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A B S T R A C T 

We construct the Schwarzschild dynamical models for 11 early-type galaxies with the SAURON and Mitchell stellar IFUs out 
to 2–4 R e , and construct dynamical models with combined stellar and H I kinematics for a subsample of four galaxies with H I 

velocity fields out to 10 R e obtained from the Westerbork Synthesis Radio Telescope, thus robustly obtaining the dark matter 
content out to large radii for these galaxies. Adopting a generalized-NFW dark matter profile, we measure an NFW-like density 

cusp in the dark matter inner slopes for all sample galaxies, with a mean value of 1.00 ± 0.04 (rms scatter 0.15). The mean dark 

matter fraction for the sample is 0.2 within 1 R e , and increases to 0.4 at 2 R e , and 0.6 at 5 R e . The dark matter fractions within 1 R e 

of these galaxies are systematically lower than the predictions of both the TNG-100 and EAGLE simulations. For the dark matter 
fractions within 2 R e and 5 R e , 40 and 70 per cent galaxies are 1 σ consistent with either the TNG-100 or the EAGLE predictions, 
while the remaining 60 and 30 per cent galaxies lie below the 1 σ region. Combined with 36 galaxies with dark matter fractions 
measured out to 5 R e in the literature, about 10 per cent of these 47 galaxies lie below the 3 σ region of the TNG-100 or EAGLE 

predictions. 

Key words: galaxies: haloes – galaxies: kinematics and dynamics – galaxies: structure – dark matter. 
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 I N T RO D U C T I O N  

n the context of cold dark matter cosmology (Blumenthal et al. 
984 ; Davis et al. 1985 ), galaxies form in the centres of dark matter
aloes. The distribution of dark matter within galaxies is affected not 
nly by the characteristics of dark matter particles (e.g. Kaplinghat, 
ulin & Yu 2016 ; Robertson et al. 2018 ) but also by the presence of
aryonic matter during galaxy formation. Star formation is regulated 
y a series of feedback mechanisms, such as active galactic nucleus 
eedback (e.g. Di Matteo, Springel & Hernquist 2005 ; Hopkins et al.
006 ; Debuhr et al. 2010 ) and supernova feedback (e.g. Strickland &
eckman 2009 ; Ostriker & Shetty 2011 ). These processes transfer

nergy to dark matter particles through dynamical friction, thus 
ltering the distribution of dark matter within galaxies (e.g. Navarro, 
ke & Frenk 1996a ; Read & Gilmore 2005 ; Cole, Dehnen &
ilkinson 2011 ). In shallow gravitational potential wells, such as 

hose of dwarf galaxies, baryonic feedback has a noticeable effect on 
he dark matter distribution, which can explain the observed ‘cored’ 
ark matter distribution (Read, Walker & Steger 2019 ). Ho we ver,
or massive galaxies, baryonic feedback might not be enough to 
 E-mail: myang@shao.ac.cn (MY); lzhu@shao.ac.cn (LZ) 
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ignificantly modify the distribution of dark matter (Tollet et al. 
016 ; Bullock & Boylan-Kolchin 2017 ; Hopkins et al. 2018 ). 
Various techniques are employed to investigate dark matter in 

alaxies, such as strong lensing (e.g. Bolton et al. 2008 ; Barnab ̀e
t al. 2012 ; Oguri, Rusu & Falco 2014 ; Leier et al. 2022 ), hot
nterstellar X-ray gas (e.g. Fukazawa et al. 2006 ; Harris et al. 2019 ,
020 ), and dynamical methods. Rotation curv es hav e been widely
sed to late-type galaxies in the local universe (e.g. Oh et al. 2008 ;
artinsson et al. 2013 ; Oh et al. 2015 ; Relatores et al. 2019 ; Tortora

t al. 2019 ) and at higher redshift z ∼ 1–2 (e.g. Tiley et al. 2019 ;
enzel et al. 2020 ; Sharma, Salucci & van de Ven 2021 , 2022 ; Nestor
hachar et al. 2023 ), but their applications in early-type galaxies
re limited. Dynamical modelling is a key method for accurately 
etermining the dark matter distributions in early-type galaxies 
ith complicated dynamical structures: spherical Jeans models 

Binney & Mamon 1982 ; Tonry 1983 ) suffer from a mass-anisotropy
e generac y, which requires further assumptions to infer the mass
istribution; anisotropic Jeans models (Cappellari 2008 ) reduce ad- 
oc assumptions of underlining structures for axisymmetric galaxies; 
article-based made-to-measure models (Syer & Tremaine 1996 ) and 
rbit-based Schwarzschild models (Schwarzschild 1979 ) sidestep 
his de generac y and succeed in modelling triaxial galaxies. 

Most studies that assess the dark matter mass fraction of large
amples with dynamical modelling rely on stellar kinematic data 
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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Table 1. Basic information of sample galaxies. All values are taken from Cappellari et al. ( 2011 ), except that the K -band stellar mass M ∗, K is estimated from 

M K according to equation (2) in Cappellari ( 2013 ), and R e in kpc is calculated from R e in arcsec and distance. FR/SR stands for fast-rotators/slow-rotators as 
classified in Cappellari et al. ( 2011 ). 

Galaxy RA( ◦) DEC( ◦) FR/SR Distance (Mpc) M K log ( M ∗, K /M �) R e (arcsec) R e (kpc) 

NGC0680 27.447035 21.970827 FR 37 .5 −24.17 11 .09 14 .5 2 .64 
NGC1023 40.100052 39.063251 FR 11 .1 −24.01 11 .02 47 .9 2 .58 
NGC2685 133.894791 58.734409 FR 16 .7 −22.78 10 .48 25 .7 2 .08 
NGC2764 137.072983 21.443447 FR 39 .6 −23.19 10 .66 12 .3 2 .36 
NGC3522 166.668549 20.085621 SR 25 .5 −21.67 9 .99 10 .2 1 .26 
NGC3998 179.484039 55.453564 FR 13 .7 −23.33 10 .73 20 .0 1 .33 
NGC4203 183.770935 33.197243 FR 14 .7 −23.44 10 .77 29 .5 2 .1 
NGC5582 215.179703 39.693584 FR 27 .7 −23.28 10 .7 27 .5 3 .69 
NGC5631 216.638687 56.582664 SR 27 .0 −23.70 10 .89 20 .9 2 .74 
NGC6798 291.013306 53.624752 FR 37 .5 −23.52 10 .8 16 .9 3 .07 
UGC03960 115.094856 23.275089 SR 33 .2 −21.89 10 .09 17 .4 2 .8 

f  

a  

S  

2
2  

m  

d  

d  

u  

2
 

w  

A  

l  

2  

2  

b  

a  

(  

d  

R  

2  

(  

2  

2  

f  

o  

g  

a  

M  

a  

f  

 

p  

d  

s  

5  

a  

m  

s  

b  

t  

i  

T  

m  

e  

m
 

i  

s  

d  

m  

m  

o  

t

2

W  

2  

e  

T  

r  

d  

b  

s  

i  

o  

e  

2  

2  

i  

o  

g  

r  

s  

r  

e  

m
 

o  

M  

o  

∼  

b  

A  

N  

c  

S  

t  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/528/3/5295/7601384 by U
niversità di Parm

a user on 13 M
arch 2024
rom spatially resolved integral field unit (IFU) spectrographs, such
s Atlas 3D (Cappellari et al. 2011 ), CALIFA (S ́anchez et al. 2012 ),
AMI (Croom et al. 2012 ), and SDSS-IV MaNGA (Bundy et al.
015 ). Ho we ver, these data only cover the brightest central 1–
 ef fecti ve radii ( R e ) of galaxies, where the contribution of dark
atter is minimal. Therefore, using only these stellar kinematic

ata to measure the properties of dark matter haloes (including the
ark matter fraction and density profile) can lead to considerable
ncertainties (Cappellari et al. 2013 ; Zhu et al. 2018 ; Santucci et al.
022 ; Zhu et al. 2023 ). 
In order to obtain more precise measurements of dark matter,

e require kinematic data extending to the outskirts of galaxies.
lthough stellar kinematics using extended IFU spectrographs and

ong-slit spectrographs (Weijmans et al. 2009 ; Forestell & Gebhardt
010 ; Cappellari et al. 2015 ; Boardman et al. 2016 ; Comer ́on et al.
023 ) can provide such measurements, the amount of data is limited
y the required long exposure time. Therefore, other extended tracers
re often used to measure dark matter distributions. Planetary nebulae
PNe) and globular clusters (GCs) are commonly employed for
ark matter measurements independently (C ̂ ot ́e et al. 2001 , 2003 ;
omanowsky et al. 2003 ; Deason et al. 2012 ; Alabi et al. 2016 ,
017 ; Dumont et al. 2023 ), or in combination with stellar kinematics
de Lorenzi et al. 2008 , 2009 ; Napolitano et al. 2009 ; Das et al.
011 ; Napolitano et al. 2011 ; Morganti et al. 2013 ; Napolitano et al.
014 ; Zhu et al. 2014 , 2016 ; Li et al. 2020 ; Yuan et al. 2022 ), mostly
or the most massive early-type galaxies, where there are enough
f these tracers to make measurements. On the other hand, the H I

as rotation curve is a powerful tracer of dark matter mass in late-
nd early-type galaxies (de Blok et al. 2008 ; Oh et al. 2011 ; Lelli,
cGaugh & Schombert 2016 ). Combining H I gaseous kinematics

nd stellar IFUs can provide strong constraints on the dark matter
raction of galaxies from the inner to outer regions (Yang et al. 2020 ).

Current measurements of dark matter fractions in galaxies, in com-
arison to cosmological numerical simulations (Lo v ell et al. 2018 ),
emonstrate the following: (1) Different cosmological numerical
imulations do indeed produce varying dark matter fractions within
 R e ; (2) Observations that reach out to 5 R e are inadequate and display
 considerable scatter, with few measurements in galaxies with stellar
asses below 10 10 M �; (3) Dark matter fractions measured using

tellar kinematics only co v ering 1–2 R e may be affected by systematic
iases due to the de generac y between dark matter and baryonic mat-
er. Consequently, the existing observational data are not enough to
mpose stringent constraints on cosmological numerical simulations.
o ef fecti vely constrain cosmological numerical simulations, precise
easurements of dark matter fractions are needed from large samples
NRAS 528, 5295–5308 (2024) 
xtending to large radii, while breaking the degeneracy between dark
atter and baryonic matter. 
This paper aims to measure the dark matter profiles of a selection of

ntermediate mass early-type galaxies with extended kinematics. We
tructure this paper as follows: Section 2 introduces the sample and
ata used in our dynamical models. Section 3 outlines our dynamical
odelling method. Section 4 presents our results, including the dark
atter fractions and the total density slopes. In Section 5 , we discuss

ur results and compare them with simulations and observations in
he literature. Finally, Section 6 summarizes our work. 

 SAMPLE  A N D  DATA  

e choose the sample of 12 ETGs presented in (Boardman et al.
017 ), with the exception of NGC 3626 due to its strong bar (Salo
t al. 2015 ). Details of the 11 galaxies in our sample are shown in
able 1 . This sample has a stellar mass range of 10 10 –10 11 M � and a
ange in ef fecti ve radius of 1–4 kpc, and includes three slo w-rotators
ominated by random motions and eight fast-rotators dominated
y circular motions, as classified in Cappellari et al. ( 2011 ). We
how the mass-size relation of the sample in Fig. 1 , and compare
t with the full Atlas 3D sample. We also plot the mass-size relations
f the early-type galaxies in the TNG-100 simulation (Marinacci
t al. 2018 ; Naiman et al. 2018 ; Nelson et al. 2018 ; Pillepich et al.
018 ; Springel et al. 2018 ) and the EAGLE simulation (Crain et al.
015 ; Schaye et al. 2015 ), in which the R e of a simulated galaxy
s obtained by projecting this galaxy along a random direction to
btain its surface brightness (Genel et al. 2018 ), and the early-type
alaxies are defined as central galaxies with a specific star formation
ate (sSFR) lower than 10 −11 yr −1 in both simulations. Cosmological
imulations have not been able to accurately replicate the mass-size
elation seen in observations, especially at the high-mass end (Lo v ell
t al. 2018 ), which could lead to discrepancies when using R e to
easure enclosed dark matter fractions. 
We used the r -band images obtained with the MegaCam instrument

n the Canada-France-Hawaii Telescope (CFHT) as part of the
ATLAS surv e y (Duc et al. 2015 ). This instrument has a wide field-

f-view of 1 deg 2 , and these images have a limiting magnitude of
29 mag arcsec −2 in the r -band, which allows us to trace the surface

rightness out to 5 R e , beyond the range of our kinematic data sets.
s the MATLAS r -band images of most sample galaxies (all except
GC 2764, NGC 6798, and UGC 03960) are saturated in the galaxy

entre, we also use their r -band images taken from the Panoramic
urv e y Telescope and Rapid Response System (Pan-STARRS) for

he correction of saturation, which are stacked from short-exposure
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Figure 1. Mass-size relation of all sample galaxies, with the fast-rotators 
marked in blue and slow-rotators marked in red. The M ∗ here is calculated 
from M K according to equation (2 ) of Cappellari et al. ( 2013 ). The grey dots 
are all the galaxies in the Atlas 3D Surv e y (Cappellari et al. 2011 ). The gold 
and violet solid curves are the mass-size relations of the early-type galaxies in 
the TNG-100 and EAGLE simulations, and the corresponding dark and light 
shaded areas co v er the 16th to 84th fractiles and 0.15th to 99.85th fractiles, 
respectively. 
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mages to reach a limiting magnitude of 23.2 in the r -band. We refer
he reader to Chambers et al. ( 2016 ) and the references therein for
urther information on Pan-STARRS. 

This sample of galaxies has two sets of stellar kinematic data. The
entral stellar kinematics were observed with the SAURON integral 
eld spectrograph on the William Herschel Telescope (Bacon et al. 
001 ) in the Atlas 3D Surv e y (Cappellari et al. 2011 ). The SAURON
ntegral field spectrograph has a field-of-view of 33 × 41 arcsec 2 

ith lenslets of 0.94 arcsec 2 and an instrumental velocity dispersion 
f 105 km s −1 , and co v ers the central 1 R e of the sample galaxies.
he spectra were Voronoi binned (Cappellari & Copin 2003 ) to a
ignal-to-noise ratio of 40, and fitted with the penalized pixel fitting 
ethod (pPXF; Cappellari & Emsellem 2004 ) to obtain the stellar

inematics (v elocity, v elocity dispersion, and Gaussian-Hermite 
oments h 3 , h 4 ). 1 The extended stellar kinematics was observed 
ith the Mitchell integral field spectrograph (Hill et al. 2008 ) on the
arlan J. Smith telescope, as presented in Boardman et al. ( 2017 ).
he Mitchell integral field spectrograph has a large field-of-view of 
.68 × 1.68 arcmin 2 , a large fibre size of 2.08 arcsec and a maximum
nstrumental velocity resolution of 42 km s −1 , and co v ers 2–4 R e for
he sample galaxies. The stellar kinematics were obtained with the 
PXF method, which includes the upgrades described in (Cappellari 
017 ), on spectra that were Voronoi binned to a target signal-to-noise
atio of 20. 

All of the sample galaxies were observed with the Westerbork 
ynthesis Radio Telescope (WSRT) and showed extended H I discs 
r rings in the intensity maps (Serra et al. 2012 ). Ho we ver, only a
ubsample of four galaxies shows regular rotating features in their 
 I velocity fields in deeper observations with the WSRT: NGC 2685,
GC 4203, NGC 5582, and NGC 6798 (see Appendix A for these
elocity maps). The observing time for these follow-up observations 
 The stellar kinematics of NGC 1023 and NGC 2685 were observed and first 
resented in Emsellem et al. ( 2004 ), and these observations were re-reduced 
s part of the Atlas 3D Surv e y 

t
o  

t  

d  
as 9 × 12 h for each galaxy. The raw data were processed and
alibrated using the MIRIAD software package (Sault, Teuben & 

right 1995 ), resulting in a datacube with a spectral resolution of
6 km s −1 . We note that the observations of NGC 2685 and NGC
203 were presented in J ́ozsa et al. ( 2009 ) and Yıldız et al. ( 2015 ),
espectively, and refer the readers to Yıldız et al. ( 2015 ) for more
etails about the data reduction. 

 M E T H O D S  

or the entire sample, we construct the Schwarzschild model 
ith two-aperture stellar kinematics, the SAURON data and the 
itchell data. For the subsample with available WSRT data, we also

uild dynamical models combining two-aperture stellar kinematics 
nd H I velocity fields: the stellar kinematics is modelled with a
chwarzschild model, while the H I velocity fields are modelled as a

hin ring misaligned with the stellar disc. In this section, we use NGC
203 from the subsample to demonstrate our methods. We begin 
y constructing the gravitational potential of the galaxy. We then 
llustrate the stellar orbit library used in the Schwarzschild models 
nd the misaligned gas model for the H I discs of the subsample.
ubsequently, we select the best-fitting model and determine the 1 σ
onfidence levels. Finally, we obtain the mass budget, particularly 
he dark matter fraction, from the models. 

.1 Gravitational potential 

he gravitational potential of the galaxy is contributed by three 
omponents: stars, a dark matter halo, and a central black hole. One
ey point to break the stellar-dark matter degeneracy is to describe
he stellar mass distribution precisely. 

The stellar mass distribution of a galaxy is equal to its surface
rightness times its stellar mass-to-light ratio. For the sample galaxies
ith no saturation in the central region of the MATLAS r -band image,
e adopt the MATLAS r -band image as the surface brightness. For

he rest of the sample galaxies, we first match and calibrate the
an-STARRS images referring to the MATLAS r -band image; we 

hen replace the saturated central region in the MATLAS r -band
mage with the Pan-STARRS one to generate a combined image; we
nally adopt the combined image as the surface brightness, and mask
oreground stars and their saturation. We fit the surface brightness 
ith the sum of multiple two-dimensional Gaussian profiles (MGE; 
msellem, Monnet & Bacon 1994 ; Cappellari 2002 ), and show the
GE fitting of NGC 4203 in the top panel of Fig. 2 . 
The sample galaxies display strong gradients in their r -band mass-

o-light ( M ∗/ L r ) ratio obtained from the SAURON spectra Poci,
appellari & McDermid ( 2017 ) and the V -band mass-to-light ratio
 M ∗/ L v ) obtained from the Mitchell spectra (Boardman et al. 2017 ),
hich are obtained with the stellar population synthesis models. 
herefore, we take the mass-to-light ratio gradient into account 

nstead of assuming a constant mass-to-light ratio (Yang et al. 2020 ).
e first rescale the Mitchell M ∗/ L v linearly to match the SAURON
 ∗/ L r . We then generate a set of mass MGEs, ensuring that the

orresponding mass-to-light ratio obtained from the mass and surface 
rightness MGEs is consistent with the observational one. We show 

he fitting of the mass-to-light gradient of NGC 4203 in the right-hand
anel of Fig. 2 . 
The stellar mass and the corresponding mass-to-light ratio ob- 

ained through stellar population models are affected by the selection 
f the initial mass function (IMF; Santini et al. 2012 ). To account for
his, we introduce a scaling factor α to indicate the total mass scale
ue to the IMF: α = 1.0 is set to the stellar mass produced by the
MNRAS 528, 5295–5308 (2024) 
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Figure 2. Top: MGE fitting of the r -band image of NGC 4203, with 
the surface brightness contours in black and its MGE model in red. The 
foreground star on the top right and its saturation were masked in the fitting. 
Bottom: r -band mass-to-light ratio gradient of NGC 4203. The blue dots 
and the corresponding uncertainties are the median values and the scatters of 
the r -band mass-to-light in each radial bin of Poci, Cappellari & McDermid 
( 2017 ). The green dots and the corresponding uncertainties are the V -band 
mass-to-light ratio from Boardman et al. ( 2017 ) and linearly rescaled to match 
the r -band data. The orange dots are the extensions of the farthest green 
dot to 200 arcsec with twice the uncertainty to a v oid nonphysical values or 
o v erfitting. The red curve is the best-fitting result. 
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Table 2. Position angle (clock-wise from west to its major- 
axis) and inclination for the subsample. ψ 1 : position angle 
measured from the Mitchell stellar velocity field; ψ 2 and i 2 : 
position angle and inclination measured from the H I velocity 
field, and we show i 2 in the form of cos i 2 as it is the direct 
output of KINEMETRY . 

Galaxy ψ 1 ψ 2 cos i 2 

NGC2685 53 .5 ◦ 40 .5 ◦ 0.267 
NGC4203 − 104 .5 ◦ 64 .0 ◦ 0.835 
NGC5582 59 .5 ◦ 58 .0 ◦ 0.683 
NGC6798 − 49 .0 ◦ 145 .0 ◦ 0.525 
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alpeter IMF (Salpeter 1955 ), while the Kroupa IMF (Kroupa 2001 )
roduces a stellar mass roughly with α = 0.6 (Speagle et al. 2014 ). 
We then deproject the two-dimensional MGE model to a triaxial
GE model with a set of viewing angles ( θ , ψ , φ). The viewing

ngles are linked to the three ratios of the intrinsic shape of the galaxy
 p , q , u ) (van den Bosch et al. 2008 ), which are the free parameters
f the gravitational potential. We set the minor-to-major axis ratio q
nd the intermediate-to-major axis ratio p as free parameters to allow
riaxiality, and fix u = 0.9999 to reduce model freedom. 

We choose a spherical generalized-NFW profile (Zhao 1996 ;
avarro, Frenk & White 1996b ) for the dark matter halo, 

( r ) = 

ρs 

( r /r s ) γ [1 + ( r/r s ) η] (3 −γ ) /η
. (1) 

hich contains four parameters: ρs is the scale density, r s is the scale
adius, γ is the inner slope (when γ = 1, it reduces to the NFW
rofile), while η controlling the turning point is fixed to 2. 
The central black hole is regarded as a point source with a softening

ength. Because it is not resolved by the kinematic data and has little
NRAS 528, 5295–5308 (2024) 
ffect on the result, we fix its mass at 10 6 M � and its softening length
t 10 −3 pc. 

In total, we have six free parameters in the dynamical model:
he total mass scale α, the minor-to-major axis ratio q , and the
ntermediate-to-major axis ratio p , the scale density ρs , the scale
adius r s , and the inner slope γ of the dark matter halo. 

.2 Model of stellar kinematics 

e construct a Schwarzschild model for each set of parameters
sing the DYNAMITE package (Jethwa et al. 2020 ; Thater et al.
022 ), which is a modified version of a triaxial dynamical modelling
ode (van den Bosch et al. 2008 ) written in Python . We generate a
eneral orbit library and an additional box library based on the orbit
ampling method described in (van den Bosch et al. 2008 ; Yang et al.
020 ), and adopt a sampling number of each orbit library ( n E × n θ ×
 R for the general orbit library and n E × n θ × n φ for the box library)
f 45 × 15 × 13 with a dithering of 3 in every dimension to fit the
xtended stellar kinematics. 

The stellar kinematics have two apertures: the SAURON aper-
ure has a higher resolution within a smaller field-of-view that is
ompletely co v ered by the Mitchell one. To prevent the fitting from
eing biased toward the central region, we adjust the weights of
ach aperture in two steps: (1) we reduce the total weights of
he SAURON aperture by a factor of n bins, S / n bins, M 

, where n bins, S 

nd n bins, M 

are the number of bins for the SAURON and Mitchell
pertures, respectively; (2) we increase the weights of the outer
egions of the Mitchell aperture to make sure that their weights
re comparable to the central region. 

.3 Model of misaligned gas kinematics 

or each galaxy in the subsample, we measure the position angle
 ψ 1 ) of the Mitchell stellar velocity field, and the position angle
 ψ 2 ) and inclination ( i 2 ) of the H I velocity field using the package
INEMETRY (Krajnovi ́c et al. 2006 ), as shown in Table 2 . There is
 significant misalignment between the stellar disc (or the equatorial
lane of the stellar component) and the H I disc for NGC 4203, and a
lear misalignment for NGC 2685 and NGC 6798 (about 15 ◦ ignoring
ounter-rotation). The inclination of the stellar disc i 1 is actually the
iewing angle θ introduced in Section 3.1 , which is bound to the
tellar minor-to-major axis q . Considering that q is a free parameter
n the model, it is possible that there is a misalignment even for NGC
685 when taking the misalignment in the inclinations into account.
herefore, we build a misaligned gas model to describe the motions
f these H I discs for all galaxies in the subsample. 
As the gas discs still show nearly regular rotation in their velocity

elds, we assume that a particle on the gas disc circulates around
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ts own short axis with a circular velocity v c , and it reaches nearly
ynamical equilibrium in the radial direction of the stellar disc. We 
roject v c along the tangential direction of the stellar disc, 

 φ = 

r 0 cos δ

R 0 
v c , (2) 

here r 0 is its distance to the centre of the gas disc, R 0 is the distance
o the short axis of the stellar disc, and δ is the angle between the
xes of the stellar and gas disc. δ is connected to the position angle
nd inclination of the stellar disc ( ψ 1 , i 1 ) and those of the gas disc
 ψ 2 , i 2 ) by 

cos δ = cos i 1 cos i 2 ± sin i 1 sin i 2 cos ( ψ 1 − ψ 2 ) . (3) 

he ± sign takes into account the rotation direction of the inclination. 
n the most simplified case, where two discs have the same position
ngle and inclination ( ψ , i ), the + sign represents the two discs fully
ligned such that the model reduces to the H I model described in
ang et al. ( 2020 ), and the " −" sign represents the rare case, where

wo discs rotate an angle of i in opposite directions from the line of
ight, so that δ = 2 × i . 

The equation for the dynamical equilibrium is 

 φ = 

√ −AccR R 0 · R 0 , (4) 

here AccR R 0 is the gravitational acceleration along the radial 
irection of the stellar disc at the distance R 0 calculated from the
ravitational potential. Given the mass distribution of a galaxy and 
he position on the gas disc, we can deduce the circular velocity v c 
f the gas disc. 
The modelled light-of-sight velocity of the gas disc is given by 

 mod = v c sin i 2 cos φ′ , (5) 

here φ′ is the azimuthal angle from the observed major axis of the
as disc. The modelled velocity is then convolved with the beam 

f the observation for a direct comparison with the observational 
elocity. 

We will discuss this model of the misaligned gas kinematics further 
n Yang et al., (in preparation). 

.4 Confidence level 

e have a total of six free parameters. There are two parameters for
he stellar component sampled on linear grids: 

(i) q is the minor-to-major axis ratio, q ∈ [0.06, q max ] with a step
ize of 0.02, where q max is the maximum intrinsic flattening allowed 
y the observed axis ratio of the surface brightness for each galaxy; 
(ii) p is the intermediate-to-major axis ratio, p ∈ [0.90, 0.99] with 

 step size of 0.01 for a nearly oblate intrinsic shape with some
riaxiality still allowed. p is further released to lo wer v alues in the
ase that the best-fitting value hits the boundary. 

There are three parameters for the dark matter profile: 

(i) ρs is the central density sampled on a logarithmic grid, 
og [ ρs /(M � · pc −3 )] ∈ [ −5.00, −1.00] with a step of 0.25; 

(ii) r s is the scale radius sampled on a logarithmic grid, log ( r s /pc)
 [3.75, 5.50] with a step of 0.25; 
(iii) γ is the inner slope, γ ∈ [0.0, 2.0] on a linear grid with a step

f 0.1; 

The last is the total mass scale factor sampled on a linear grid: 

(i) α represents the total mass produced by different IMFs, α ∈ 

0.4, 1.6] with a step of 0.1. 
We explore the parameter grid by first creating the initial model
rom the given initial parameters and then computing the models 
djacent to the initial model in the parameter grid. We select some
odels with the lowest χ2 and calculate new models next to them,

epeating this step until no more new models are added. We finally
hoose the model with the least χ2 in the kinematic residual maps as
he best-fitting model, with 

2 = χ2 
star 

( + χ2 
gas 

)
. (6) 

The fluctuation in the observational data results in a fluctuation in
2 . Considering that we include weights in the stellar kinematics, 
e adopt the bootstrapping method to measure this fluctuation for 

tellar kinematics. We add Gaussian perturbations whose standard 
eviations equal the observational 1 σ uncertainties to the obser- 
ational stellar kinematics and measure its corresponding χ2 

bts . We 

epeat this process and take 
χ2 
star = χ2 

bts + σ ( χ2 
bts ) − χ2 

star, min as the

 σ confidence level for stellar kinematics, where χ2 
bts and σ ( χ2 

bts ) are
he mean and standard deviation of χ2 

bts and χ2 
star, min is the minimum 

f χ2 
star . We adopt 
χ2 

gas ∼
√ 

4 χ2 
gas , min − 2 N gas as the 1 σ confidence 

evel for gas kinematics (see Appendix B ), where χ2 
gas , min is the

inimum of χ2 
gas and N gas is the number of gas data points. In

he general case, where the model is a simplification of the data,

χ2 
gas ∼ 2 

√ 

χ2 
gas , min , consistent with the bootstrapping result in Yang 

t al. ( 2020 ). Therefore, the 1 σ confidence level is 

χ2 = 
χ2 
star 

( + 
χ2 
gas 

)
. (7) 

We show the best-fitting model with the combined stellar and H I

inematics of NGC 4203 in Fig. 3 as an example of our fit, in which
he major structures of the stellar kinematics and H I velocity fields
re reco v ered. 

.5 Mass budget 

e generate the enclosed mass profiles of the stellar, dark matter,
nd total mass from the model parameters for all sample galaxies
o exhibit their mass distribution. For each galaxy, we first select
ll models within its 1 σ confidence level. We then obtain the
nclosed mass profiles of stellar, dark matter, and total mass for
very model. We finally adopt the mean profile of all models within
he 1 σ confidence level and take the standard deviation as the 1 σ
ncertainties for the enclosed mass profiles of stellar, dark matter 
nd total mass, respectively. 

We obtain the dark matter fraction profiles, defined as the ratio of
he enclosed dark matter and total mass within a certain radius, for all
ample galaxies in a similar way. We first calculate the dark matter
raction profiles for every model within the 1 σ confidence level of
ach galaxy. We then adopt the mean dark matter fraction profile,
nd take the standard deviation as the 1 σ uncertainties. 

Fig. 4 shows the enclosed mass profile and dark matter fraction
rofile of NGC 4203 from two sets of models: one with combined
tellar and H I kinematics and the other with stellar kinematics only.
he figure extends to 5 R e , and the coverage of stellar kinematics is
arked with a red dashed line. The total enclosed mass profiles from

he two models are consistent within the 1 σ uncertainties within 
he co v erage of stellar kinematics: for NGC 4203, the model with
tellar kinematics reports a total mass of 2 . 2 + 0 . 6 

−0 . 5 × 10 10 M �, while the
odel with combined stellar and H I kinematics reports a total mass

f 2 . 8 + 0 . 6 
−0 . 6 × 10 10 M �, and we also obtain similar consistency for the

ther galaxies in the subsample. Ho we ver, the mass beyond is only
ccurately determined by the model with combined stellar and H I
MNRAS 528, 5295–5308 (2024) 
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Figure 3. Best-fitting model with combined stellar and H I kinematics of NGC 4203, with all maps rotated so that their major axis is aligned with the x -axis. 
The top and middle panels: SAURON and Mitchell stellar kinematics. In each of the top and middle panels: data (top), model (middle), and relative residual 
(bottom; defined as data-model/error) of the surface brightness, stellar v elocity, v elocity dispersion, and the third and fourth orders of Gauss–Hermite moments 
from left to right. The missing pixels in the Mitchell stellar are generated by gridding because of the gaps in the Mitchell fibres, which do not affect the dynamical 
modelling. The bottom panel: data (left), model (middle), and relative residual (right; defined as data-model/error) of the H I velocity. We have masked the 
regions that are possibly the H I blobs outside the disc, see Appendix A . 
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inematics. For NGC 4203, the stellar mass dominates the enclosed
ass within 2 R e (approximately 5 kpc), while dark matter dominates

utside of 5 R e (approximately 10 kpc). The models constrained by
tellar kinematics have considerable uncertainties in the dark matter
ass, especially when extrapolating to the outer re gions be yond the

ata co v erage, ev en though both SAURON and Mitchell kinematics
ere used. 
NRAS 528, 5295–5308 (2024) 

T

 RESULTS  

e list the best-fitting parameters using the two-aperture kinematics
or all sample galaxies in Table 3 . We also include the results of
ombining the stellar kinematics and the H I misaligned discs for
he subsample in additional columns for comparison and provide
he orientation of the H I discs calculated using equation ( 3 ) in 

able 4 . 
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Figure 4. Top: Enclosed mass profile of NGC 4203. The black, red, and 
blue curves stand for the total, stellar, and dark matter mass obtained by our 
dynamical models; the solid curves are from the model with combined stellar 
and H I kinematics, and the dotted curves are from the model with stellar 
kinematics. The corresponding shaded areas and typical errorbars show the 
1 σ uncertainties for each curve. Bottom: Dark matter fraction as a function 
of radius. The solid blue curve is from the model with combined stellar 
and H I kinematics, and the dotted blue curve is from the model with stellar 
kinematics. The corresponding shaded area and typical errorbars show the 
1 σ uncertainties for each line. The figure extends to 5 R e , the red dashed lines 
mark the co v erage of stellar kinematics. The H I kinematics extend to ∼400 
arcsec as labelled in the figure. 

Table 4. Orientations of misaligned H I discs. The projection 
direction represents ± in equation ( 3 ), and δ represents the 
angle between the rotating axes of the stellar and H I discs. 

Galaxy Projection direction δ

NGC2685 − 151 .4 ◦
NGC4203 − 21 .2 ◦
NGC5582 − 116 .1 ◦
NGC6798 + 123 .0 ◦
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Table 3. Best-fitting parameters of the sample galaxies. α indicates the stellar m
r s , and γ are the central density, the scale radius, and the inner slope of the dark
combined stellar and H I misaligned discs for the subsample. 

Galaxy α α∗ q q ∗
(1

NGC0680 0.50 ± 0.07 – 0.66 ± 0.08 – 8 . 3

NGC1023 0.60 ± 0.03 – 0.20 ± 0.05 – 1 . 6

NGC2685 0.81 ± 0.03 0.81 ± 0.03 0.22 ± 0.03 0.23 ± 0.03 0 . 4

NGC2764 1.19 ± 0.20 – 0.10 ± 0.05 – 9 . 1

NGC3522 0.59 ± 0.11 – 0.39 ± 0.10 – 3 . 4

NGC3998 1.04 ± 0.10 – 0.31 ± 0.08 – 6 . 2

NGC4203 0.47 ± 0.05 0.46 ± 0.05 0.63 ± 0.10 0.62 ± 0.09 0 . 8

NGC5582 0.78 ± 0.06 0.86 ± 0.05 0.47 ± 0.06 0.56 ± 0.01 1 . 5

NGC5631 0.72 ± 0.12 – 0.54 ± 0.15 – 11 .

NGC6798 0.64 ± 0.06 0.90 ± 0.05 0.20 ± 0.05 0.34 ± 0.02 0 . 9

UGC03960 0.93 ± 0.20 – 0.67 ± 0.09 – 3 . 1
.1 Stellar mass 

he total stellar masses of the sample galaxies are affected by the
hoices of the IMFs used in the stellar population models, and we
ave introduced a scaling factor α to indicate this mass scale. α
anges from ∼0.5 to ∼1.0, suggesting a wide IMF distribution from
roupa-like IMFs to Salpeter-like IMFs, and is not affected much by

ncluding the H I kinematics. Previous research has found that there
s an IMF variation in early-type galaxies, which correlates with 
actors such as the stellar mass-to-light ratio (Cappellari et al. 2012 )
nd velocity dispersion (Li et al. 2017 ; Zhou et al. 2019 ). Ho we ver,
e find no clear correlation between the preference of IMFs and other

tellar or kinematic features within our sample, which is probably 
he result of a limited sample size. 

Taking the scaling factor α into consideration, our full sample has 
 mean r -band stellar mass-to-light ratio of 3.5 M �/ L � at the galaxy
entre with a root mean square (rms) scatter of 1.2 M �/ L �, and
.4 M �/ L � at the galaxy outskirts with an rms scatter of 1.0 M �/ L �.

.2 Dark matter fraction 

e obtain the dark matter fraction within 1 R e , 2 R e , and 5 R e ( f DM 

( R e ),
 DM 

(2 R e ), and f DM 

(5 R e )) from the dark matter fraction profiles derived
n Section 3.5 , for all sample galaxies modelled with two-aperture
tellar kinematics and for galaxies in the subsample modelled with 
ombined stellar and H I kinematics, as listed in Table 5 . The full
ample modelled with stellar kinematics has a mean dark matter 
raction of 0.19 ± 0.03 with an rms scatter of 0.10 within 1 R e ,
.35 ± 0.04 with an rms scatter of 0.15 within 2 R e , and 0.62 ± 0.05
ith an rms scatter of 0.18 within 5 R e . The subsample modelled with
MNRAS 528, 5295–5308 (2024) 

ass scale factor; q is the intrinsic flattening of the stellar components; ρs , 
 matter halo profile. The asterisks represent the parameters obtained with 

ρs ρ∗
s r s r ∗s γ γ ∗

0 −3 M � pc −3 ) (kpc) 

 

+ 28 . 5 
−6 . 4 – 30 . 4 + 64 . 5 

−20 . 7 – 0.85 ± 0.33 –

 

+ 1 . 1 
−0 . 6 – 87 . 9 + 83 . 0 

−42 . 7 – 0.97 ± 0.15 –

 

+ 0 . 3 
−0 . 2 0 . 4 + 0 . 3 −0 . 2 85 . 8 + 83 . 5 

−42 . 3 78 . 1 + 70 . 4 
−37 . 0 1.13 ± 0.12 1.14 ± 0.12 

 

+ 8 . 5 
−4 . 4 – 12 . 1 + 8 . 2 −4 . 9 – 0.97 ± 0.22 –

 

+ 27 . 8 
−3 . 0 – 17 . 1 + 89 . 1 

−14 . 4 – 0.94 ± 0.29 –

 

+ 23 . 4 
−4 . 9 – 9 . 9 + 7 . 8 −4 . 4 – 1.01 ± 0.05 –

 

+ 4 . 3 
−0 . 7 4 . 0 + 9 . 5 −2 . 8 14 . 9 + 23 . 9 

−9 . 2 21 . 0 + 26 . 7 
−11 . 8 0.92 ± 0.44 0.86 ± 0.35 

 

+ 0 . 6 
−0 . 4 1 . 5 + 0 . 1 −0 . 1 25 . 4 + 8 . 6 −6 . 4 17 . 8 + 13 . 8 

−7 . 8 1.36 ± 0.12 1.24 ± 0.20 

 7 + 24 . 8 
−7 . 9 – 16 . 2 + 26 . 3 

−10 . 0 – 0.76 ± 0.45 –

 

+ 0 . 9 
−0 . 5 0 . 8 + 0 . 2 −0 . 2 90 . 0 + 72 . 5 

−40 . 2 17 . 8 + 13 . 8 
−7 . 8 1.07 ± 0.12 1.24 ± 0.15 

 

+ 5 . 9 
−2 . 0 – 30 . 8 + 48 . 2 

−18 . 8 – 0.99 ± 0.16 –
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Table 5. Dark matter fractions of all sample galaxies. The asterisks represent the dark matter fractions within 5 R e and 5 kpc obtained with combined stellar 
and H I misaligned discs for the subsample. 

Galaxy f DM 

( R e ) f DM 

(2 R e ) f DM 

(5 R e ) f ∗DM 

(5 R e ) f DM 

(1 kpc) f DM 

(5 kpc) f DM 

(10 kpc) f ∗DM 

(10 kpc ) 

NGC0680 0.21 ± 0.10 0.44 ± 0.13 0.75 ± 0.10 – 0.06 ± 0.04 0.42 ± 0.12 0.67 ± 0.12 –
NGC1023 0.12 ± 0.04 0.29 ± 0.06 0.64 ± 0.06 – 0.04 ± 0.02 0.28 ± 0.06 0.53 ± 0.07 –
NGC2685 0.13 ± 0.04 0.28 ± 0.06 0.64 ± 0.06 0.62 ± 0.06 0.05 ± 0.02 0.34 ± 0.06 0.62 ± 0.06 0.60 ± 0.07 
NGC2764 0.31 ± 0.10 0.48 ± 0.10 0.74 ± 0.06 – 0.22 ± 0.11 0.49 ± 0.09 0.70 ± 0.07 –
NGC3522 0.16 ± 0.13 0.30 ± 0.19 0.54 ± 0.25 – 0.12 ± 0.11 0.48 ± 0.24 0.65 ± 0.25 –
NGC3998 0.05 ± 0.06 0.12 ± 0.12 0.30 ± 0.23 – 0.03 ± 0.04 0.24 ± 0.19 0.40 ± 0.27 –
NGC4203 0.04 ± 0.05 0.09 ± 0.10 0.23 ± 0.21 0.58 ± 0.07 0.02 ± 0.03 0.11 ± 0.11 0.22 ± 0.20 0.56 ± 0.07 
NGC5582 0.23 ± 0.08 0.39 ± 0.10 0.63 ± 0.11 0.40 ± 0.08 0.08 ± 0.03 0.29 ± 0.09 0.47 ± 0.11 0.26 ± 0.08 
NGC5631 0.20 ± 0.15 0.39 ± 0.19 0.66 ± 0.22 – 0.07 ± 0.09 0.36 ± 0.18 0.58 ± 0.22 –
NGC6798 0.23 ± 0.06 0.45 ± 0.08 0.79 ± 0.05 0.29 ± 0.06 0.07 ± 0.03 0.38 ± 0.08 0.64 ± 0.07 0.19 ± 0.05 
UGC03960 0.41 ± 0.15 0.64 ± 0.13 0.85 ± 0.08 – 0.16 ± 0.10 0.60 ± 0.14 0.78 ± 0.09 –
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f 0.10 ± 0.02 with an rms scatter of 0.03 within 1 R e , 0.21 ± 0.03
ith an rms scatter of 0.06 within 2 R e , and 0.47 ± 0.03 with an rms

catter of 0.13 within 5 R e , which is lower than the full sample on
 verage b ut consistent with it within a 1 σ scatter. 

We plot the relation between the dark matter fractions and stellar
ass for the sample galaxies in the top panel of Fig. 5 . The results
ith two-aperture stellar kinematics are shown in empty red circles,
hereas the results with stellar and H I kinematics are shown in full
lue squares, connecting to their counterpart results in black dashed
ines. Among the four galaxies in the subsample, the dark matter
raction of NGC 2685 remains unchanged throughout all radii when
nclude H I kinematics, while the dark matter fraction of NGC 4203
ncreases, and the dark matter fractions of NGC 5582 and NGC
798 decrease, especially at f DM 

(5 R e ). This is due to the co v erage
f stellar kinematics. As Fig. 4 shows, the total enclosed mass
odelled with stellar kinematics is consistent with that modelled

ncluding H I kinematics within the co v erage of stellar kinematics,
ut the extrapolation to large radii is biased. The disparity in the
ractions of stellar and dark matter further enlarges the bias in the
ark matter fraction. Therefore, the dark matter fractions modelled
ith the stellar kinematics of a single galaxy can be randomly biased

t large radii beyond the scope of the data, leading to unchanged,
igher, or lower dark matter fractions. Nevertheless, the analysis
f a large sample of galaxies can still provide some observational
onstraints on the dark matter fractions. 

For comparison, we obtain analogous relations for the early-type
alaxies in the TNG-100 and EAGLE simulations. We calculate
ts dark matter fractions, defined as the ratio of the mass of dark
atter particles to that of all particles within a certain enclosed

adius scaled by R e , using the same method as that published by
he TNG-100 team (Lo v ell et al. 2018 ). We divide all simulated
arly-type galaxies within a mass range of 10 8 –10 12 M � into mass
ins with a logarithmic step of 0.5 and take the median dark matter
raction of each mass bin as the value, the 16 and 84 per cent fractiles
s the 1 σ scatter, and the 0.15 and 99.85 per cent fractiles as the 3 σ
catter. Galaxies in the EAGLE simulation have dark matter fractions
ystematically higher than the TNG-100 simulation, but with a much
arger scatter towards low dark matter fractions. 

There is a discrepancy between the observed dark matter frac-
ions and the simulation predictions. Compared to the TNG-100
imulation, approximately 30, 40, and 70 per cent of the galaxies in
he sample show f DM 

( R e ), f DM 

(2 R e ), and f DM 

(5 R e ) that is consistent
ithin a 1 σ scatter, while the remaining galaxies lie below the
 σ region, and 20 per cent galaxies have dark matter fractions
ying below the 3 σ region even at 5 R e . Compared to the EAGLE
NRAS 528, 5295–5308 (2024) 
imulation, still 30, 40 per cent of the galaxies in the sample show
 DM 

( R e ) and f DM 

(2 R e ) that are consistent within a 1 σ scatter. Ho we ver,
nly 40 per cent galaxies have f DM 

(5 R e ), which 1 σ is consistent with
he EAGLE simulation, and almost no galaxy has f DM 

(5 R e ) lying
elow the 3 σ region. 
Since the mass-size relation of this sample is not fully represen-

ative of the mass-size relations in the cosmological simulations,
e make a similar plot using the dark matter fraction within 1, 5,

nd 10 kpc ( f DM 

(1kpc), f DM 

(5kpc), and f DM 

(10kpc)) to a v oid the bias
aused by R e measurements, as shown in the bottom panel of Fig.
 . There is a turno v er around 10 10.5 M � in the relations from the
imulations when the radius is scaled by R e in the top panel, but
his turno v er is not present when the absolute radii are used in the
ottom panel, except for some galaxies with extremely low dark
atter fractions around 10 10.5 M � in the EAGLE simulation. 
The dark matter fractions observed using absolute enclosed

adii also show similar discrepancies to the relations predicted by
imulations, whose strength decreases with radius. The dark matter
ractions within 1, 5, and 10 kpc show similar discrepancies between
bservations and simulations as those within 1 R e , 2 R e , and 5 R e . This
imilarity suggests that the difference of R e between the observed
nd simulated galaxies does not account for all the differences of
nclosed dark-matter fractions between our sample galaxies and
imulations. 

Dark matter fractions have been estimated using dynamical models
ith multiple tracers in previous studies. Stellar IFUs tracing stellar
inematics are typically used to measure dark matter fractions of
alaxies within 1 R e , such as those of the Atlas 3D sample (Cappellari
t al. 2013 ), the SAMI sample (Santucci et al. 2022 ), the early-type
alaxies presented in Jin et al. ( 2020 ) from the SDSS-IV MaNGA,
arly-type galaxies of the SDSS-IV MaNGA Dynpop sample (Zhu
t al. 2024 ), and the Fornax3D project (Ding et al. 2023 ). Ho we ver,
easurements can be extended to 5 R e when combining stellar IFU
ith globular clusters (GCs), such as in the case of M 87 (Li et al.
020 ), or with GCs and planetary nebulae (PNe), such as in NGC
846 (Zhu et al. 2016 ) and M 31 (Yuan et al. 2022 ), or with H I

inematics, such as in the case of NGC 2974 (Yang et al. 2020 ).
Cs alone can also be used to measure dark matter fractions beyond
 R e , as seen in the SLUGGS surv e y (Alabi et al. 2017 ). We plot
he correlation of dark matter fraction and stellar mass inferred
rom these measurements together with our results of this study,
nd compared it with analogous trends in the TNG-100 simulation
nd the EAGLE simulation, as shown in Fig. 6 . 

The observational dark matter fractions show a large scatter, and
he f DM 

( R e ) of Ding et al. ( 2023 ) and this work are higher than
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Figure 5. Relation between dark matter fraction and stellar mass for all sample galaxies. Top panel: from left to right are the dark matter fractions of the sample 
galaxies within 1 R e , 2 R e , and 5 R e . Bottom panel: from left to right are the dark matter fractions of the sample galaxies within 1, 5, and 10 kpc. The empty red 
circles represent the results with two-aperture stellar kinematics, while the full blue squares represent the results with stellar and H I kinematics, connecting to 
their counterparts in black dashed lines. For comparison, we plot the solid gold and violet curves (and the dark and light shadows) to represent the predictions 
(and the 1 σ and 3 σ uncertainties) of the TNG-100 simulation and the EAGLE simulation. 

Figure 6. Relation of dark matter fraction and stellar mass from observations and simulations. From left to right: the dark matter fractions of the sample galaxies 
within 1 R e , 2 R e , and 5 R e . Observations: this work (subsample using stellar IFU + H I , remaining galaxies using stellar IFU), the galaxies in the Fornax3D project 
(Ding et al. 2023 ), the Atlas 3D sample (Cappellari et al. 2013 ), the SAMI sample (Santucci et al. 2022 ), the early-type galaxies presented in Jin et al. ( 2020 ) 
from SDSS-IV MaNGA, early-type galaxies of the SDSS-IV MaNGA Dynpop sample (Zhu et al. 2024 ), the SLUGGS surv e y (Alabi et al. 2017 ), NGC2974 
(Yang et al. 2020 ), NGC5846 (Zhu et al. 2016 ), M87 (Li et al. 2020 ), and M31 (Yuan et al. 2022 ). Simulations: TNG-100 simulation (in gold) and EAGLE 

simulation (in violet). 
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he median of the results obtained from the central stellar IFU data
Atlas 3D , SAMI, and SDSS-IV MaNGA). All the observational data 
ogether still follow the same pattern as the simulations, with the 
ark matter fraction decreasing and then increasing as the stellar mass 
ncreases and reaching its minimum at a stellar mass of approximately 
0 10.5 M �. Ho we ver, there is still an offset between the median
ark matter fractions of the observational data and the relation 
f the simulations. This offset decreases as the enclosed radius 
ncreases: Various studies have measured f DM 

( R e ), most of which
ave mean v alues belo w the 3 σ scatter of the relations predicted
y the simulations. The sample of galaxies with f DM 

(2 –5 R e ) in
he literature is relatively small, and the galaxy fractions with dark
atter fractions that are 1 σ consistent with simulation predictions 

re comparable to our sample. There are about 10 per cent of 47
alaxies with f DM 

(5 R e ) lying below the 3 σ region compared to the
NG-100 or the EAGLE simulations. 
MNRAS 528, 5295–5308 (2024) 
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M

Figure 7. Normalized probability density distribution of dark matter inner 
slope γ for all sample galaxies (subsample using stellar IFU + H I , remaining 
galaxies using stellar IFU). 
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Figure 8. Relation of dark matter virial mass M 200 and concentration C 

from observations and simulations. Observations: this work (subsample using 
stellar IFU + H I , remaining galaxies using stellar IFU), the SLUGGS surv e y 
(Alabi et al. 2017 ), NGC2974 (Yang et al. 2020 ), NGC5846 (Zhu et al. 2016 ), 
M87 (Li et al. 2020 ), and M31 (Yuan et al. 2022 ). Simulations: the TNG- 
100 simulation (in gold), the EAGLE simulation (in violet), and the relation 
presented in Dutton & Macci ̀o ( 2014 ) (in black). 

s  

M  

i

4

O  

f  

s  

B  

a  

i  

c  

d  

o
 

g  

e  

(  

f  

t
u  

m  

s  

m  

p  

ρ  

w  

i  

a  

w  

t  

t  

2  

b  

d
 

S  

γ  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/528/3/5295/7601384 by U
niversità di Parm

a user on 13 M
arch 2024
.3 Dark matter halo properties 

he inner slopes of the dark matter profiles provide information to
onstrain the properties of dark matter. Our full sample modelled
ith stellar kinematics has uniform NFW-like dark matter cusps,
hich have a mean value of 1.00 ± 0.04 with an rms scatter of
.15. Including H I kinematics does little change to the result. The
ubsample modelled with combined stellar and H I kinematics has
 mean value of 1.12 ± 0.03 with an rms scatter of 0.15. Fig. 7
isplays the probability density distribution of the inner slopes of the
ark matter profiles for our sample, which represents the normalized
istogram of the inner slopes of all models within the 1 σ confidence
evel for each galaxy. Although the NFW-like dark matter cusps
re fa v oured by our full sample modelled with stellar kinematics,
here is still a possibility of dark matter cores for certain galaxies.
he subsample modelled with combined stellar and H I kinematics
rovides stronger constraints on the inner slopes of the dark matter
rofiles and largely eliminates other profiles except for the NFW-
ike cusps. Both models rule out steeper cusps with inner slopes
reater than 1.5. Previous measurements indicate that density cusps
 γ ∼ 1) have been widely disco v ered in massive early-type galaxies
e.g. Sonnenfeld et al. 2015 ; Wasserman et al. 2018 ), and also in
warf spheroidals (Read, Walker & Steger 2018 ; Hayashi, Chiba &
shiyama 2020 ). Cuspy haloes ( γ ∼ 0.5) have also been reported in
rightest cluster galaxies of relaxed galaxy clusters (e.g. Sand et al.
004 ; Newman et al. 2013 ) and nearby dwarf galaxies (e.g. Adams
t al. 2014 ; Cooke et al. 2022 ), but rarely reported in intermediate-
ass early-type galaxies (Yang et al. 2020 ). Density cores usually

xist in dwarf galaxies (e.g. Simon et al. 2003 ; Battaglia et al. 2008 ;
alker & Pe ̃ narrubia 2011 ) and low-surface brightness galaxies (e.g.

e Blok, McGaugh & Rubin 2001 ; Kuzio de Naray, McGaugh & de
lok 2008 ), but also in a few massive early-type galaxies (Forestell &
ebhardt 2010 ; Oldham & Auger 2018 ). 
The virial mass M 200 (defined as the enclosed mass within radius

 200 , where the average density within r 200 is 200 times the critical
ensity) and the concentration C (defined as the ratio of r 200 and
he scale radius r s ) are commonly used to describe dark matter
aloes, whose relation shows the evolution of dark matter haloes.
e plot the observational relation between the virial mass M 200 and

he concentration C of dark matter haloes with that shown in the
imulations, as shown in Fig. 8 . The datasets are the same as those
sed in Fig. 6 , except for the Fornax3D project which adopted the
 200 –C relation obtained with a simulation in Planck cosmology as

resented in Dutton & Macci ̀o ( 2014 ). Therefore, we compare this
elation with the M 200 –C relations in the TNG-100 and EAGLE
NRAS 528, 5295–5308 (2024) 
imulations, as well as with the relation presented in Dutton &
acci ̀o ( 2014 ). The observational M 200 –C relation o v erlaps those

n the simulations but shows a much larger scatter. 

.4 Total mass density 

bserv ations sho w that the total mass density of early-type galaxies
ollows an isothermal profile with a density slope of ρ tot ∝ r −2 and a
mall intrinsic scatter (e.g. Cappellari et al. 2015 ; Serra et al. 2016 ;
ellstedt et al. 2018 ), known as the ‘bulge-halo’ conspiracy, which is
lso reproduced in cosmological simulations (Wang et al. 2020 ). This
sothermal profile is not a natural consequence in cold dark matter
osmology, and can be used to gain insight into the joint action of
ark matter and stars in the galaxy formation process. Therefore, we
btain the total density profiles for our sample galaxies. 
For each model within its 1 σ confidence level of a galaxy, we

enerate its total mass density profile from the deri v ati ve of its
nclosed mass profile. We also fit the o v erall slope, the inner slope
between 0.1 R e and R e ), and the outer slope (between R e and 4 R e )
or each profile. We then adopt the mean profile of all models within
he 1 σ confidence level and take their standard deviation as the 1 σ
ncertainties for the total mass density profile. For the full sample
odelled with stellar kinematics, we calculate the mean values and

catters of the o v erall, inner, and outer slopes using these slopes of all
odels within the 1 σ confidence le vel, respecti vely. The total density

rofiles of all sample galaxies follow a nearly isothermal profile that
tot ∝ r −2 , and have a mean logarithmic slope γ tot = 2.19 ± 0.04
ith an rms scatter of 0.27. There is a small difference between the

nner and outer slopes: the mean inner slope is 2.27 ± 0.04 with
n rms scatter of 0.31, and the mean outer slope is 1.84 ± 0.09
ith an rms scatter of 0.24. Considering that only the galaxies in

he subsample reach 4 R e , we calculate the average outer slope for
he subsample modelled with combined stellar and H I kinematics,
.15 ± 0.05 with a scatter of 0.41, finding no obvious systematic
ias due to data co v erage. We plot the distribution of the total mass
ensity for sample galaxies in Fig. 9 . 
Our results are consistent with previous dynamical results using

AURON IFU and GC kinematics extended to 4 R e , which reports
tot = 2.19 ± 0.03 with an rms scatter 0.11 in Cappellari et al. ( 2015 )
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Figure 9. Profiles of total mass density distribution for all sample galaxies 
(subsample using stellar IFU + H I , remaining galaxies using stellar IFU). 
ρ ∝ r −1 (NFW inner slope), ρ ∝ r −2 (isothermal profile), and ρ ∝ r −3 are 
shown in dashed lines for comparison. 
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nd γ tot = 2.24 ± 0.05 in Bellstedt et al. ( 2018 ), as well as dynamical
esults using H I kinematics extended to 6 R e in Serra et al. ( 2016 ),
hich reports γ tot = 2.18 ± 0.03 with an rms scatter 0.11. 

 DISCUSSION  

oardman et al. ( 2016 ) modelled NGC 3998 with the same stellar
inematics data sets but a constant mass-to-light ratio and an NFW 

ark matter profile and reported f DM 

( R e ) = 0 . 07 0 . 08 
−0 . 07 . In this work,

e measure f DM 

( R e ) = 0.05 ± 0.06 for NGC 3998 taking into account
he mass-to-light gradient, consistent with the previous result. Since 
he stellar mass dominates the enclosed mass within 1 R e in NGC
998, the measurements of f DM 

( R e ) are expected to be close to 0,
egardless of the assumptions made. 

The accuracy of dark matter fraction measurements depends 
trongly on the kinematic tracers available. For the full sample 
odelled with stellar kinematics, the dark matter fractions have 

elatively large uncertainties due to the low signal-to-noise ratio at 
he outskirts of the Mitchell stellar kinematic data, while combining 
 I kinematic data can significantly reduce statistical errors for the 

ubsample. There may be some systematic error caused by our 
isaligned gas model used to fit the H I kinematics. This misaligned

as model is a first-order disc model in which the radial motions on
he disc are not taken into account, which will be discussed further
n the work of Yang et al. in preparation. The assumption that the gas
isc is in nearly dynamical equilibrium is also a choice in the case of
acking boundary conditions in the H I observ ations. Ne vertheless, 
ince this misaligned model reduces to the full aligned disc model 
hen the angle between the stellar and H I discs is reduced to zero,
e believe that this assumption would have a minimal effect on the
easurements of dark matter fractions. 
In Section 4.2 , we find that the dark matter fractions in observations

re on average lower than the relations in the TNG-100 and 
he EAGLE simulations. Before concluding on a true discrepancy 
etween observations and simulations, we w ould lik e to consider 
ome impacts that may result in bias in the measurements of the dark
atter fraction and then partially explain the discrepancy between 

he observational and simulated results. 

(i) Sample bias. The galaxies in the sample shown in Fig. 6 are
ainly early-type galaxies with intermediate masses, which may not 

eflect the o v erall characteristics of nearby early-type galaxies in 
erms of sizes, morphologies, star formation rate, etc. This could 
ead to a sample bias such that the results of the study may not be
pplicable to all nearby early-type galaxies. 

(ii) R e bias. Dark matter fractions are defined as the enclosed dark
atter fraction within a certain radius, which is usually scaled with

he half-light radii of the galaxy R e . Ho we ver, galaxies in simulations
re usually larger than those observed, particularly for early-type 
alaxies at the high mass end (Genel et al. 2018 ; Zanisi et al. 2021 ).
his bias in R e may lead to a bias in the measurements of the dark
atter fraction. In this work, we measured dark matter fractions 

n an absolute scale, as shown in the bottom panel of Fig. 5 , and
ound a similar discrepancy between the observed and simulated 
alaxies, suggesting that the bias in R e is not a major factor in the
easurements of the dark matter fraction. 
(iii) Systematic bias of dynamical models. The errorbars provided 

n these dynamical measurements contain only statistical errors, 
hile systematic errors are not included. Various assumptions used 

n dynamical models result in systematic bias: 

(a) The stellar mass-to-light ratios of galaxies tend to vary 
with the radius. Assuming a constant stellar mass-to-light ratio 
gradient instead of taking into account the actual gradient may 
lead to a significant underestimate of the dark matter fraction 
(Li et al. 2020 ). 

(b) The choice of the formality of dark matter haloes may 
cause a systematic bias in the measurements of the dark matter
fraction. (Cappellari et al. 2013 ; Zhu et al. 2016 ). One major
contribution regards the inner slope of the dark matter profile: 
when the total enclosed mass of a galaxy is constrained at a
certain radius, a density core with a shallower inner slope will
result in a lower dark matter fraction than a density cusp within
the enclosed radius. Tests on mock core-like galaxies generated 
from simulation show that assuming an NFW dark matter halo, 
the dark matter fraction is o v erestimated by 38 per cent, while
this o v erestimation reduces to 18 per cent if a generalized-NFW
profile is used (Jin et al. 2019 ). 

(c) The exact orbital anisotropies of tracers in galaxies are 
not known in advance. Assuming different orbital anisotropies 
can also lead to a systematic effect on the measurements of the
dark matter fraction (Alabi et al. 2017 ). 

We want to emphasize that our measurements have overcome most 
f these problems related to the systematic bias by considering stellar
ass-to-light ratio gradient carefully, adopting a generalized-NFW 

rofile for dark matter haloes, and creating a triaxial orbit-based 
chwarzschild model. But dark matter fractions in the literature are 
easured with different assumptions and different data quality, which 
ight lead to some systematic bias. 
A fair comparison between simulations and observations could 

e achieved in the future by applying our method to a large sample
f galaxies with uniformly high-quality data and ensuring that the 
alaxy samples from observations and simulations are representative 
f the nearby universe. 

 SUMMARY  

n this paper, we map the mass distributions of 11 early-type galaxies
ith two-aperture stellar kinematics that extended to 2–4 R e using 

he Schwarzschild model, and we map the mass distributions of a
ubsample of four galaxies with H I discs using dynamical models
hat combine two-aperture stellar and H I gas kinematics extended to
0 R e . Our main findings are summarized below: 
MNRAS 528, 5295–5308 (2024) 
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(i) We adopt the stellar mass-to-light ratio obtained by stellar
opulation synthesis assuming an Salpeter IMF, but allowing for
 free scale parameter. The distribution of this scale parameter shows
o preference for any particular IMF in our sample, suggesting a wide
MF distribution from Kroupa-like IMFs to Salpeter-like IMFs. 

(ii) We robustly obtain the enclosed dark matter fraction within
5 R e for the 11 galaxies. The mean dark matter fraction within
 R e is 0.2 ± 0.1 (rms) and increases to 0.4 ± 0.2 (rms) within
 R e and 0.6 ± 0.2 (rms) within 5 R e for the full sample modelled
ith stellar kinematics, while for the subsample modelled with

ombined stellar and H I kinematics, the dark matter fractions are
.5 ± 0.1 (rms) within 5 R e . The dark matter fractions of the sample
alaxies are generally lower than the predictions of the TNG-100
nd EAGLE simulations within 1 R e , and there are 40 and 70 per cent
ample galaxies with dark matter fractions that are 1 σ consistent
ith either the TNG-100 or the EAGLE simulations at 2 R e and 5 R e ,

espectively, while the remaining 60 and 30 per cent galaxies lie
elow the 1 σ region. Combined with dark matter fraction measure-
ents out to 5 R e in the literature, there are about 10 per cent of 47

alaxies lying below the 3 σ region of the TNG-100 or the EAGLE
redictions. 
(iii) The sample galaxies show a preference for NFW-like dark
atter haloes, with an average inner slope of 1.00 ± 0.04 with a

oot mean square (rms) scatter of 0.15, and the results change little
hen including H I kinematics. The dark matter virial mass M 200 and

oncentrated C are only weakly constrained with large uncertainties,
enerally following the M 200 –C correlations from the TNG-100 and
he EAGLE simulations, and the relation presented in Dutton &

acci ̀o ( 2014 ). 
(iv) The total mass density profiles are proportional to r −2 ,

onsistent with the previous dynamical results with data co v erage
o 4 R e (Cappellari et al. 2015 ; Serra et al. 2016 ; Bellstedt et al.
018 ). 
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PPENDIX  A :  H I  VELOCITY  FIELDS  

e exhibit the H I velocity fields of the subsample obtained with
SRT in Fig. A1 . 

igure A1. H I velocity fields of the subsample obtained with the WSRT.
he median velocity of each galaxy is already subtracted. 
NRAS 528, 5295–5308 (2024) 

Published by Oxford University Press on behalf of Royal Astronomical Society. This is an 
( https://cr eativecommons.or g/licenses/by/4.0/), which permits unrestricted reu
An tilted inner ring is located in the centre of NGC 2685 (J ́ozsa
t al. 2009 ), so we mask the central region within an ellipse with a
adius of 120 arcsec. 

There are some areas with discontinuous velocities in the velocity
elds of NGC 4203, which are probably H I blobs located outside

he discs. Therefore, we mask these regions in our fitting of the
isaligned gas models. 
There are extended arms in the velocity fields of NGC 4203 and

GC 5582, which are located outside 10 R e of each galaxy. As these
rms might be biased from the nearly dynamical equilibrium, we
ask the regions outside 10 R e for these galaxies. 

PPENDI X  B:  C O N F I D E N C E  LEVEL  

A L C U L AT I O N  

e first define an ‘ideal’ residual of the best-fitting model by 

2 
ideal = 

N ∑ 

i 

(
μmod ,i − μdata ,i 

εdata ,i 

)2 

, (B1) 

here f mod, i is the best-fitting modelled data, μdata, i and εdata, i is the
real’ data and its uncertainty, and N is the number of independent
ata points. We assume the observation uncertainty εobs, i = εdata, i ,
hen possible observational data follow a Gaussian distribution that
 obs ,i ∼ N ( μdata ,i , εobs ,i 

2 ). 
The residual distribution for the possible observation data is

btained by 

2 
f = 

N ∑ 

i 

(
μmod ,i − f obs ,i 

εobs ,i 

)2 

= χ2 
ideal + 

N ∑ 

i 

x 2 i −
∑ 

i 

2 

(
f mod ,i − μdata ,i 

εobs ,i 

)
x i , (B2) 

here each x i ∼ N (0 , 1). Its expectation E ( χ2 
f ) = χ2 

ideal + N , and
ts standard deviation σ ( χ2 

f ) = 

√ 

4 χ2 
ideal + 2 N = 

√ 

4 E ( χ2 
f ) − 2 N . 

F or the giv en observational data, we e xpect its residual χ2 
obs ∼

 ( χ2 
f ). Therefore, we adopt 
χ2 

obs = σ ( χ2 
f ) ∼

√ 

4 χ2 
obs − 2 N as the

 σ confidence interval due to observation uncertainties. 
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