for the pilot GARCIA sample these
parameters remain broadly consistent within their uncertainties
across the four tested profiles. The inferred M/L (Fig. 3a) val-
ues are generally consistent across all halo profiles, clustering
around 0.5-1.0, in line with expectations from 3.6 um stellar
population models. Although we adopt a single M/L for both
bulge and disc components, this is not expected to have a sig-
nificant impact on our results. At 3.6 um, the M/L ratio is only
weakly sensitive to stellar population variations (S. E. Meidt et
al. 2014), so radial gradients in M/L are expected to be modest.
Moreover, the statistical uncertainties on the r-band M/L from
our MCMC fits are larger as expected due to radial variation
in r-band M/L (R. Garcia-Benito et al. 2019). A notable outlier
in our sample is NGC7610, for which the best-fitting M/L ratio
is higher than for the other galaxies. For this galaxy, we lack
Spitzer 3.6 um data, so the stellar mass is constrained from op-
tical r-band photometry. It is well established that optical M/L
ratios, particularly in g and r, are more weakly constrained than
near-IR or 3.6 um estimates because they are more sensitive to
dust attenuation and recent star formation, and therefore exhibit
a larger intrinsic scatter at fixed luminosity or colour (e.g. G.
Kauffmann et al. 2003). The M, estimates (Fig. 3b) are broadly
consistent across the different halo profiles. The per-galaxy total
variations range from 0.21 to 0.58 dex, with only a few systems
showing moderate deviations. However, these differences remain
within the same order of magnitude and are consistent with the
expected profile-to-profile variations arising from differences in
the inner mass distribution. This suggests that, given the qual-
ity of the current data, the total halo mass and global M/L are
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reasonably well constrained, while the concentration parameter
(Fig. 3c) varies significantly across profiles, reflecting sensitivity
to inner halo structure. Cored profiles (Burkert and pISO) show
higher concentrations, whereas NFW and Einasto yield lower
concentrations.

Table 3 and Fig. 3(d) present the reduced chi-square values for
each DM profile and galaxy. Values close to 1 indicate a good fit,
and we find that for many galaxies, multiple profiles provide sta-
tistically acceptable fits. In some cases, cuspy profiles like NFW
perform better (e.g. NGC0784 and NGC7292), while in others,
cored profiles like Burkert or pISO yield lower chi-square values
(e.g. NGC3359 and NGC7741). Out of the 11 galaxies, roughly
half favour cuspy profiles and half favour cored ones, indicating
no clear preference for one type over the other. Moreover, from
visual inspection, NFW appears to reproduce the overall shape of
the rotation curves well for several galaxies. This suggests that as-
suming a fixed parametric form may not capture the full diversity
of halo structures. More flexible models, such as the coreNFW
profile, have been shown to successfully describe galaxies span-
ning several orders of magnitude in stellar mass (e.g. J. I. Read et
al. 2017; P. E. Mancera Pifia et al. 2025). To probe the underlying
DM distribution without bias from any specific profile shape, we
also apply a non-parametric approach, as described in Section
3.2.2.

3.2.2 Non-parametric dark matter

Non-parametric modelling provides a model-independent esti-
mate of the DM distribution by subtracting baryonic contribu-
tions from observed rotation curves (T. P. K. Martinsson et al.
2013). The DM rotational velocity is obtained from
V2 =V2 —V2 —V2

obs gas star?

15)

where Vo is the observed rotational velocity derived from tilted-
ring modelling of the HT data cube, Vg, is the gas contribution
(including both H1 and helium), and Vi, is the stellar con-
tribution. To compute Vi, in this approach, a value of M/L
is required. We therefore adopted the best-fitting M/L value
obtained from the MCMC analysis (Section 3.2.1). Our non-
parametric approach does not assume a specific DM halo profile;
however, the stellar contribution Vi, is derived from MCMC
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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, My, and C, respectively. (d) displays the reduced chi-square ( szed) distribution. Circle, diamond, square, and triangle symbols represent
the NFW, pISO, Burkert, and Einasto profiles, respectively. Different colours correspond to different galaxies.

Table 3. Reduced yx? 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

modelling via a mass-to-light ratio, making the method not en-
tirely model-independent. For comparison, we also repeated the

non-parametric calculation using a fiducial constant M/L value,
as described in Appendix A.

A direct subtraction using equation (15) sometimes yields neg-
ative values for V2 , particularly in the inner regions of galax-
ies. This occurs when the modelled velocity V2 ;, inferred from
MCMC, slightly exceeds the observed velocity V3 in the mean,
even though the fit remains within observational error bars.
To overcome this issue and ensure physically meaningful (non-
negative) DM velocities, we adopt the Monte Carlo method. At
each radial point, we generate 10000 random samples of Vips,
Veas» and Vi,r, drawing from normal distributions centred on their
respective mean values and with standard deviations computed
as (erroryp + errorgewn )/ 2. For each sample, we compute Vg, and
discard any cases where the result is imaginary (i.e. where V3 <
0). The final DM velocity profile is then obtained from the median
of the accepted Vi, distribution at each radius.

Given that our sample includes galaxies with varying mor-
phologies and rotational velocity ranges, we have unified their
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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 represents a different DM halo model, with different colours indicating different

galaxies.

rotation curves through a scaling approach. A common method
for scaling (E. Hayashi & J. F. Navarro 2006; S.-H. Oh et al. 2011a,
2015) involves normalizing the rotation curves at a characteristic
point, typically situated between the rising and flat regions of
the rotation curve. We have taken both the parametric and non-
parametric curves for the circular velocity contribution of the
dark halo component, and scaled them to a point where d;"lgo g‘i"‘ =
0.3 (E. Hayashi & J. F. Navarro 2006; S.-H. Oh et al. 2011a, 2015;
S. Kurapati et al. 2020). For seven galaxies, this point is natu-
rally present within the observed data. However, for four galaxies
(NGC0784, NGC1156, NGC4068, and NGC4861), this value is
not directly reached in the available rotation curve data. In these
cases, we have estimated the slope dil"f)gi"‘ versus r curve using the
first-order polynomial fit to determine the corresponding point,
and then extrapolate the rotational velocity at that radius.

Fig. 4 shows all the circular velocity contributions of the dark
halo component derived from parametric and non-parametric
approaches. The curves are scaled at the point where 31112211; =0.3.
The dashed line represents the parametric approach extracted
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from mass modelling via MCMC, and filled circles represent the
non-parametric approach. All the velocities are scaled with re-
spect to the rotational velocity V; 3 at Ry 3.

3.2.3 Scaled density profiles

The mass distribution can be directly inferred from its rotation
curve, if the mass distribution is assumed to be spherical. How-
ever, this procedure can be unstable in systems with thin discs
(W. J. G. de Blok et al. 2001) because the circular velocity at a
given radius in a flattened system receives contributions from
mass over a wide range of radii, so small fluctuations or noise in
Viot(r) can lead to large and unphysical variations in the recovered
mass profile (P. D. Sackett 1997). To avoid this complication, we
consider only the DM component of the rotation curve, under the
assumption that the DM forms a spherically symmetric halo. For
such a distribution, applying the Poisson equation,

Vid = 47Gp (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.

along with the gravitational potential ® = —@, leads to the fol-

lowing expression for the density (W. J. G. de Blok et al. 2001,
2008; S.-H. Oh et al. 2015; S. Kurapati et al. 2020):

()= —. (zvdmdvdm + (Vd—m> ) a7

an G r dr r

where G is the gravitational constant, V4, represents the rota-
tional velocity correspond to DM, and r is the radius. We derived
both parametric and non-parametric DM (DM) density profiles
for each galaxy. The parametric profiles are obtained from MCMC
fits assuming specific halo models, while the non-parametric
profiles are computed by subtracting the baryonic contribution
from the observed rotation curves. Fig. 5 compares these two ap-
proaches. The figure presents scaled DM density profiles in four
panels, each corresponding to a different halo model. The dashed
lines represent the parametric DM densities from MCMC mod-
elling (see Section 3.2.1), and the circles show the non-parametric
DM densities derived directly from the data (see Section 3.2.2).
In the outer regions, all models show good agreement with the

non-parametric estimates. However, in the inner regions, only
the NFW profile remains consistent with the non-parametric re-
sults, while the cored profiles (Burkert and pISO) tend to deviate
from them. As we have already mentioned, our non-parametric
approach is not entirely model-independent, since the stellar ve-
locity component is derived from MCMC modelling of M/L. To
cross-check our results, we repeated the non-parametric anal-
ysis using fiducial values of the M/L ratio described in Ap-
pendix A. We find that the overall trends remain unchanged: the
outer regions show good agreement between parametric and non-
parametric DM profiles, whereas cored profiles continue to devi-
ate in the inner regions. This consistency supports the reliability
of our findings across different assumptions for M/L.

4 DISCUSSION AND CONCLUSION

This paper presents a comparison of the modelling of DM haloes
using four distinct density profiles, NFW (taken from P. Biswas et
al. 2023), Einasto, Burkert, and pISO for a pilot sample of 11 galax-
ies from the GARCIA survey. The analysis employs both para-

MNRAS 546, 1-18 (2026)

920z 111dy o€ uo Jasn soisAydoisy 1o a1nsu| ueipul Aq G88€8Y8/88Z0IS/v/91S/a01e/SBIuUW/ /W02 dNo"dIWapede//:sdly Woi) PapEojUMO(]



12 S. Sarkar et al.
° S0 -
11 sa
Sab
° Sb
o She
10 e sc
® Scd
— e sd
5l o e Sdm
sl 9 sm
57 ox
(o))
s}
8
7 [
* © 3.6 micron * © 3.6 micron
O r-band O r-band
6 10 12 14 0 2
M200 M200
logl—2 logl
NFW profile
e SO e s
11 sa e SB
Sab e SAB
® Sb
o She
10 e sc
e Scd
— e sd
5l o e Sdm
sl 9 sm
I
(o))
o 5
8 el
7 £+ [
* © 3.6 micron * © 3.6 micron
O r-band O r-band
6 10 12 14 10 12
lo [MZOO] lo [Mzool
9L, 9L,
Burkert profile

° S0
sa
Sab
° Sb
o She
® Sc
® Scd
e sd
e Sdm
e Sm
o I
* © 3.6 micron * © 3.6 micron
O r-band O r-band
6 10 12 14 0 2
M200 M200
logl e log[ e
Einasto profile
e S0 o s
Sa e SB
Sab e SAB
® Sb
o She
® Sc
e Scd
e sd —
e Sdm 5o
® Sm a
e Ir =k
; (o))
o
* o 3.6 micron * © 3.6 micron
O r-band O r-band
6 10 12 14 10 12
M200 M200
logl5>1 logl5=1
pISO profile

Figure 6. The Mg,,—M>o 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
GARCIA sample, whereas dots represent galaxies from the SPARC database. Stars represent the galaxies from P. E. Mancera Pifia 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 3o uncertainty.

metric (via MCMC) and non-parametric approaches. We have
compared the density profiles from both analyses (Fig. 5) for all
galaxies. To check the consistency of the different parameters de-
rived from the MCMC-based mass modelling, we have studied the
existing relation and compared our results with previous studies,
as discussed in the following Section 4.1.

4.1 Consistency of different halo profiles

We studied the M, —Myg relation, which offers the connection
between the baryonic and DM components of galaxies. Previous
studies (e.g. B. P. Moster et al. 2010; P. S. Behroozi, C. Conroy &
R. H. Wechsler 2010; B. P. Moster et al. 2013) have shown that
this relation rises steeply at low halo masses, flattens around
My ~ 1012 Mg, and then declines at higher halo masses. In
our analysis, we placed the GARCIA sources on the Mg, —Mago
plane, using the Myy values derived from different DM halo
profiles. We also overplotted the corresponding parameters for
SPARC ! (Spitzer Photometry and Accurate Rotation Curves)
galaxies for comparison (see Fig. 6). The parameter values for
the SPARC galaxies were taken from F. Lelli, S. S. McGaugh &
J. M. Schombert (2016a), F. Lelli et al. (2016b, 2019), and P. Li et
al. (2019, 2020), and morphological classifications were obtained

Thttps://astroweb.cwru.edu/SPARC/
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from the HyperLeda database ? (D. Makarov et al. 2014). As
shown in Fig. 6, the GARCIA sources broadly follow the expected
trend of the My,,—Mjy relation. However, some deviations are
evident, consistent with observational studies of massive spirals,
discs, and gas-rich dwarf galaxies, which also find discrepancies
with the abundance-matching SHMR (e.g. L. Posti, F. Fraternali
& A. Marasco 2019; A. B. Romeo, O. Agertz & F. Renaud 2020;
L. Posti & S. M. Fall 2021; P. E. Mancera Pifia et al. 2025). These
works suggest a morphological dependence: massive spirals tend
to lie above the predicted SHMR, massive discs that grow gradu-
ally via gas accretion or minor mergers occupy the rising branch,
and massive spheroids that have experienced major mergers or
strong active galactic nucleus feedback follow the falling branch.
Possible explanations for deviations of the GARCIA galaxies are
discussed below.

NGC4861, a magellanic-type spiral galaxy which falls signifi-
cantly below the expected M,,—Mag relation from B. P. Moster
et al. (2013), suggesting a lower stellar mass than expected for
its DM halo. Similar type of discrepancy also noticed by P. E.
Mancera Pina et al. (2025) for a population of galaxies called
baryon deficient dwarfs (BDDs) with halo masses (log(Mp) ~
10.5 — 12M) and stellar masses as low as (log(Mgr) ~ 7 —
9M;). For NGC 4861, the discrepancy may also be related to

2http://atlas.obs-hp.fr/hyperleda/
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its disturbed morphology and clumpy star formation. H. Dottori
etal. (1994) reported a double nucleus and a countervail structure
pointing to a recent merger or tidal interaction that may have dis-
rupted or suppressed star formation. Additionally, a prominent,
bright knot in the southeastern part of the stellar disc, identified
as a massive star-forming region, has been previously reported
and spectroscopically studied (I. F. Fernandes et al. 2004; H. R.
Schmitt et al. 2006). These starburst-driven irregularities likely
result from recent or ongoing external perturbations and may
suppress or redistribute the stellar content, thereby complicating
mass modelling.

NGC7741, a barred spiral galaxy, deviates from the expected
Mo —M>g relation when modelled with the NFW, Einasto, and
Burkert profiles, all of which yield relatively low My, values.
In contrast, the pISO profile does not exhibit this deviation, al-
though it has the highest reduced x? among the models. This
discrepancy may stem from the galaxy’s distorted rotation curve,
which could cause the pISO model to overestimate the halo mass
in an attempt to fit the kinematic data. Such a deviation for other
profiles may be physically motivated and warrants further inves-
tigation, especially given the marginal spatial resolution of our
data for this source.

NGC7800, an irregular barred galaxy, deviates from the ex-
pected My —Mygo relation for the NFW and pISO profiles but
not for Einasto and Burkert. A possible reason can be induced
by its bar and asymmetric morphology. For this, we need to do a
detailed analysis of this galaxy.

4.2 Parametric versus non-parametric dark matter

Our mass modelling shows that all four DM halo profiles: NFW,
Burkert, pISO, and Einasto yield broadly consistent fits for most
galaxies in the GARCIA-I sample. The total halo mass My
and M/L remain stable across different models, except for two
galaxies (NGC7292 and NGC7610) where only r-band data were
available, resulting in less reliable M/L estimates. In contrast,
the concentration parameter C varies significantly between pro-
files due to its sensitivity to the inner halo structure. To fur-
ther probe the nature of the DM distribution, we conducted a
non-parametric analysis (Section 3.2.2) by subtracting the bary-
onic component from the observed rotation velocity and deriving
the corresponding DM density profile using equation (17). This
model-independent method is directly compared with the density
profiles inferred from our MCMC fits. Fig. 5 shows that, in the in-
ner regions of most galaxies, the DM density profiles derived from
the parametric and non-parametric approaches overlap closely
only for the NFW model. The Einasto and cored (Burkert and
pISO) profiles reproduce the outer parts of the rotation curves
reasonably well, but their inner densities deviate from the non-
parametric profiles. This difference arises because the paramet-
ric fits depend on the assumed halo shape, whereas the non-
parametric method is model-independent. If both methods trace
the true mass distribution, their inner density profiles should
agree; the closer match for the NFW case therefore suggests
that, within our data quality, the NFW profile provides the most
consistent description of the inner halo. This result aligns with
the findings of S. Kurapati et al. (2020), who also reported that,
when employing improved 3D modelling techniques for rota-
tion curve derivation, gas-rich void dwarf galaxies exhibit central
density slopes consistent with cuspy NFW profiles. The presence
of cuspy profiles in both dwarf (weak baryonic influence) and
normal galaxies (significant baryonic component present) im-

plies that DM halo structure is likely independent of baryonic
feedback. Though there are several studies showed that baryonic
feedback can play a crucial role in transforming central DM cusps
into cores, particularly in dwarf galaxies, as shown in numerous
hydrodynamical simulations and observational studies (e.g. R.
Teyssier et al. 2013; A. Benitez-Llambay et al. 2019). Our sample
encompasses a range of morphologies, including galaxies with a
significant baryonic component, yet they exhibit a similar trend
to that observed in dwarf systems.

From the mass modelling of NGC7800 (Fig. 2), we observe
in the corner plots that the distributions of the concentration
parameter C and halo mass My, are elongated for the NFW,
Einasto, and Burkert profiles, whereas for the pISO profile, the
contours are more circular and less correlated. This trend is con-
sistent across most galaxies in our sample, with the elongation
in the Myy — C plane increasing from cored to cuspy profiles.
The observed elongation suggests a degeneracy between Mg
and C in the inner regions of the halo, reflects the well-known
concentration-mass (C — M) relation (e.g. J. S. Bullock et al.
2001; D. H. Zhao et al. 2003; Y. Lu et al. 2006; A. V. Maccio et al.
2008; A. A. Dutton & A. V. Maccio 2014; C. A. Correa et al. 2015; B.
Diemer & A. V. Kravtsov 2015; A. Klypin et al. 2016, etc.) in halo
fits. In cuspy profiles, the central density rises steeply, providing
more flexibility in fitting the inner rotation curve through adjust-
ments in either mass or concentration. In contrast, cored profiles
exhibit a flat inner density distribution, requiring a larger total
mass to reproduce a steep inner rotation curve. This reduces the
flexibility of the concentration parameter, making it more tightly
constrained compared to cuspy profiles.

Our analysis confirms that the galaxies in the GARCIA-I sam-
ple broadly follow the expected M —Mjqo relation, supporting
the well established empirical link between baryonic and DM
components in galaxy formation. However, some galaxies show
deviations from this relation. These discrepancies may arise from
various astrophysical processes. For instance, past merger events
or tidal interactions can disrupt the baryonic structure and sup-
press star formation, resulting in lower stellar masses for a given
halo mass (J. S. Spilker et al. 2022). Morphological disturbances,
such as asymmetries or warps, can also impact mass estimates. In
addition to physical effects, some of the observed scatter appears
to be artificial, particularly for fits involving the cored pISO pro-
file. In several cases, this model tends to overestimate the halo
mass M, leading to an offset from the expected relation. This
trend is evident in Fig. 3. The presence of a bar can complicate the
derivation of accurate rotation curves, particularly in the inner
regions where non-circular motions and the bar’s pattern speed
may bias the kinematic modelling. In this study, we did not apply
any specific correction for the non-circular motions associated
with bar dynamics. In our pilot sample, four galaxies (NGC0784,
NGC1156, NGC7741, and NGC7800) exhibit bar-like structures.
While these effects likely contribute to the deviations observed,
a more detailed investigation would be necessary to quantify the
impact of bar-driven perturbations on mass modelling results.

5 SUMMARY

In summary, we have modelled a pilot sample of GARCIA galax-
ies using four different DM halo profiles via MCMC. We found
that all profiles yield consistent fits for most galaxies. However,
based on the reduced x? values, it is difficult to identify a single
preferred halo model across the sample. We subtracted the bary-
onic contribution from the observed rotation velocity and derived
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the corresponding DM density profile to further investigate the
DM distribution. We find that the inner mass distribution for the
GARCIA sample is more consistent with a cuspy NFW profile. In
contrast, previous studies based on 2D rotation curve modelling
often favoured cored profiles. These results underscore the im-
portance of employing careful 3D modelling with high-resolution
kinematic data to accurately constrain the rotation curve and
better understand the nature of DM distribution in galaxies. Some
recent 3D kinematic modelling (e.g. J. I. Read et al. 2017; P. E.
Mancera Pifa et al. 2022, 2025) report the presence of cores in
several galaxies, though this outcome is not universal and appears
to depend on galaxy properties and data quality. Our analysis is
subject to different limitations that we plan to address in forth-
coming work. First, the present study is based on a pilot sample
of 11 galaxies, the forthcoming GARCIA-batch II samples will
provide a substantially larger (~ 25) and more diverse data set
which will provide improved statistics and a better understanding
of halo properties across different morphological types. Second,
the mass models assume a radially constant M/L ratio; although
this is not expected to strongly bias our main conclusions, future
papers will relax them by explicitly accounting for exploring radi-
ally varying M/L profiles informed by multiband photometry and
stellar population modelling, and by quantifying the impact of
non-circular motions, mainly in barred galaxies. We plan to carry
out a detailed comparison between bulge-disc decompositions,
MGE modelling, and variable M/L for the full GARCIA-II sample
in a subsequent paper. Third, our study does not include the
molecular gas component because CO observation are not avail-
able for the full pilot sample; in future work we will incorporate
H, either from direct CO observations to obtain a more complete
baryonic budget. The current findings are based on a relatively
small sample and moderate-resolution data from GMRT. With
the advent of next-generation radio telescopes such as the Square
Kilometre Array, which will provide unprecedented sensitivity
and spatial resolution, future studies will be able to resolve the in-
ner kinematics of galaxies more precisely. This will significantly
enhance our ability to distinguish between cored and cuspy halo
profiles, refining our understanding of galaxy formation and DM
physics.
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APPENDIX A: SCALED DARK MATTER
DENSITY PLOT WITH FIDUCIAL VALUE

We repeated the non-parametric analysis using the stellar velocity
contribution, Vi, using a fiducial M/L ratio at 3.6 um of 0.6
with an associated uncertainty of 0.1 dex, following S. E. Meidt
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et al. (2014). This constant value provides a robust estimate for
old stellar populations with minimal bias from dust emission
or young stellar populations. For most galaxies, we applied this
value directly to the Spitzer IRAC 3.6 pm images to convert sur-
face brightness to stellar mass surface density, followed by MGE
fitting and JAM to obtain Vy,.

Two galaxies in our sample NGC7610 and NGC7292 do not
have 3.6 um data. For these, we derived the M/L ratio using the
colour-based prescription from E. F. Bell et al. (2003):

10g10(M/L)r =a,+b,(g—71), (A1)

where a, and b, are the coefficients for r band taken from table A7
in E. F. Bell et al. (2003), and (g — r) colours were taken from SDSS
DR18 photometry (A. Almeida et al. 2023). The resulting M/L
values were then applied to construct the stellar mass distribution
and compute Vi, using the same MGE + JAM procedure as
for the rest of the sample. Then the stellar velocity component,
together with the previously derived gas velocity component (P.
Biswas et al. 2023), was combined to form the baryonic contri-
bution. This baryonic contribution was then subtracted from the
observed rotation curve to obtain the DM velocity component.
Using this DM component, we constructed the scaled density
distribution following equation 17 (see Section 3.2.3).

Fig. Al presents the scaled DM density profiles for four dif-
ferent halo models. In each panel, the dashed lines represent
the parametric DM densities from MCMC-based mass modelling
(see Section 3.2.1), while the circles show the non-parametric
DM densities derived directly from the data (see Section 3.2.2).
The overall trends remain consistent with our earlier results: the
outer regions exhibit good agreement between the parametric
and non-parametric profiles, whereas cored profiles continue to
show systematic deviations in the inner regions.

APPENDIX B: IMPACT OF BULGE-DISC M/L
VARIATIONS

In the main analysis, we adopt a single M/L, for the full stellar
component of each galaxy. However, as discussed in Section 3.2.1,
M/L may differ between structural components. Therefore, we
have done mass modelling for one of the galaxies (NGC4068,
the galaxy with the highest bulge fraction in our sample) with
different M/L for the bulge and disc.

To separate the stellar contribution into bulge and disc com-
ponents at the level of the circular velocity calculation, we first
decomposed the observed surface brightness distribution into
two structural components using the bulge_disk = Truein
MGE analysis. Each component is described by its own set of
Gaussian amplitudes (%), dispersions (o), and observed axial
ratios (qobs,j). We have fittted the MGE model surface brightness
profile with a Sérsic (bulge) plus an exponential (disc) model and
used the intersection radius of the two profiles to define a tran-
sition between the components. The stellar circular velocity con-
tributions of the bulge and disc were computed independently
by scaling the surface brightness amplitudes of the Gaussians as-
signed to each component by their respective mass-to-light ratios,
(M/L)puige and (M/L)gisc. The total stellar circular velocity was
then constructed by adding the bulge and disc contributions in
quadrature,

Vstar(R) = Vbz

ulge(R) + deisc(R)' (Bl)

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

Name Disc Bulge
NGC0784 0.998 0.002
NGC1156 - -
NGC3027 0.887 0.113
NGC3359 0.816 0.184
NGC4068 0.637 0.363
NGC4861 1.00 -
NGC7292 - -
NGC7497 0.909 0.091
NGC7610 - -
NGC7741 0.849 0.151
NGC7800 0.790 0.210

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

Van(R) = V2, (R) + Vi (R) + Vo (R). (B2)

Table B1 represents the bulge-to-total (B/T) light ratio for
our galaxies, B/T is not available in literature for three galaxies
(NGC1156, NGC7292, and NGC7610). We considered NGC4068,
which has the highest bulge fraction in our sample (B/T= 0.363,
Table B1). For this galaxy we presented here the mass modelling
in two configurations: (i) a single stellar M/L applied to all MGE
Gaussians (our fiducial setup), and (ii) different M/L to MGE
Gaussians coming from bulge and disc, M/Lyuge and M/Lgisc pa-
rameters, both fitted with MCMC.

The resulting best-fitting parameters are summarized in Table
B2, and the corresponding rotation curves and posterior distribu-
tions are shown in Fig. B1. Allowing different bulge and disc M/L
values produces only small changes in the derived rotation curves
and halo parameters: the best-fitting M,o9, M/L and concentra-
tion, and total stellar mass (see Table B2) all remain consistent
within the error bars.

These tests indicate that, even for the galaxy with the largest
B/T in our sample, adopting a single global stellar M/L does
not significantly bias our main conclusions on halo masses and
concentrations. Given the relatively small bulge fractions of
most galaxies in the pilot sample, the single-M/L approach pro-
vides an adequate and internally consistent description of the
stellar contribution to the rotation curves. The MGE method
is sufficiently flexible to reproduce the surface brightness dis-
tributions of realistic, multicomponent galaxies; however, en-
ablingbulge disk = True restricts the photometry to a two-
component representation, which can reduce the generality of
the MGE description for complex morphologies. We will compare
different modelling approaches for the full GARCIA-II sample,
including MGE with a single M/L, bulge-disc decompositions
with distinct M/L values, and with a radially varying (M/L) in
forthcoming paper.
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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 Moo [Mg] Mstar [Mo] (e}
NGC4068 Single M/L 0.51£0.16 1.6731 x 101 (1.24+0.4) x 10 13121
Different M/L (M/L)q = 0471017 (M/L), = 0.277313 1.73732 x 101 (1.17 £0.39) x 10° 1237370
Galaxy NGC4068; MGE: IRAC 3.6 micron
R [Kpc] R [Kpc]
0,00 1.06 2.13 3.19 4.26 0.00 1.06 .13 3.19 4.26
40 40
35 35
30 30
% 25 7 25
E20 £20 i
=15 >15
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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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