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A B S T R A C T 

We investigate the link between the bar rotation rate and dark matter content in barred galaxies by concentrating on the cases of the 
lenticular galaxies NGC 4264 and NGC 4277. These two gas-poor galaxies have similar morphologies, sizes, and luminosities. 
But, NGC 4264 hosts a fast bar, which extends to nearly the corotation, while the bar embedded in NGC 4277 is slow and falls 
short of corotation. We derive the fraction of dark matter f DM, bar within the bar region from Jeans axisymmetric dynamical models 
by matching the stellar kinematics obtained with the MUSE integral-field spectrograph and using SDSS images to reco v er the 
stellar mass distribution. We build mass-follows-light models as well as mass models with a spherical halo of dark matter, which 

is not tied to the stars. We find that the inner regions of NGC 4277 host a larger fraction of dark matter ( f DM , bar = 0 . 53 ± 0 . 02) 
with respect to NGC 4264 ( f DM , bar = 0 . 33 ± 0 . 04) in agreement with the predictions of theoretical works and the findings of 
numerical simulations, which have found that fast bars live in baryon-dominated discs, whereas slow bars experienced a strong 

drag from the dynamical friction due to a dense DM halo. This is the first time that the bar rotation rate is coupled to f DM, bar 

derived from dynamical modelling. 

Key words: galaxies: bar – galaxies: formation – galaxies: individual: NGC 4264 – galaxies: individual: NGC 4277 – galaxies: 
kinematics and dynamics – galaxies: structure. 
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 I N T RO D U C T I O N  

bout two-thirds of disc galaxies, including the Milky Way, have a 
ar which is tumbling at the centre of the disc (Aguerri, M ́endez-
breu & Corsini 2009 ; Buta et al. 2015 ). The bar is an efficient

gent for redistributing the stars by exchanging angular momentum, 
nergy, and mass among the different galactic components including 
he dark matter (DM) halo (Athanassoula, Machado & Rodionov 
013 ; Sell w ood 2014 ). 
The main properties of bars are the radius R bar , which defines

he elongation of the stellar orbits in the bar, strength S bar , which
uantifies the non-axisymmetric contribution of the bar to the 
ravitational potential, pattern speed �bar , which is the angular 
requency of the bar figure rotation, and the rotation rate R . The
atter is defined as the dimension-less ratio between the length of
he corotation radius R cor , where stars circle the galactic centre at

bar , and bar radius. The rotation rate does not depend on galaxy
istance and distinguishes between fast (1 ≤ R ≤ 1 . 4) and slow bars
 R > 1 . 4) (Athanassoula 1992 ; Debattista & Sell w ood 2000 ). 
 E-mail: chiara.buttitta@gmail.com (CB); enricomaria.corsini@unipd.it 
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The two main mechanisms which trigger the formation of a bar
re internal gravitational instabilities of the stellar disc (Sell w ood
981 ) and external tidal interactions (Noguchi 1987 ). Spontaneously 
ormed bars are usually thin, long, and fast (Athanassoula et al.
013 ), whereas tidally induced bars are thick, short, and slow
Martinez-Valpuesta et al. 2017 ). The bar properties evolve with 
ime reshaping the morphology, orbital structure, mass distribution, 
tar formation, and stellar population properties of their host galaxies 
Laurikainen et al. 2007 ; Fragkoudi, Athanassoula & Bosma 2016 ).
nce formed, the bar becomes longer and stronger and it slows down
n time-scales, which depend on the DM content in the disc region
Debattista & Sell w ood 1998 , 2000 ; Athanassoula & Misiriotis 2002 ;
etersen, Weinberg & Katz 2019 ). 
In the last decade, the systematic investigation of the pattern speeds

f large samples of barred galaxies with integral-field spectroscopy 
as shown that almost all bars are fast (Aguerri et al. 2015 ; Guo
t al. 2019 ; Cuomo et al. 2020 ; Garma-Oehmichen et al. 2020 , 2022 )
onfirming the early findings based on long-slit spectroscopy of few 

elected objects (Corsini 2011 ). This supports the idea that the central
egions of lenticular and spiral galaxies host maximal (or nearly 
aximal) stellar discs with a low content of DM. 
These observationally driven findings are in conflict with the 

redictions of some hydrodynamical cosmological simulations, for 
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M

Figure 1. SDSS i -band image of NGC 4264 (left-hand panel) and NGC 4277 (right-hand panel). Some reference isophotes, spaced by 0.5 mag arcsec −2 , are 
o v erplotted with black lines. The FOV is 1.7 × 1.7 arcmin 2 and is oriented with North up and East left. 
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hich galaxies are embedded in centrally concentrated DM haloes
equired by the � CDM paradigm. Algorry et al. ( 2017 ) measured the
ar properties in the galaxies extracted from the EAGLE simulation
Schaye et al. 2015 ) and found a reasonable agreement with the bar
adii and strengths measured for real galaxies. Ho we ver, the simu-
ated bars experienced an intense slo wdo wn due to the dynamical
riction of the DM halo and many of them ended up slow at z ∼ 0.
imilarly, Roshan et al. ( 2021 ) found that the bars in the TNG50
imulation (Nelson et al. 2018 ; Pillepich et al. 2018 ) are much
lower ( R > 1 . 9) with respect to the observed ones. More recently,
he discrepancy between observations and simulations has been
ttenuated by the findings of Fragkoudi et al. ( 2021 ) and Marioni et al.
 2022 ). Fragkoudi et al. ( 2021 ) analysed the barred galaxies in the
URIGA simulation suite (Grand et al. 2017 ) and showed that they
ave fast bars because they are more baryon-dominated with respect
o those in the TNG simulation. Marioni et al. ( 2022 ) investigated the
volution of barred galaxies in the CLUES simulation (Gottloeber,
offman & Yepes 2010 ), which have shorter, but not slower, bars
ith respect to their observed counterparts. A possible explanation

or these findings could reside in the different ingredients of the
imulations so far analysed, including the resolution of the simulation
nd the gas fraction, disc thickness, stellar and AGN feedback, and
aryonic content of the simulated galaxies. 
Dynamical models of barred galaxies with accurate measurements

f �bar and R are needed to rigorously test the predictions of nu-
erical simulations regarding the bar properties as a function of gas

ontent, luminosity, and DM distribution. In this paper, we derive the
ass distribution of two barred galaxies, NGC 4264 and NGC 4277,

or which the values of �bar are amongst the best-constrained ones
ver obtained with direct measurements (Tremaine & Weinberg
984 ). This will allow us to investigate the link between R and
he DM content in the bar region because NGC 4264 hosts a fast bar
 R = 0 . 9 ± 0 . 2; Cuomo et al. 2019a ) while the bar in NGC 4277 is
low ( R = 1 . 8 + 0 . 5 

−0 . 3 ; Buttitta et al. 2022 ). We aim at understanding
hether a larger value of R results from the ef fecti ve bar braking
NRAS 521, 2227–2238 (2023) 
ue to the dynamical friction e x erted by the DM halo and therefore
s a diagnostic of a large content of DM in the bar region. 

The paper is organized as follows. We present the main properties
f the two galaxies and their bars in Sections 2 and 3 , respectively.
e discuss the choice and application of the dynamical model in

ection 4 . We present our results and their implications in Sections
 and 6 , respectively. 

 MAI N  PROPERTIES  O F  N G C  4 2 6 4  A N D  N G C  

2 7 7  

GC 4264 and NGC 4277 are two early-type disc galaxies classified
s SB0 + (rs) and SAB(rs)0/a, respectively, by de Vaucouleurs et al.
 1991 , hereafter RC3). They have a quite similar morphology (Fig. 1 )
ith a well-defined bar surrounded by a pseudo-ring and oriented at

n intermediate position angle with respect to the major and minor
xes of the disc ( | PA bar − PA disc | ∼ 50 ◦). The bar region appears
o be mostly free of dust and star formation and the disc has an
ntermediate inclination ( i disc ∼ 40 ◦). NGC 4264 and NGC 4277 have
imilar luminosity and size, as calculated from the apparent corrected
agnitude B 

0 
T (RC3) and galaxy diameters D 25 and d 25 (RC3) by

dopting the distance obtained from the radial velocity with respect
o the cosmic microwave background reference frame (Fixsen et al.
996 ). NGC 4264 and NGC 4277 are located behind the Virgo cluster.
hey likely form an interacting couple with the giant elliptical galaxy
GC 4261 (Schmitt 2001 ) and with the spiral galaxy NGC 4273

Kim et al. 2014 ), respectively. The main properties of both galaxies
re given in Table 1 . 

 PROPERTIES  O F  T H E  BA R S  

uomo et al. ( 2019a ) and Buttitta et al. ( 2022 ) analysed the
urface photometry and integral-field spectroscopy of NGC 4264
nd NGC 4277, respectively, to characterize the properties of their
ars. They measured the bar radius and strength from the surface

art/stad646_f1.eps
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Table 1. Galaxy and bar properties of NGC 4264 and NGC 4277. (1): 
Morphological type from RC3. (2): Total absolute magnitude from B 

0 
T in RC3. 

(3): Distance calculated from the radial velocity with respect to the cosmic 
microwave background reference frame (Fixsen et al. 1996 ) and assuming 
H 0 = 75 km s −1 Mpc −1 , �m 

= 0.308, and �� 

= 0.692. (4): Major and minor 
diameters of the isophote with surface brightness μB = 25 mag arcsec −2 from 

RC3. (5): Disc position angle from the isophotal analysis. (6): Disc inclination 
from the isophotal analysis assuming an infinitesimally thin disc. (7): Bar 
position angle from the photometric decomposition. (8): Bar radius. (9): Bar 
strength. (10): Circular velocity from the stellar streaming motion corrected 
for asymmetric drift. (11): Bar pattern speed. (12): Corotation radius. (13): 
Bar rotation rate. 

Property NGC 4264 NGC 4277 

(1) Morph. Type SB0 + (rs) SAB(rs)0/a 
(2) M 

0 
B T 

(mag) −19.20 −19.27 
(3) D (Mpc) 38.0 ± 2.7 33.8 ± 2.4 
(4) D 25 × d 25 (kpc 2 ) 10 . 8 × 8 . 8 10 . 3 × 8 . 6 
(5) PA disc ( ◦) 114.0 ± 1.2 123.3 ± 0.3 
(6) i disc ( ◦) 36.7 ± 0.7 40.7 ± 0.7 
(7) PA bar ( ◦) 56.4 ± 0.1 175.59 ± 0.04 

(8) R bar (kpc) 3.2 ± 0.5 3 . 2 + 0 . 9 −0 . 6 
(9) S bar – 0.31 ± 0.04 0.21 ± 0.02 
(10) V circ (km s −1 ) 189 ± 10 148 ± 5 
(11) �bar (km s −1 

kpc −1 ) 
71 ± 4 25 ± 3 

(12) R cor (kpc) 2.8 ± 0.2 6.0 ± 0.9 
(13) R – 0.9 ± 0.2 1 . 8 + 0 . 5 −0 . 3 
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hotometry obtained from broad-band imaging of the Sloan Digital 
k y Surv e y (SDSS). The y deriv ed the bar pattern speed from the stel-

ar kinematics obtained from integral-field spectroscopy performed 
ith the Multi-Unit Spectroscopic Explorer (MUSE) at the Very 
arge Telescope (VLT). They also estimated the corotation radius 

rom the circular velocity, which they constrained by correcting the 
tellar streaming motions for asymmetric drift. Finally, they derived 
he bar rotation rate. Here, we provide a concise description of the
cquisition and analysis of the photometric and kinematic data and 
 summary of the results. The properties of the bars of both galaxies
re given in Table 1 . 

.1 Bar radius and strength 

uomo et al. ( 2019a ) and Buttitta et al. ( 2022 ) analysed the flux-
alibrated i -band images of both galaxies available in the science 
rchive of the SDSS Data Release 14 (Abolfathi et al. 2018 ). They
ere obtained with a spatial sampling of 0.3961 arcsec pixel −1 , 

otal exposure time of 53.9 s, and seeing FWHM ∼ 1 . 5 arcsec . The
mages were sky subtracted and trimmed selecting a field of view 

FOV) of 800 × 800 pixel 2 centred on the galaxies corresponding 
o 5 . 3 × 5 . 3 arcmin 2 . 

The isophotal analysis reco v ered the geometric parameters PA disc 

nd i disc of the galaxy disc, which were adopted to deproject the
alaxy image. The photometric decomposition was performed to 
stimate the position angle, PA bar , of the bar and its contribution to
he galaxy surface brightness. 

For both galaxies, the radius R bar of the bar was derived as the
ean of the estimates obtained from the analysis of the radial 

rofile of the position angle of the interpolated isophotes on the 
eprojected image as in Aguerri, Debattista & Corsini ( 2003 ), of
he intensity contrast between the bar and interbar regions following 
guerri, Mu ̃ noz-Tu ̃ n ́on & Varela ( 2000 ), and of the photometric
ecomposition adopting a Ferrers bar as in M ́endez-Abreu et al.
 2017 ). The strength S bar of the bar was derived as the mean of the
alues obtained from the Fourier analysis of the deprojected image 
s in Athanassoula & Misiriotis ( 2002 ) and from the bar axial ratio
s in Aguerri et al. ( 2009 ). The ±σ errors on R bar and S bar were
stimated by calculating the difference between the adopted value 
nd the highest/lowest measure. The two bars have lengths consistent 
ith the median value found for SB0 galaxies (Aguerri et al. 2009 )

nd are both weak according to the classification of Cuomo et al.
 2019b ). 

.2 Bar pattern speed and rotation rate 

he integral-field spectroscop y w as carried out with the wide field
ode of MUSE (Prog. Id. 094.B-0241(A); P.I.: E.M. Corsini) 
apping a nominal FOV of 1 × 1 arcmin 2 with a spatial sampling

f 0.2 arcsec pixel −1 and covering the wavelength range of 4800–
300 Å with a spectral sampling of 1.25 Å pixel −1 and a nominal
pectral resolution of FWHM = 2 . 51 Å. The mean value of the seeing
uring the observations was FWHM ∼ 1 . 1 arcsec. The observations
ere split into different observing blocks which were mosaiced to 

ully map the galaxies along their photometric major axis for an
ctual FOV co v erage of 1 . 0 × 1 . 7 arcmin 2 . 

Cuomo et al. ( 2019a ) and Buttitta et al. ( 2022 ) measured the
tellar and ionized-gas kinematics of the two galaxies by using 
he PPXF (Cappellari & Emsellem 2004 ) and GANDALF (Sarzi et al.
006 ) codes. The spaxels in the datacube were spatially binned with
he Voronoi tessellation algorithm (Cappellari & Copin 2003 ) to 
nsure a target signal-to-noise ratio S / N = 40 per bin. In each bin,
he galaxy spectrum was fitted by convolving the spectra extracted 
rom the ELODIE stellar library ( σ instr = 13 km s −1 ; Prugniel &
oubiran 2001 ) with a line-of-sight velocity distribution (LOSVD) 
odelled with a truncated Gauss–Hermite series (Gerhard 1993 ; van 

er Marel & Franx 1993 ) in the wavelength range 4800–5600 Å. The
ircular velocity V circ was derived by correcting the stellar streaming 
otion for the asymmetric drift (Binney & Tremaine 1987 ). 
The pattern speed �bar of both bars was obtained by applying the

remaine–Weinberg method (Tremaine & Weinberg 1984 ) on the 
econstructed image and stellar velocity field of the host galaxies. 
he value of �bar is given by 〈 V 〉 = 〈 X 〉 sin ( i disc ) �bar . It depends on

he disc inclination and on the luminosity-weighted position 〈 X 〉 and
OS velocity 〈 V 〉 of the stellar component within apertures parallel

o the disc major axis and crossing the bar. Finally, the corotation
adius R cor and the rotation rate R values were estimated calculating
 cor = V circ / �bar and R = R cor /a bar , respectively. The errors on
 cor and R were estimated by using Monte Carlo simulations. We
enerated a distribution of R cor and R by accounting for the errors
n R bar , i disc , and V circ . The adopted ±σ errors for R cor and R are
alculated as the 16th and 84th percentiles of the distributions. 

The two galaxies have similar properties in terms of bar size and
trength, but not in terms of bar pattern speed: NGC 4264 hosts a
ast bar ( R = 0 . 9 ± 0 . 2) while the bar in NGC 4277 is slow ( R =
 . 8 + 0 . 5 

−0 . 3 ). The different bar rotation rates could be due to a different
ar formation mechanism and/or a different DM content in the bar
egion. 

Although NGC 4264 possibly forms an interacting pair with 
GC 4261, which is located at a projected distance of 3.5 arcmin

Schmitt 2001 ), which corresponds to a quite large physical distance
f 4.9 Mpc, it lacks a strongly disturbed morphology. According to
uomo et al. ( 2019a ), this suggests that the interaction is weak and
ot responsible for having triggered the bar formation in NGC 4264.
GC 4277 is likely paired with NGC 4273, which is located at a
MNRAS 521, 2227–2238 (2023) 
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rojected distance of 1.9 arcmin (van Driel et al. 2000 ) corresponding
o a physical distance of 2.5 Mpc. Buttitta et al. ( 2022 ) argued that
he bar formation in NGC 4277 could have been triggered by their
idal interaction or alternatively, the bar could have been braked by
he dynamical friction of a dense DM halo (Debattista et al. 2006 ;
thanassoula et al. 2013 ). 

 STELLAR  DY NA M I C A L  M O D E L  

.1 Jeans dynamical models 

econstructing the mass distribution of a disc galaxy using unre-
olved stars as tracers of the gravitational potential is a challenging
ask due to the non-uniqueness of the light deprojection (Rybicki
987 ; Gerhard & Binney 1996 ). The bar introduces a further
omplication since its characterization requires two additional pa-
ameters: the orientation and figure rotation (Lablanche et al. 2012 ).
his increases the de generac y between the model parameters with
ifferent combinations able to reproduce the observed photometric
nd kinematic properties of the galaxy. 

Several methods have been developed to recover the dynam-
cal structure of a galaxy from broad-band imaging and long-
lit/integral-field spectroscopy, but the dynamical modelling of
arred galaxies is still at an early stage. The recently developed
rbit-superposition Schwarzschild models by Vasiliev & Valluri
 2020 ) and Tahmasebzadeh et al. ( 2022 ), which to date have been
pplied only to data from N -body simulations, considered the bar
attern speed. Portail et al. ( 2016 ) built a dynamical model of
he Milky Way to reco v er its bar pattern speed by using the

ade-to-measure method as implemented by de Lorenzi et al.
 2007 ). 

In general, barred galaxies have been modelled with axisymmetric
ynamical models, including the Jeans Anisotropic Modelling (JAM;
appellari 2008 , 2020 ), which has been e xtensiv ely applied to

pectroscopic surv e ys of nearby lenticular and spiral galaxies (e.g.
illiams, Bureau & Cappellari 2009 ; Cappellari et al. 2013 ; Guo

t al. 2019 ). It models the LOS second velocity moment for galaxies
ith an axisymmetric mass distribution, including a DM halo, to be

ompared with the root-mean-square velocity V rms derived from the
bserv ed v elocity V los and velocity dispersion σ los . JAM requires the
urface-brightness distribution of the galaxy to be described through a

ulti-Gaussian Expansion (MGE; Cappellari 2002 ) parametrization,
hich simplifies the solution of Jeans equations to reco v er the galaxy

nclination i , mass-to-light ratio ( M / L ) ∗ of the matter following the
ight (which may include DM as well as stars), and anisotropy
arameter βz = 1 − σ 2 

z /σ
2 
R , where σ R and σ z are the radial and

ertical components of the velocity dispersion, respectively, in a
ylindrical coordinate system with the origin in the centre of the
alaxy and symmetry axis aligned with its rotation axis. 

Cappellari ( 2008 ) compared the JAM and orbit-superposition
chwarzschild models of six fast-rotating lenticular galaxies from the
AURON surv e y (de Zeeuw et al. 2002 ). The y hav e HST and ground-
ased photometry and SAURON integral-field spectroscopy. The
alues of βz from JAM are consistent within the uncertainties with
hose obtained with the Schwarzschild modelling. Since fast rotators
how a slightly positive value of βz , the inclination-anisotropy
e generac y was remo v ed, constraining βz > 0. Although there is
 small dependence on the anisotropy parameter, o v erall the ( M / L ) ∗
alues and mass models obtained with the two approaches are also
n agreement. This means that the JAM model, with simple and well-
oti v ated assumptions, provides a reasonable description of the mass

istribution of lenticular galaxies. 
NRAS 521, 2227–2238 (2023) 
Cappellari et al. ( 2013 ) applied the JAM algorithm to 260 nearby
arly-type galaxies of the ATLAS 

3D surv e y (Cappellari et al. 2011 ),
hose surface-brightness distribution was measured from SDSS and

saac Newton Telescope imaging and the stellar kinematics were
raced out to roughly one ef fecti v e radius R e with SAURON inte gral-
eld spectroscopy. This volume-limited sample was composed of
alaxies with a distance D < 42 Mpc, absolute magnitude M K 

 −21.5 mag, and stellar mass M ∗ � 6 × 10 9 M �. The stellar
inematics of most of the sample galaxies are reasonably well
eproduced by mass-follows-light models, suggesting that early-type
alaxies have a simple internal structure within 1 R e , and that the DM
alo is not dominant. By adding the contribution of a NFW (Navarro,
renk & White 1995 ) DM halo, Cappellari et al. ( 2013 ) estimated a
edian DM fraction within the ef fecti ve radius of f DM 

( r < R e ) =
.13. About one-third of the sample galaxies host a bar and for
ome of them, the quality of the fit was poor due to the low S / N
nd/or twisted stellar kinematics or the presence of a strong bar. The
eco v ered values of ( M / L ) ∗ for the whole sample have an accuracy
f 6 per cent, which falls to 15 per cent for the barred galaxies. 
Lablanche et al. ( 2012 ) analysed realistic simulations of two SB0

alaxies to explore the reliability of the JAM approach in reco v ering
he dynamical parameters of a barred galaxy. The simulated galaxies
imicked NGC 4442 and NGC 4754 and were projected at different

isc inclinations ( i disc = 25 ◦, 45 ◦, 60 ◦, and 87 ◦) and with different bar
rientation ( | PA bar − PA disc | = 18 ◦, 45 ◦, 60 ◦, and 87 ◦). In general,
 disc can be reco v ered with JAM although this result is biased by
he non-uniqueness of the mass deprojection in nearly face-on or
dge-on barred systems (with a maximum error � i disc ∼ 6 ◦ for
dge-on systems). The value of βz is not well reco v ered for an y
isc inclination and bar orientation, because the bar produces a
eprojected mass density which is flatter or rounder with respect
o the azimuthally averaged one when the bar is viewed side-on or
nd-on, respectively. This issue is not unique to JAM, but is expected
o affect also the axisymmetric dynamical models based on orbit
uperposition. The reco v ered M / L depends on the disc inclination
nd bar orientation. The uncertainty is smaller than 1.5 per cent for
ystems with i disc ≥ 45 ◦ and | PA bar − PA disc | = 60 ◦ and it never
xceeds 3 per cent for the other inclinations. The reco v ered ( M / L ) ∗ is
nderestimated (o v erestimated) if P A disc < 45 ◦ (P A disc > 45 ◦). In their
ests, they found that the maximum systematic error of 15 per cent
n ( M / L ) ∗ occurs when the bar is seen nearly end-on (PA bar = 18 ◦)
r side-on (PA bar = 87 ◦). They also investigated how the size of the
OV affects the reco v ered parameters, and concluded that if the FOV
xtends out to the bar radius, the systematic uncertainty on ( M / L ) ∗
ecreases and tends to a limiting value of 10 per cent. Ho we ver, the
ass models of Lablanche et al. ( 2012 ) did not include DM haloes. 
We adopted the JAM method to reco v er the mass distribution

f NGC 4264 and NGC 4277, since we are confident that applying
uch an axisymmetric dynamical model gives a reliable estimate of
 M / L ) ∗ and DM fraction even in barred galaxies. Both objects are
deal targets according to Lablanche et al. ( 2012 ), because they have
n intermediate inclination ( i disc ∼ 40 ◦), are not substantially affected
y dust, and host a weak bar with an intermediate orientation with
espect to the disc major and minor axis ( | P A bar − P A disc | ∼ 50 ◦).
ccording to Lablanche et al. ( 2012 ), in this configuration, we expect

o systematically o v erestimate the ( M / L ) ∗ by a factor of 10 per cent.
his translates into a larger o v erestimate of the DM fraction in
alaxies with a larger content of luminous matter. In addition, the
ne spatial sampling, wide FOV, and high spectral resolution of

he MUSE integral-field spectrograph made it possible to accurately
ap the stellar kinematics throughout the galaxy disc. The kinematic
aps do not show strong perturbed features as prescribed to minimize
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Figure 2. Some reference isophotes for the SDSS i -band image (black lines) and MGE model (red lines) of NGC 4264 (left-hand panel) and NGC 4277 
(right-hand panel). The FOV is 1.7 × 1.7 arcmin 2 and oriented with North up and East left. Flux levels are normalized to the central surface brightness of the 
image and the contours are spaced by 0.5 mag arcsec −2 . While the MGE model was constrained using the original image, the image shown here is binned by 
3 × 3 pixels 2 to reduce the noise for comparison purposes only. The yellow circles correspond to masked regions. 
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he biases in the estimation of the dynamical parameters. Finally, 
e notice that NGC 4264 and NGC 4277 have similar luminosities

o those of NGC 4442 and NGC 4754. This gives us confidence in
xtending the findings of Lablanche et al. ( 2012 ) to our galaxies. 

.2 Multi-Gaussian expansion 

o obtain a model for the luminosity volume density of both 
GC 4264 and NGC 4277, we started by parametrizing the i -band

urface brightness of the sky-subtracted SDSS image of each galaxy 
s the sum of a set of Gaussian components by using the MGE
ython code, which is based on Cappellari ( 2002 ). The MGE method
llows for a simple reconstruction of the intrinsic surface brightness 
istribution provided that the point spread function (PSF) can be 
pproximated as a sum of Gaussian components. The intrinsic surface 
rightness distribution is then easily deprojected into the luminosity 
olume density, which is also parametrized as the sum of a set of
aussian components. 
We adopted the centre coordinates derived for the two galaxies 

y Cuomo et al. ( 2019a ) and Buttitta et al. ( 2022 ). We estimated
he root mean square of the sky surface brightness by performing 
 statistical analysis on different regions of the images containing 
 xclusiv ely the sky contribution. These areas were selected in empty
egions, which were free of objects and far from the target galaxy
o a v oid the contamination of the light of field stars and background
alaxies, as well as of the galaxy itself. Finally, we modelled the
SF by applying the MGE algorithm on a bright, isolated, and 
ound-shaped field star constraining the best-fitting Gaussians to 
ave a perfect circular shape. The surface brightness distribution of 
GC 4264 is characterized by an isophotal twist in the outermost 

egions. The internal (PA in = 114 . ◦0 ± 1 . ◦2) and e xternal re gions
PA out = 122 . ◦8 ± 2 . ◦4) of the disc have different orientations but the
ame shape ( ε = 0.20 ± 0.02) as found by Cuomo et al. ( 2019a ). They
rgued that the isophotal outer twist is not representative of the actual
 P  
rientation of the disc. We decided to constrain the Gaussians with
he geometric parameters of the internal disc which is mapped by the

easured stellar kinematics. The radial profiles of PA and ε derived 
y Buttitta et al. ( 2022 ) from the surface brightness distribution of
GC 4277 show a clear disc-dominated region with a well-defined 
rientation (PA = 123 . ◦3 ± 0 . ◦3) and shape ( ε = 0.24 ± 0.02). 
We obtained the MGE best-fitting model to the galaxy surface 

rightness by keeping constant the centre and position angle of the
aussians derived by Cuomo et al. ( 2019a ) and Buttitta et al. ( 2022 ),
hile further restricting the range of the resulting axial ratios of

he Gaussian components to [ q min , 1], where q min = 1 − εdisc . This
nsured that the permitted galaxy inclinations were not limited to a
arrower range than that allowed by the data (e.g. Scott et al. 2013 ;
agotto et al. 2019 ). 
We show a few representative isophotes of the i -band images of

GC 4264 and NGC 4277 and compare these to the corresponding
GE best-fitting contours in Fig. 2 . The MGE algorithm pro-

ided the total luminosity in counts, root mean square in pixels,
nd axial ratio for each best-fitting Gaussian parametrizing the 
ntrinsic surface brightness distribution. We converted the output 
arameters into physical units by using the flux calibration and 
patial scale of the images given by Cuomo et al. ( 2019a ) and
uttitta et al. ( 2022 ) and correcting for cosmological dimming, K -
orrection (Chilingarian & Zolotukhin 2012 ), and Galactic extinction 
Schlafly & Finkbeiner 2011 ). We adopted M i , � = 4.53 mag as
he absolute magnitude of the Sun in the SDSS i -band (Willmer
018 ). We list the MGE best-fitting parameters of the intrinsic
urface brightness distribution of NGC 4264 and NGC 4277 in 
able 2 . 

.3 Axisymmetric Jeans anisotropic model 

ith the MGE models at hand, we proceeded to use the JAM
ython code based on Cappellari ( 2008 ) to build Jeans axisymmetric
MNRAS 521, 2227–2238 (2023) 
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Table 2. Best-fitting parameters of the Gaussian components in the MGE 

model of the i -band surface brightness distribution of NGC 4264 and 
NGC 4277. (1): Central luminosity surface density. (2) Standard deviation. 
(3) Axial ratio. 

NGC 4264 NGC 4277 

I 0 σ q I 0 σ q 
(L � pc −2 ) (kpc) (L � pc −2 ) (kpc) 
(1) (2) (3) (1) (2) (3) 
15427.0 0.04 0.80 5106.5 0.08 0.88 
4309.5 0.13 0.80 1023.8 0.20 0.85 
691.4 0.34 0.80 353.5 0.48 0.92 
1141.1 0.43 1.00 158.6 1.52 0.91 
443.8 1.01 1.00 41.9 3.78 0.76 
219.3 1.72 0.80 – – –
64.8 3.86 0.81 – – –
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ynamical models for NGC 4264 and NGC 4277 in order to derive
he DM content within the bar region. 

We selected the best-fitting JAM model by minimizing the χ2 

ifference between the predicted second moment of the velocity field
nd MUSE stellar kinematics measured by Cuomo et al. ( 2019a ) and
uttitta et al. ( 2022 ). To this aim, we obtained, for each spatial bin,

he observed V rms as 

 rms ≡
√ 

V 

2 
los + σ 2 

los 

nd its corresponding error 

V rms ≡
1 

V rms 

√ 

( V los εV los ) 
2 + ( σlos εσlos ) 

2 . 

e discarded the bins with values of V los and σ los with relative
ncertainties εV los /V los > 1 and εσlos /σlos > 1. In both galaxies, the
aximum uncertainty on V rms never exceeds εV rms ∼ 8 km s −1 .
inally, we symmetrized the resulting values with respect to the disc
ajor axis by means of the Python algorithm PLOTBIN . We show the
 rms maps of NGC 4264 and NGC 4277 in the top left-hand panels
f Figs 3 and 4 , respectively. 
We modelled the total mass distribution of both galaxies as the

um of two components 

= ρ∗ + ρhalo , 

here ρ∗ is the mass volume density of matter (either luminous or
ark) that is distributed like the stars and ρhalo is the mass volume
ensity of DM distributed in a spherical halo. We built a set of mass-
ollows-light models by assuming that the mass volume density ρ∗
ollows the luminosity volume density ν� derived by deprojecting
he intrinsic surface brightness distribution obtained from the MGE 

∗ = ( M/L ) ∗ν∗

hese models have three free parameters that are optimized while
atching the observed V rms . They are i disc , ( M / L ) ∗, and βz . We

dopted radially constant values for both ( M / L ) ∗ and βz . 
Then, we included the contribution of the DM halo ρhalo , for which

e considered 

(i) a quasi-isothermal (QI; Binney & Tremaine 1987 ) radial profile
f the mass volume density 

QI ( r) = 

ρ0 

1 + 

(
r 
r c 

)2 , 

here ρ0 and r c are the central mass volume density and core radius,
espectively. 
NRAS 521, 2227–2238 (2023) 
(ii) a NFW radial profile of the mass volume density 

NFW 

( r) = 

ρs 

r 
r s 

(
1 + 

r 
r s 

)2 , 

here ρs and r s are the scale mass volume density and scale radius,
espectively. We reduced the number of free parameters by adopting
he following parametrization 

NFW 

( r ) = 

M vir 

4 πA ( c vir ) 
· 1 

r ( r s + r ) 
, 

here the virial mass M vir and coefficient A c vir are respectively given
y 

 vir = 

4 π

3 
r 3 vir ρcrit �M 

� vir , 

ith ρcrit = 1.37 × 10 −7 M � pc −3 , �M 

= 0.27 and � vir = 200, and 

 ( c vir ) = log (1 + c vir ) − c vir 

1 + c vir 
, 

here c vir = r vir / r s is the concentration parameter. We followed the
 vir − c vir relation by Klypin, Trujillo-Gomez & Primack ( 2011 ) to

erive 

 vir = 9 . 6 
(0 . 7 M vir 

10 12 

)−0 . 075 
. 

n this way, the mass model has only a free parameter M vir . 
(iii) a generalized NFW (gNFW; Barnab ̀e et al. 2012 ) radial profile

f the mass volume density 

gNFW 

( r) = ρs 

( r 

r s 

)γ

·
(1 

2 
+ 

1 

2 

r 

r s 

)−( γ+ 3) 
, 

here ρs and r s are the scale mass volume density and scale radius,
espectively, while the γ parameter gives the inner slope of the radial
rofile. We constrained it in the range −2 < γ < 0, with γ = 0
orresponding to a cored profile and γ = −1 to a NFW profile. 

For each mass model, we computed the radial profiles of the
nclosed mass and circular velocity for the stars, DM in the halo,
nd their sum. We used Monte Carlo simulations to estimate the 1 σ
onfidence intervals. At each radius, we generated a distribution of
nclosed mass and circular velocity taking into account the errors on
he best-fitting parameters of the mass model. The adopted ±σ errors
f enclosed mass and circular velocity for the stars, DM in the halo,
nd their sum are calculated as the 16th and 84th percentiles of the 
istributions. 
For the three mass models with a DM halo, we calculated the

raction of DM within the bar region as 

 DM , bar = 

M DM 

( r < a bar ) 

M DM 

( r < a bar ) + M � ( r < a bar ) 
. 

e calculated the corresponding ±σ errors as the 16th and 84th
ercentiles of the distribution of f DM, bar that we built from the same
onte Carlo simulations previously generated. 
The JAM code allows the inclusion of the contribution of a central

upermassive black hole (SMBH), which is modelled through the
GE formalism as a Gaussian having mass M •, axial ratio q = 1 and

 σ � r min , with r min defined as the smallest distance from the SMBH
hat can be chosen r min ∼ σ PSF (Cappellari 2008 , 2020 ). Due to the
imited spatial resolution of the available ground-based kinematic
bservations, we cannot constrain the mass M • of the central SMBH.
herefore, we decided to adopt the SMBH mass value given by the
 • − σ e relation (Kormendy & Ho 2013 ). We estimated the bulge

f fecti v e v elocity dispersion from the MUSE kinematic map and the
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Figure 3. Top panels: Symmetrized V rms from the MUSE stellar kinematics of NGC 4264 (left panel), bisymmetric second velocity moment predicted by the 
mass-follows-light model (top-centre panel) and by the mass model with a QI halo (bottom-centre panel), and residuals of the observed and modelled V rms 

(top right-hand and bottom right-hand panels). Bottom panels: Radial profiles of enclosed mass (left-hand panel) and circular velocity (right-hand panel) of 
NGC 4264 for the mass model with a QI halo. The contributions of the stars (blue line) and DM (red line) are plotted with their sum (green line). The vertical 
solid and dashed lines mark the bar radius and the extension of kinematic data, respectively. The shaded areas represent the ±σ errors calculated from Monte 
Carlo simulations. 
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econstructed image as the luminosity-weighted average of the ob- 
erved V rms inside an elliptical region with a semimajor axis equal to
alf of the bulge ef fecti ve radius R e, bulge and the same axial ratio q bulge 

f the bulge. We adopted the values obtained by Cuomo et al. ( 2019a )
nd Buttitta et al. ( 2022 ) with a parametric photometric decompo-
ition of the SDSS images of NGC 4264 ( R e, bulge = 1.53 arcsec,
 bulge = 0.77) and NGC 4277 ( R e, bulge = 1.77 arcsec, q bulge 

 0.84). 

 RESULTS  

or both galaxies, we obtained the best-fitting parameters for all the 
ass models without and with a DM halo. We analysed the mass-

ollows-light models as well as the models with a QI, NFW, and
NFW DM halo to constrain the DM fraction within the bar region
f NGC 4264 and NGC 4277. 
.1 NGC 4264 

e construct a starting set of mass models by considering the galaxy
nclination as a free parameter. The mass models with a DM halo
eturn the same value (QI, gNFW) or a value consistent within errors
NFW) with that obtained by Cuomo et al. ( 2019a ) from the isophotal
nalysis of NGC 4264 ( i disc = 36 . ◦7), whereas the mass-follows-light
odel gives a much larger value ( i = 42 . ◦9 ± 1 . ◦3). 
We repeat the analysis after masking the kinematic bins within 

 circular region of radius r = 8 arcsec, which corresponds to the
ar radius projected onto the sky plane. In this way, we consider
nly the kinematic data measured in the disc region. But, all the
ass models converge to an edge-on solution with βz ∼ −1.45 as 
 consequence of the inclination-anisotropy de generac y (Krajno vi ́c
t al. 2005 ; Lablanche et al. 2012 ). We verify that this result is
ot driven by the twisted structure of the disc of NGC 4264. The
MNRAS 521, 2227–2238 (2023) 
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Figure 4. Same as Fig. 3 , but for NGC 4277. 
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inematic bins in the external disc ( r > 25 arcsec) account for less
han 1 per cent of the data and the mass models based on a different

GE decomposition of the SDSS image, where we mask the external
isc, do not impro v e the fit. We perform a further sanity check by
asking the kinematic bins in the central circular region of radius r =

.5 arcsec to minimize biases due to an uncorrected estimation of the
SF and/or the SMBH mass. Then, we decide to fix the inclination

o build the final set of mass models. We adopt i = 36 . ◦5 which
orresponds to the photometric value of Cuomo et al. ( 2019a ). An
ntrinsic flattening q 0 = 0.05 is adopted in JAM modelling to derive
 from the observed axial ratio, whereas i disc is obtained by Cuomo
t al. ( 2019a ) assuming an infinitesimally thin disc. The choice of
 fixed inclination allows a straightforward comparison between the
est-fitting parameters of the different mass models, which we list in
able 3 together with their reduced χ2 . 
We find a slightly larger mass-to-light ratio for the mass-follows-

ight model (( M / L ) ∗, i ∼ 2.6 M � L 

−1 
� ) with respect to the mass models

ith a DM halo (( M / L ) ∗, i ∼ 2.1 M � L 

−1 
� ). This is expected if there is

 small amount of DM, which is not distributed like the stars. Since
e are interested in reco v ering the mass distribution of NGC 4264
NRAS 521, 2227–2238 (2023) 
nd not in its orbital structure, we were not concerned by the fact
hat the mass-follows-light model was not able to constrain βz and
he mass models with the DM halo returned a remarkably ne gativ e
alue of anisotropy ( βz ∼ −7.3). 

The observed V rms is characterized by a central local minimum
f ∼90 km s −1 with a remarkable double-peaked structure with a
aximum of ∼120 km s −1 at | r | ∼ 15 arcsec along the galaxy
ajor axis decreasing to ∼80 km s −1 at | r| � 20 arcsec (Fig. 3 , left-

and panel). Although the o v erall shape of the iso v elocity contours
s reproduced by the mass-follows-light model (Fig. 3 , top-centre
anel), it fails to match the location and amplitude of the double
eak of V rms (Fig. 3 , top right-hand panel). The mass models with
 DM halo provide a better fit to the observed V rms (Fig. 3 , bottom-
entre panel), although they do not correctly reproduce the decrease
easured at large radii along the galaxy major axis (Fig. 3 , bottom

ight-hand panel). At face value, the mass model with the QI halo is
arginally better than those with the NFW ( �χ2 

ν = 0 . 09) and gNFW
alo ( �χ2 

ν = 0 . 01). 
The DM fraction within the bar of the best-fitting model is

 

QI 
DM , bar = 0 . 33 ± 0 . 04, which is compatible, within 1 σ uncertainty,
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Table 3. Best-fitting parameters of the mass models of NGC 4264 and NGC 4277. Bracket values refer to fixed 
parameters, while unconstrained values (having relative errors larger than 1) are labelled. 

Model Parameter NGC 4264 NGC 4277 

mass-follows-light ( M / L ) ∗, i (M � L 

−1 
� ) 2.55 ± 0.02 2.36 ± 0.05 

i ( ◦) (36.5) (40.6) 
βz – unc. unc. 
χ2 

ν – 5.54 5.81 

QI ( M / L ) ∗, i (M � L 

−1 
� ) 2.18 ± 0.05 1.72 ± 0.02 

log 10 ( ρ0 /M � pc −3 ) – −0.61 ± 0.13 −1.04 ± 0.04 
r c (kpc) 1.33 ± 0.28 2.46 ± 0.24 
i ( ◦) (36.5) (40.6) 

βz – −7.12 ± 1.73 −1.48 ± 0.19 
χ2 

ν – 3.98 1.54 
f DM, bar – 0.33 ± 0.04 0.53 ± 0.02 

NFW ( M / L ) ∗, i (M � L 

−1 
� ) 2.14 ± 0.03 1.55 ± 0.03 

log 10 ( M 200 /M �) – 13.94 ± 0.12 13.33 ± 0.05 
i ( ◦) (36.5) (40.6) 

βz – −7.86 ± 1.99 −1.55 ± 0.20 
χ2 

ν – 4.07 1.62 
f DM, bar – 0.35 ± 0.01 0.56 ± 0.01 

gNFW ( M / L ) ∗, i (M � L 

−1 
� ) 2.14 ± 0.05 1.69 ± 0.04 

log 10 ( ρs /M � pc −3 ) – −1.20 ± 0.15 −2.14 ± 0.36 
r s (kpc) 2.25 ± 0.53 11.3 ± 6.6 
γ – (0) −0.34 ± 0.26 
i ( ◦) (36.5) (40.6) 

βz – −6.86 ± 1.65 −1.49 ± 0.19 
χ2 

ν – 3.99 1.55 
f DM, bar – 0.34 ± 0.05 0.53 ± 0.18 
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ith that predicted by the mass models with a NFW ( f NFW 

DM , bar =
 . 35 ± 0 . 01) and gNFW halo ( f gNFW 

DM , bar = 0 . 34 ± 0 . 05). This suggests
hat the mass budget of NGC 4264 is baryon-dominated in the radial
ange mapped by the kinematic data. We show in the top panels of
ig. 3 the maps of the second velocity moments predicted of the
est-fitting mass models of NGC 4264 without and with a QI halo
o be compared with the map of observed V rms . The corresponding
adial profile of the enclosed mass and circular velocity for the stars,
M, and their sum are given in the bottom panels of Fig. 3 for the
est-fitting mass model with the QI halo. 
The circular velocity profile in the region between the bar end and

he edge of the kinematic data (3 ≤ r ≤ 5 kpc) is characterized by a
eak decline. This means that, in this radial range, the DM halo does
ot play a dominant role with respect to the luminous component. 
his is a local trend which has been commonly observed in galaxies
ith massive bulges, with more luminous galaxies having on average 
ore strongly declining rotation curves. At large radii, ho we ver, 

ll declining rotation curves flatten out, indicating that substantial 
mounts of DM must be present in these galaxies too (Noordermeer 
t al. 2007 ; Kalinova et al. 2017 ; Frosst et al. 2022 ). 

For the QI model, the contribution of DM starts to dominate the
ass budget far beyond the bar region at a galactocentric distance 

 � 7 kpc). As a further check of our dynamical modelling, we derive
he mean circular velocity of the inner disc in the radial range (3.3 ≤
 ≤ 4.2 kpc) adopted by Cuomo et al. ( 2019a ) to estimate the circular
elocity by correcting the stellar streaming motion for asymmetric 
rift. We find V 

QI 
circ = 200 ± 7 km s −1 which is consistent within 2 σ

rror with the asymmetric drift estimate V 

AD 
circ = 189 ± 10 km s −1 by

uomo et al. ( 2019a ). 
We compare our results with those obtained by Cappellari et al. 

 2013 ), who modelled NGC 4264 using a JAM mass model with
 NFW halo. Their stellar kinematics maps were obtained with 
he SAURON integral-field spectrograph, covering a smaller FOV 

0.55 × 0.7 arcmin 2 ) and having a lower angular resolution (FWHM
 1.5 arcsec) with respect to ours. Nevertheless, Cappellari et al.

 2013 ) reported that the DM fraction within the galaxy’s ef fecti ve
adius ( R e = 13.4 arcsec) is f DM 

( r < R e ) = 0.31 with a maximum
ircular velocity of V circ, max = 191 km s −1 . We find a consistent
alue of f NFW 

DM 

( r < R e ) = 0 . 28 ± 0 . 01, but a larger value of
 

NFW 

circ , max = 260 ± 4 km s −1 for the mass model with a NFW halo.
he discrepancy between the two values of the circular velocity 
ould due to the different extensions of the adopted data. 

.2 NGC 4277 

s done for NGC 4264, we construct a starting set of mass models by
onsidering the galaxy inclination as a free parameter. Considering 
he intrinsic flattening, the mass models with a DM halo return a
onsistent value ( i = 40 . ◦6) with that obtained by Buttitta et al. ( 2022 )
rom the isophotal analysis of NGC 4277 ( i disc = 40 . ◦7), whereas the
ass-follows-light model gave i = 46 . ◦3 ± 6 . ◦0. We verify that all the
ass models reco v ered the photometric inclination after masking 

he kinematic bins belonging to the bar-dominated region ( r < 8
rcsec). In this way, we rely only on the kinematic bins of the disc.
e perform a further check by masking the central kinematic bins

 r < 2.5 arcsec) to a v oid issues related to the wrong PSF and/or the
MBH mass and we find the same model parameters. Finally, we
ecide to fix the inclination to build the final set of mass models.
e adopt the value consistent with the photometric estimate to allow

 straightforward comparison between the best-fitting parameters of 
he different mass models, which are given in Table 3 together with
he reduced χ2 of the mass models. 
MNRAS 521, 2227–2238 (2023) 
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We find a much larger mass-to-light ratio for the mass-follows-
ight model (( M / L ) ∗, i ∼ 2.4 M � L 

−1 
� ) with respect to the mass models

ith a DM halo (( M / L ) ∗, i ∼ 1.7 M � L 

−1 
� ). This is expected if there is

M in addition to the stars. We are not able to constrain βz with the
ass-follows-light model, whereas all the mass models with a DM

alo returned the same ne gativ e value within errors for the anisotropy
 βz ∼ −1.5). 

Although more than 60 per cent of the kinematic bins of NGC 4277
re located in the bar-dominated region, where the stars are expected
o dominate the galaxy mass (Fig. 4 , left-hand panel), the predicted
econd velocity moment of the mass-follows-light model does not
atch the observed V rms in terms of amplitude ( V rms ∼ 80 km s −1 

or r � 12 arcsec) and shape of the iso v elocity contours (Fig. 4 , top-
entre panel), contrary to the models with a DM halo (Fig. 4 , bottom-
entre panel). Therefore, we conclude that the best-fitting mass model
f NGC 4277 requires a DM halo. As for NGC 4264, the mass model
ith the QI halo fits slightly better than those with the NFW ( �χ2 

ν =
 . 08) and gNFW halo ( �χ2 

ν = 0 . 01). The DM fraction within the bar
s f QI 

DM , bar = 0 . 53 ± 0 . 02 which is fully consistent with the fractions
redicted by the mass models with a NFW ( f NFW 

DM , bar = 0 . 56 ± 0 . 01)

nd gNFW DM halo ( f gNFW 

DM , bar = 0 . 53 ± 0 . 18). These findings suggest
hat NGC 4277 hosts a considerable amount of DM, which is not
ied to the stars, within the radial range mapped by the kinematic
ata. This holds no matter the adopted radial profile of the DM
ass volume density. We ar gue that the lar ge amount of DM in the

nner regions of NGC 4277 is responsible for the slo wdo wn of its
ar. 

We show in the top panels of Fig. 4 the maps of the second velocity
oments predicted by the best-fitting mass models of NGC 4277
ithout and with the QI halo to be compared with the map of observed
 rms . The corresponding radial profile of the enclosed mass and
ircular velocity for the stars, DM, and their sum of the best-fitting
ass model with the QI halo are shown in the bottom panels of Fig. 4 .
The contribution of the DM starts to dominate the mass budget just

utside the bar region ( r � 3 kpc) and the circular velocity flattens out
t a larger galactocentric distance ( r � 5 kpc) as expected for a DM-
ominated region. We derive the mean value V 

QI 
circ = 136 ± 4 km s −1 

f the circular velocity in the same radial range (2.1 ≤ r ≤ 5.9 kpc)
dopted by Buttitta et al. ( 2022 ) to estimate the circular velocity by
orrecting the stellar streaming motion for asymmetric drift. They
ound V 

AD 
circ = 148 ± 5 km s −1 . The two values are consistent with

ach other within 2 σ errors. 

 C O N C L U S I O N S  

e ha ve b uilt Jeans axisymmetric dynamical models for the two
arred lenticular galaxies NGC 4264 and NGC 4277. They are
ery similar in terms of morphology, size, and luminosity. But
GC 4264 hosts a fast bar, which nearly extends out to its corotation

 R = 0 . 9 ± 0 . 2; Cuomo et al. 2019a ), while the bar embedded in
GC 4277 is slow and falls short of the corotation ( R = 1 . 8 + 0 . 5 

−0 . 3 ;
uttitta et al. 2022 ). We focused on these galaxies because their
ar pattern speeds are amongst the best-constrained ones obtained
ith direct measurements through the Tremaine-Weinberg method

Tremaine & W einberg 1984 ). W e considered both mass-follows-
ight models and mass models with a spherical halo of DM, which
s not tied to the stars, by matching the stellar kinematics obtained
ith the MUSE integral-field spectrograph and using SDSS images

o reco v er the stellar mass distribution. 
For both galaxies, the best-fitting mass model has a quasi-

sothermal halo for which we derived the fraction of dark matter
NRAS 521, 2227–2238 (2023) 
 DM, bar within the bar region. This is the first time that R is measured
long with f DM, bar obtained from dynamical modelling. We found
hat the inner regions of NGC 4277 host a larger amount of dark

atter ( f DM, bar ∼ 0.5) with respect to NGC 4264 ( f DM, bar ∼ 0.3) in
greement with the predictions of theoretical works and the findings
f numerical simulations. Indeed, fast bars are expected to live
n baryon-dominated discs, whereas slow bars hav e e xperienced
 strong drag from the dynamical friction due to a dense halo of
ark matter. First, Weinberg ( 1985 ) predicted that a DM halo with a
ignificant central mass density e x erts a dynamical torque on the bar
ausing its slo wdo wn. Similar results were later confirmed by several
orks based on N-body simulations (Debattista & Sellwood 1998 ,
000 ; Athanassoula & Misiriotis 2002 ; Martinez-Valpuesta et al.
017 ; Petersen et al. 2019 ). The bar in a less massive DM halo could
equire a longer time-scale to be slo wed do wn. Tailoring numerical
imulations to well-studied galaxies like NGC 4264 and NGC 4277
ill make it possible to track the decrease of the bar pattern speed as
 function of the DM content and to predict the present value of R
o be compared with observations. 

According to the results of numerical simulations, tidally induced
ars are typically slower than those spontaneously formed by internal
nstabilities (Miwa & Noguchi 1998 ; Martinez-Valpuesta et al. 2017 ;
okas 2018 ). Martinez-Valpuesta et al. ( 2017 ) found that bars formed
fter coplanar flybys with massive companions typically have a
otation rate R > 1 . 8. Similarly, large rotation rates characterize the
ars formed in the numerical experiments of Łokas ( 2018 ), which
xplored the case of retrograde encounters of two galaxies with
omparable mass. Buttitta et al. ( 2022 ) argued that the formation of
he slow bar in NGC 4277 could be induced by the close companion
GC 4273. NGC 4277 does not present strong evidence of tidal

nteraction with the nearby galaxy, therefore it is not possible to
onfirm this scenario. Ho we ver, we can conclude that the large
M fraction in its inner regions influenced the evolution of the bar
riving it to an even slower regime. On the other hand, Cuomo
t al. ( 2019a ) pointed out that the mild interaction with NGC 4261
a v ours the spontaneous formation of the fast bar of NGC 4264.

e conclude that the low DM fraction in the bar-dominated region
as not enough to efficiently slow down the bar to the slow

egime. 
Following theoretical results (e.g. Athanassoula et al. 2013 ;

ell w ood 2014 ) angular momentum is exchanged at resonances,
ut it is emitted at the inner resonances and absorbed at the outer
nes. Ho we ver, the estimate of the amount of angular momentum
xchanged at the resonances would require tracking the temporal
volution of the bar parameters of NGC 4264 and NGC 4277 through
ailored N-body simulations. Nevertheless, it is possible to estimate
he amount of DM enclosed within the corotation radius. The location
f the corotation and bar radius of NGC 4264 are consistent with each
ther within errors, whereas the corotation radius of NGC 4277 is
bout twice as large as the bar radius. For NGC 4264, the DM fraction
nclosed within the corotation radius ( f DM, cor = 0.29 ± 0.04) is the
ame within errors as that enclosed within the bar radius ( f DM, bar =
.33 ± 0.04). On the contrary, for NGC 4277 the DM fraction
nclosed within the corotation radius ( f DM, cor = 0.72 ± 0.03) is
uch larger than that inside the bar radius ( f DM, bar = 0.53 ± 0.02)

urther supporting our conclusions. 
A systematic application of the JAM algorithm to simulated barred

alaxies with bars of different orientations, lengths, strengths, and
attern speeds is required to extend the parameter space explored by
ablanche et al. ( 2012 ). This is needed to understand the uncertainties
nd biases on the dynamical parameters, including the DM content
n the bar-dominated region, for a given galaxy configuration. In



Bar rotation rate as dark matter diagnostic 2237 

p
g
a

 

b
s
2  

e  

a  

W  

a  

u

w
d
t  

o
b
(  

t

A

W  

t  

I
g
2
d
t
b
r
M
i
a
a
A

N

V
m
p  

D  

F
t
r
U  

I
P
B
C
F
p
U
U
L
P
I
E
r
U
S
i

N  

C
U  

U

D

T

R

A
A
A
A
A
A
A
A
A
A  

B
B

B
B
B
C
C
C
C
C
C
C
C
C
C
C  

C  

D
D
D  

d  

d  

 

d
E
F  

F
F  

F  

G
 

G
G
G

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/521/2/2227/7070722 by U
niversita di Padova user on 17 M

ay 2023
articular, the regimes of weakly barred galaxies and dwarf-barred 
alaxies, which give a major contribution to the galaxy population, 
re yet to be explored. 

This is a crucial step to extend this dynamical analysis to all the
arred galaxies with a measured bar rotation rate from integral-field 
pectroscopic data, like those targeted by CALIFA (S ́anchez et al. 
012 ; Aguerri et al. 2015 ; Cuomo et al. 2019b ), MANGA (Bundy
t al. 2015 ; Guo et al. 2019 ; Garma-Oehmichen et al. 2020 , 2022 ),
nd PHANGS-MUSE (Williams et al. 2021 ; Emsellem et al. 2022 ).
ith a large set of modelled galaxies, it will be possible to look for

 quantitative relationship between R and f DM, bar with the aim of
sing R as a diagnostic of the DM content in galaxy discs. 
Finally, NGC 4264 and NGC 4277 are amongst the barred galaxies 

ith the best-studied bar properties in terms of surface-brightness 
istribution, stellar kinematics, and mass modelling. For this reason, 
hey are ideal candidates to be adopted as a test bench in applying the
rbit-superposition Schwarzschild dynamical models, which have 
een recently developed for tumbling bars by Vasiliev & Valluri 
 2020 ) and Tahmasebzadeh et al. ( 2022 ) but which have been applied
o date only to mock galaxies created from N-body simulations. 
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