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ABSTRACT

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 fpyp, 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 recover 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 ( fpm par = 0.53 £ 0.02)
with respect to NGC 4264 (fpm.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 fpm, 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.

1 INTRODUCTION

About two-thirds of disc galaxies, including the Milky Way, have a
bar which is tumbling at the centre of the disc (Aguerri, Méndez-
Abreu & Corsini 2009; Buta et al. 2015). The bar is an efficient
agent for redistributing the stars by exchanging angular momentum,
energy, and mass among the different galactic components including
the dark matter (DM) halo (Athanassoula, Machado & Rodionov
2013; Sellwood 2014).

The main properties of bars are the radius Ry,;, which defines
the elongation of the stellar orbits in the bar, strength Sy,, Which
quantifies the non-axisymmetric contribution of the bar to the
gravitational potential, pattern speed y,, which is the angular
frequency of the bar figure rotation, and the rotation rate R. The
latter is defined as the dimension-less ratio between the length of
the corotation radius R..;, where stars circle the galactic centre at
Quar, and bar radius. The rotation rate does not depend on galaxy
distance and distinguishes between fast (1 < R < 1.4) and slow bars
(R > 1.4) (Athanassoula 1992; Debattista & Sellwood 2000).
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The two main mechanisms which trigger the formation of a bar
are internal gravitational instabilities of the stellar disc (Sellwood
1981) and external tidal interactions (Noguchi 1987). Spontaneously
formed bars are usually thin, long, and fast (Athanassoula et al.
2013), whereas tidally induced bars are thick, short, and slow
(Martinez-Valpuesta et al. 2017). The bar properties evolve with
time reshaping the morphology, orbital structure, mass distribution,
star formation, and stellar population properties of their host galaxies
(Laurikainen et al. 2007; Fragkoudi, Athanassoula & Bosma 2016).
Once formed, the bar becomes longer and stronger and it slows down
on time-scales, which depend on the DM content in the disc region
(Debattista & Sellwood 1998, 2000; Athanassoula & Misiriotis 2002;
Petersen, Weinberg & Katz 2019).

In the last decade, the systematic investigation of the pattern speeds
of large samples of barred galaxies with integral-field spectroscopy
has shown that almost all bars are fast (Aguerri et al. 2015; Guo
etal. 2019; Cuomo et al. 2020; Garma-Oehmichen et al. 2020, 2022)
confirming the early findings based on long-slit spectroscopy of few
selected objects (Corsini 2011). This supports the idea that the central
regions of lenticular and spiral galaxies host maximal (or nearly
maximal) stellar discs with a low content of DM.

These observationally driven findings are in conflict with the
predictions of some hydrodynamical cosmological simulations, for
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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
overplotted with black lines. The FOV is 1.7 x 1.7 arcmin® and is oriented with North up and East left.

which galaxies are embedded in centrally concentrated DM haloes
required by the ACDM paradigm. Algorry et al. (2017) measured the
bar properties in the galaxies extracted from the EAGLE simulation
(Schaye et al. 2015) and found a reasonable agreement with the bar
radii and strengths measured for real galaxies. However, the simu-
lated bars experienced an intense slowdown due to the dynamical
friction of the DM halo and many of them ended up slow at z ~ 0.
Similarly, Roshan et al. (2021) found that the bars in the TNG50
simulation (Nelson et al. 2018; Pillepich et al. 2018) are much
slower (R > 1.9) with respect to the observed ones. More recently,
the discrepancy between observations and simulations has been
attenuated by the findings of Fragkoudi et al. (2021) and Marioni et al.
(2022). Fragkoudi et al. (2021) analysed the barred galaxies in the
AURIGA simulation suite (Grand et al. 2017) and showed that they
have fast bars because they are more baryon-dominated with respect
to those in the TNG simulation. Marioni et al. (2022) investigated the
evolution of barred galaxies in the CLUES simulation (Gottloeber,
Hoffman & Yepes 2010), which have shorter, but not slower, bars
with respect to their observed counterparts. A possible explanation
for these findings could reside in the different ingredients of the
simulations so far analysed, including the resolution of the simulation
and the gas fraction, disc thickness, stellar and AGN feedback, and
baryonic content of the simulated galaxies.

Dynamical models of barred galaxies with accurate measurements
of Qp,r and R are needed to rigorously test the predictions of nu-
merical simulations regarding the bar properties as a function of gas
content, luminosity, and DM distribution. In this paper, we derive the
mass distribution of two barred galaxies, NGC 4264 and NGC 4277,
for which the values of Qy,, are amongst the best-constrained ones
ever obtained with direct measurements (Tremaine & Weinberg
1984). This will allow us to investigate the link between R and
the 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
slow (R = 1.8%03; Buttitta et al. 2022). We aim at understanding
whether a larger value of R results from the effective bar braking
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due to the dynamical friction exerted by the DM halo and therefore
is a diagnostic of a large content of DM in the bar region.

The paper is organized as follows. We present the main properties
of the two galaxies and their bars in Sections 2 and 3, respectively.
We discuss the choice and application of the dynamical model in
Section 4. We present our results and their implications in Sections
5 and 6, respectively.

2 MAIN PROPERTIES OF NGC 4264 AND NGC
4277

NGC 4264 and NGC 4277 are two early-type disc galaxies classified
as SBO™(rs) and SAB(rs)0/a, respectively, by de Vaucouleurs et al.
(1991, hereafter RC3). They have a quite similar morphology (Fig. 1)
with a well-defined bar surrounded by a pseudo-ring and oriented at
an intermediate position angle with respect to the major and minor
axes of the disc (|PApy: — PAgisc| ~ 50°). The bar region appears
to be mostly free of dust and star formation and the disc has an
intermediate inclination (ig;s. ~ 40°). NGC 4264 and NGC 4277 have
similar luminosity and size, as calculated from the apparent corrected
magnitude Bg (RC3) and galaxy diameters D5 and dps (RC3) by
adopting the distance obtained from the radial velocity with respect
to the cosmic microwave background reference frame (Fixsen et al.
1996). NGC 4264 and NGC 4277 are located behind the Virgo cluster.
They likely form an interacting couple with the giant elliptical galaxy
NGC4261 (Schmitt 2001) and with the spiral galaxy NGC 4273
(Kim et al. 2014), respectively. The main properties of both galaxies
are given in Table 1.

3 PROPERTIES OF THE BARS

Cuomo et al. (2019a) and Buttitta et al. (2022) analysed the
surface photometry and integral-field spectroscopy of NGC 4264
and NGC 4277, respectively, to characterize the properties of their
bars. They measured the bar radius and strength from the surface
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Table 1. Galaxy and bar properties of NGC4264 and NGC4277. (1):
Morphological type from RC3. (2): Total absolute magnitude from B¥ inRC3.
(3): Distance calculated from the radial velocity with respect to the cosmic
microwave background reference frame (Fixsen et al. 1996) and assuming
Hy=75kms~! Mpc™!, Q, =0.308, and Q2 = 0.692. (4): Major and minor
diameters of the isophote with surface brightness j3 = 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 SBO*(rs) SAB(1s)0/a
0)) My (mag) —19.20 —19.27
3) D (Mpc) 38.0 +£2.7 338424
4) Das X das (kpc?) 10.8 x 8.8 103 x 8.6
5) PAise ©) 1140£12 123.34£0.3
(6) idise ©) 36.7 £0.7 407407
@) PAvar ©) 56.4+0.1 175.59 + 0.04
@®) Rpar (kpe) 32405 3.2709
©) Soar - 0.31 + 0.04 0.21 +0.02
(10) Veire (kms™1) 189 + 10 148 +5
an Qbar (kms~! 7144 2543
kpe™h
(12) Reor (kpc) 28402 6.0+ 0.9
(13) R - 0.9+0.2 1.8%03

photometry obtained from broad-band imaging of the Sloan Digital
Sky Survey (SDSS). They derived the bar pattern speed from the stel-
lar kinematics obtained from integral-field spectroscopy performed
with the Multi-Unit Spectroscopic Explorer (MUSE) at the Very
Large Telescope (VLT). They also estimated the corotation radius
from the circular velocity, which they constrained by correcting the
stellar streaming motions for asymmetric drift. Finally, they derived
the bar rotation rate. Here, we provide a concise description of the
acquisition and analysis of the photometric and kinematic data and
a summary of the results. The properties of the bars of both galaxies
are given in Table 1.

3.1 Bar radius and strength

Cuomo et al. (2019a) and Buttitta et al. (2022) analysed the flux-
calibrated i-band images of both galaxies available in the science
archive of the SDSS Data Release 14 (Abolfathi et al. 2018). They
were obtained with a spatial sampling of 0.3961 arcsec pixel™!,
total exposure time of 53.9 s, and seeing FWHM ~ 1.5 arcsec. The
images were sky subtracted and trimmed selecting a field of view
(FOV) of 800 x 800 pixel® centred on the galaxies corresponding
t0 5.3 x 5.3 arcmin.

The isophotal analysis recovered the geometric parameters PA g;sc
and igisc of the galaxy disc, which were adopted to deproject the
galaxy image. The photometric decomposition was performed to
estimate the position angle, PAy,;, of the bar and its contribution to
the galaxy surface brightness.

For both galaxies, the radius Ry, of the bar was derived as the
mean of the estimates obtained from the analysis of the radial
profile of the position angle of the interpolated isophotes on the
deprojected image as in Aguerri, Debattista & Corsini (2003), of
the intensity contrast between the bar and interbar regions following
Aguerri, Muiioz-Tufién & Varela (2000), and of the photometric
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decomposition adopting a Ferrers bar as in Méndez-Abreu et al.
(2017). The strength Sy, of the bar was derived as the mean of the
values obtained from the Fourier analysis of the deprojected image
as in Athanassoula & Misiriotis (2002) and from the bar axial ratio
as in Aguerri et al. (2009). The £o errors on Ry, and Sy, were
estimated by calculating the difference between the adopted value
and the highest/lowest measure. The two bars have lengths consistent
with the median value found for SBO galaxies (Aguerri et al. 2009)
and are both weak according to the classification of Cuomo et al.
(2019b).

3.2 Bar pattern speed and rotation rate

The integral-field spectroscopy was carried out with the wide field
mode of MUSE (Prog. 1d. 094.B-0241(A); P.I.: E.M. Corsini)
mapping a nominal FOV of 1 x 1 arcmin? with a spatial sampling
of 0.2 arcsec pixel™! and covering the wavelength range of 4800
9300 A with a spectral sampling of 1.25 A pixel™! and a nominal
spectral resolution of FWHM = 2.51 A. The mean value of the seeing
during the observations was FWHM ~ 1.1 arcsec. The observations
were split into different observing blocks which were mosaiced to
fully map the galaxies along their photometric major axis for an
actual FOV coverage of 1.0 x 1.7 arcmin’.

Cuomo et al. (2019a) and Buttitta et al. (2022) measured the
stellar and ionized-gas kinematics of the two galaxies by using
the PPXF (Cappellari & Emsellem 2004) and GANDALF (Sarzi et al.
2006) codes. The spaxels in the datacube were spatially binned with
the Voronoi tessellation algorithm (Cappellari & Copin 2003) to
ensure a target signal-to-noise ratio S/N = 40 per bin. In each bin,
the galaxy spectrum was fitted by convolving the spectra extracted
from the ELODIE stellar library (oing = 13 km s~!'; Prugniel &
Soubiran 2001) with a line-of-sight velocity distribution (LOSVD)
modelled with a truncated Gauss—Hermite series (Gerhard 1993; van
der Marel & Franx 1993) in the wavelength range 4800-5600 A. The
circular velocity Vi was derived by correcting the stellar streaming
motion for the asymmetric drift (Binney & Tremaine 1987).

The pattern speed 2y, of both bars was obtained by applying the
Tremaine—Weinberg method (Tremaine & Weinberg 1984) on the
reconstructed image and stellar velocity field of the host galaxies.
The value of Qy,, is given by (V) = (X)sin (igisc)2par- It depends on
the disc inclination and on the luminosity-weighted position (X) and
LOS velocity (V) of the stellar component within apertures parallel
to the disc major axis and crossing the bar. Finally, the corotation
radius R, and the rotation rate R values were estimated calculating
Reor = Viire/Q2ar and R = Reor/apar, respectively. The errors on
R.or and R were estimated by using Monte Carlo simulations. We
generated a distribution of R, and R by accounting for the errors
on Ry, Igise, and Veie. The adopted £o errors for Rq, and R are
calculated as the 16th and 84th percentiles of the distributions.

The two galaxies have similar properties in terms of bar size and
strength, but not in terms of bar pattern speed: NGC 4264 hosts a
fast bar (R = 0.9 £ 0.2) while the bar in NGC 4277 is slow (R =
1.8%03). The different bar rotation rates could be due to a different
bar formation mechanism and/or a different DM content in the bar
region.

Although NGC 4264 possibly forms an interacting pair with
NGC 4261, which is located at a projected distance of 3.5 arcmin
(Schmitt 2001), which corresponds to a quite large physical distance
of 4.9 Mpc, it lacks a strongly disturbed morphology. According to
Cuomo et al. (2019a), this suggests that the interaction is weak and
not responsible for having triggered the bar formation in NGC 4264.
NGC4277 is likely paired with NGC 4273, which is located at a

MNRAS 521, 2227-2238 (2023)

£20Z YoJe\ $Z Uo Jasn asiyseoueT [esjua) 10 AusiaAaiun Aq 2z220201/.222/2/1 ZS/81o1nie/Seiu/woo dno-olwspese//:sdny wolj papeojumoq



2230  C. Buttitta et al.

projected distance of 1.9 arcmin (van Driel et al. 2000) corresponding
to a physical distance of 2.5 Mpc. Buttitta et al. (2022) argued that
the bar formation in NGC 4277 could have been triggered by their
tidal interaction or alternatively, the bar could have been braked by
the dynamical friction of a dense DM halo (Debattista et al. 2006;
Athanassoula et al. 2013).

4 STELLAR DYNAMICAL MODEL

4.1 Jeans dynamical models

Reconstructing the mass distribution of a disc galaxy using unre-
solved stars as tracers of the gravitational potential is a challenging
task due to the non-uniqueness of the light deprojection (Rybicki
1987; Gerhard & Binney 1996). The bar introduces a further
complication since its characterization requires two additional pa-
rameters: the orientation and figure rotation (Lablanche et al. 2012).
This increases the degeneracy between the model parameters with
different combinations able to reproduce the observed photometric
and kinematic properties of the galaxy.

Several methods have been developed to recover the dynam-
ical structure of a galaxy from broad-band imaging and long-
slit/integral-field spectroscopy, but the dynamical modelling of
barred galaxies is still at an early stage. The recently developed
orbit-superposition Schwarzschild models by Vasiliev & Valluri
(2020) and Tahmasebzadeh et al. (2022), which to date have been
applied only to data from N-body simulations, considered the bar
pattern speed. Portail et al. (2016) built a dynamical model of
the Milky Way to recover its bar pattern speed by using the
made-to-measure method as implemented by de Lorenzi et al.
(2007).

In general, barred galaxies have been modelled with axisymmetric
dynamical models, including the Jeans Anisotropic Modelling (JAM;
Cappellari 2008, 2020), which has been extensively applied to
spectroscopic surveys of nearby lenticular and spiral galaxies (e.g.
Williams, Bureau & Cappellari 2009; Cappellari et al. 2013; Guo
et al. 2019). It models the LOS second velocity moment for galaxies
with an axisymmetric mass distribution, including a DM halo, to be
compared with the root-mean-square velocity Vin derived from the
observed velocity V), and velocity dispersion oos. JAM requires the
surface-brightness distribution of the galaxy to be described through a
Multi-Gaussian Expansion (MGE; Cappellari 2002) parametrization,
which simplifies the solution of Jeans equations to recover the galaxy
inclination #, mass-to-light ratio (M/L), of the matter following the
light (which may include DM as well as stars), and anisotropy
parameter 8, =1 — azz /o3, where oy and o, are the radial and
vertical components of the velocity dispersion, respectively, in a
cylindrical coordinate system with the origin in the centre of the
galaxy and symmetry axis aligned with its rotation axis.

Cappellari (2008) compared the JAM and orbit-superposition
Schwarzschild models of six fast-rotating lenticular galaxies from the
SAURON survey (de Zeeuw et al. 2002). They have HST and ground-
based photometry and SAURON integral-field spectroscopy. The
values of g, from JAM are consistent within the uncertainties with
those obtained with the Schwarzschild modelling. Since fast rotators
show a slightly positive value of B, the inclination-anisotropy
degeneracy was removed, constraining 8, > 0. Although there is
a small dependence on the anisotropy parameter, overall the (M/L),
values and mass models obtained with the two approaches are also
in agreement. This means that the JAM model, with simple and well-
motivated assumptions, provides a reasonable description of the mass
distribution of lenticular galaxies.
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Cappellari et al. (2013) applied the JAM algorithm to 260 nearby
early-type galaxies of the ATLAS®P survey (Cappellari et al. 2011),
whose surface-brightness distribution was measured from SDSS and
Isaac Newton Telescope imaging and the stellar kinematics were
traced out to roughly one effective radius R. with SAURON integral-
field spectroscopy. This volume-limited sample was composed of
galaxies with a distance D < 42Mpc, absolute magnitude Mg
< —21.5mag, and stellar mass M, > 6 x 10°Mg. The stellar
kinematics of most of the sample galaxies are reasonably well
reproduced by mass-follows-light models, suggesting that early-type
galaxies have a simple internal structure within 1R., and that the DM
halo is not dominant. By adding the contribution of a NFW (Navarro,
Frenk & White 1995) DM halo, Cappellari et al. (2013) estimated a
median DM fraction within the effective radius of fpy (r < Re) =
0.13. About one-third of the sample galaxies host a bar and for
some of them, the quality of the fit was poor due to the low S/N
and/or twisted stellar kinematics or the presence of a strong bar. The
recovered values of (M/L), for the whole sample have an accuracy
of 6 per cent, which falls to 15 per cent for the barred galaxies.

Lablanche et al. (2012) analysed realistic simulations of two SBO
galaxies to explore the reliability of the JAM approach in recovering
the dynamical parameters of a barred galaxy. The simulated galaxies
mimicked NGC 4442 and NGC 4754 and were projected at different
disc inclinations (igisc = 25°,45°, 60°, and 87°) and with different bar
orientation (|PAp,: — PAgisc| = 18°, 45°, 60°, and 87°). In general,
igisc can be recovered with JAM although this result is biased by
the non-uniqueness of the mass deprojection in nearly face-on or
edge-on barred systems (with a maximum error Aigs. ~ 6° for
edge-on systems). The value of S, is not well recovered for any
disc inclination and bar orientation, because the bar produces a
deprojected mass density which is flatter or rounder with respect
to the azimuthally averaged one when the bar is viewed side-on or
end-on, respectively. This issue is not unique to JAM, but is expected
to affect also the axisymmetric dynamical models based on orbit
superposition. The recovered M/L depends on the disc inclination
and bar orientation. The uncertainty is smaller than 1.5 per cent for
systems with igs > 45° and |PAp,: — PAgic| = 60° and it never
exceeds 3 per cent for the other inclinations. The recovered (M/L), is
underestimated (overestimated) if PA ;s < 45° (PAgisc > 45°). In their
tests, they found that the maximum systematic error of 15 per cent
on (M/L), occurs when the bar is seen nearly end-on (PAy, = 18°)
or side-on (PAy,, = 87°). They also investigated how the size of the
FOV affects the recovered parameters, and concluded that if the FOV
extends out to the bar radius, the systematic uncertainty on (M/L),.
decreases and tends to a limiting value of 10 per cent. However, the
mass models of Lablanche et al. (2012) did not include DM haloes.

We adopted the JAM method to recover the mass distribution
of NGC 4264 and NGC 4277, since we are confident that applying
such an axisymmetric dynamical model gives a reliable estimate of
(M/L), and DM fraction even in barred galaxies. Both objects are
ideal targets according to Lablanche et al. (2012), because they have
an intermediate inclination (igisc ~ 40°), are not substantially affected
by dust, and host a weak bar with an intermediate orientation with
respect to the disc major and minor axis (|PAp,: — PAgise| ~ 50°).
According to Lablanche et al. (2012), in this configuration, we expect
to systematically overestimate the (M/L), by a factor of 10 per cent.
This translates into a larger overestimate of the DM fraction in
galaxies with a larger content of luminous matter. In addition, the
fine spatial sampling, wide FOV, and high spectral resolution of
the MUSE integral-field spectrograph made it possible to accurately
map the stellar kinematics throughout the galaxy disc. The kinematic
maps 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 x 1.7 arcmin® 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 x 3 pixels? to reduce the noise for comparison purposes only. The yellow circles correspond to masked regions.

the biases in the estimation of the dynamical parameters. Finally,
we notice that NGC 4264 and NGC 4277 have similar luminosities
to those of NGC 4442 and NGC 4754. This gives us confidence in
extending the findings of Lablanche et al. (2012) to our galaxies.

4.2 Multi-Gaussian expansion

To obtain a model for the luminosity volume density of both
NGC 4264 and NGC 4277, we started by parametrizing the i-band
surface brightness of the sky-subtracted SDSS image of each galaxy
as the sum of a set of Gaussian components by using the MGE
Python code, which is based on Cappellari (2002). The MGE method
allows for a simple reconstruction of the intrinsic surface brightness
distribution provided that the point spread function (PSF) can be
approximated as a sum of Gaussian components. The intrinsic surface
brightness distribution is then easily deprojected into the luminosity
volume density, which is also parametrized as the sum of a set of
Gaussian components.

We adopted the centre coordinates derived for the two galaxies
by Cuomo et al. (2019a) and Buttitta et al. (2022). We estimated
the root mean square of the sky surface brightness by performing
a statistical analysis on different regions of the images containing
exclusively the sky contribution. These areas were selected in empty
regions, which were free of objects and far from the target galaxy
to avoid the contamination of the light of field stars and background
galaxies, as well as of the galaxy itself. Finally, we modelled the
PSF by applying the MGE algorithm on a bright, isolated, and
round-shaped field star constraining the best-fitting Gaussians to
have a perfect circular shape. The surface brightness distribution of
NGC 4264 is characterized by an isophotal twist in the outermost
regions. The internal (PA;, = 1140 £ 1°2) and external regions
(PAu = 122°8 4 224) of the disc have different orientations but the
same shape (¢ =0.20 £ 0.02) as found by Cuomo et al. (2019a). They
argued that the isophotal outer twist is not representative of the actual

orientation of the disc. We decided to constrain the Gaussians with
the geometric parameters of the internal disc which is mapped by the
measured stellar kinematics. The radial profiles of PA and € derived
by Buttitta et al. (2022) from the surface brightness distribution of
NGC 4277 show a clear disc-dominated region with a well-defined
orientation (PA = 12323 £ (0°3) and shape (¢ = 0.24 £ 0.02).

We obtained the MGE best-fitting model to the galaxy surface
brightness by keeping constant the centre and position angle of the
Gaussians derived by Cuomo et al. (2019a) and Buttitta et al. (2022),
while further restricting the range of the resulting axial ratios of
the Gaussian components to [gmin, 1], Where gmin = 1 — €gisc. This
ensured that the permitted galaxy inclinations were not limited to a
narrower range than that allowed by the data (e.g. Scott et al. 2013;
Pagotto et al. 2019).

We show a few representative isophotes of the i-band images of
NGC 4264 and NGC 4277 and compare these to the corresponding
MGE best-fitting contours in Fig. 2. The MGE algorithm pro-
vided the total luminosity in counts, root mean square in pixels,
and axial ratio for each best-fitting Gaussian parametrizing the
intrinsic surface brightness distribution. We converted the output
parameters into physical units by using the flux calibration and
spatial scale of the images given by Cuomo et al. (2019a) and
Buttitta et al. (2022) and correcting for cosmological dimming, K-
correction (Chilingarian & Zolotukhin 2012), and Galactic extinction
(Schlafly & Finkbeiner 2011). We adopted M; o = 4.53 mag as
the absolute magnitude of the Sun in the SDSS i-band (Willmer
2018). We list the MGE best-fitting parameters of the intrinsic
surface brightness distribution of NGC 4264 and NGC4277 in
Table 2.

4.3 Axisymmetric Jeans anisotropic model

With the MGE models at hand, we proceeded to use the JAM
Python code based on Cappellari (2008) to build Jeans axisymmetric
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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 NGC4264 and
NGC4277. (1): Central luminosity surface density. (2) Standard deviation.
(3) Axial ratio.

NGC 4264 NGC4277
Ip o q I o q
(Lo pe?) (kpe) (Lope™?)  (kpo)
(1) @) 3) (1) (@) 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 - - -

dynamical models for NGC 4264 and NGC 4277 in order to derive
the DM content within the bar region.

We selected the best-fitting JAM model by minimizing the x>
difference between the predicted second moment of the velocity field
and MUSE stellar kinematics measured by Cuomo et al. (2019a) and
Buttitta et al. (2022). To this aim, we obtained, for each spatial bin,
the observed Vs as

VI"mS = \/ Vlgs + O-lf)s

and its corresponding error

1 2 2
€Vins = \/(‘/IOSGVIOS) + (Glosealos) .
Vims

We discarded the bins with values of V), and o, with relative
uncertainties €y, /Vios > 1 and €, /01os > 1. In both galaxies, the
maximum uncertainty on Vs never exceeds ey, ~ 8km sl
Finally, we symmetrized the resulting values with respect to the disc
major axis by means of the Python algorithm PLOTBIN. We show the
Vims maps of NGC 4264 and NGC 4277 in the top left-hand panels
of Figs 3 and 4, respectively.

We modelled the total mass distribution of both galaxies as the
sum of two components

P = Px + Phalos

where p, is the mass volume density of matter (either luminous or
dark) that is distributed like the stars and pp,, is the mass volume
density of DM distributed in a spherical halo. We built a set of mass-
follows-light models by assuming that the mass volume density p.
follows the luminosity volume density v, derived by deprojecting
the intrinsic surface brightness distribution obtained from the MGE

These models have three free parameters that are optimized while
matching the observed Viys. They are igic, (M/L),, and B,. We
adopted radially constant values for both (M/L), and ..

Then, we included the contribution of the DM halo pya,, for which
we considered

(i) aquasi-isothermal (QI; Binney & Tremaine 1987) radial profile
of the mass volume density
Lo
—
t+(2)

where pg and r. are the central mass volume density and core radius,
respectively.

poi(r) =
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(i1) a NFW radial profile of the mass volume density
Ps

r r 2’
Z(1+75)

where pg and rg are the scale mass volume density and scale radius,
respectively. We reduced the number of free parameters by adopting
the following parametrization

Mvir 1
4nA(Cvir) r(rs + r),

PONEW(r) =

ONEW(F) =

where the virial mass M,;, and coefficient A
by

are respectively given

Cvir

M= 03 vy
v1r—?rvirpcm M B virs

with pei = 1.37 x 1077 Mg pc*3, Qp = 0.27 and Ay; = 200, and
Cvir
1+ Cyir ’

where cyi; = ry;/7 is the concentration parameter. We followed the
M,i; — cyi relation by Klypin, Trujillo-Gomez & Primack (2011) to
derive

Alcvir) = log I+ cvir) —

0.7 My, \ 0075
1012 )
In this way, the mass model has only a free parameter M,;,.

(iii) a generalized NFW (gNFW:; Barnabe et al. 2012) radial profile
of the mass volume density

r\Y 1 1r\-+3
/)gNFW(")Zps(Z) : (5"’52) ;
where pg and rg are the scale mass volume density and scale radius,
respectively, while the y parameter gives the inner slope of the radial
profile. We constrained it in the range —2 < y < 0, with y =0
corresponding to a cored profile and y = —1 to a NFW profile.

Cuir = 9.6(

For each mass model, we computed the radial profiles of the
enclosed mass and circular velocity for the stars, DM in the halo,
and their sum. We used Monte Carlo simulations to estimate the 1o
confidence intervals. At each radius, we generated a distribution of
enclosed mass and circular velocity taking into account the errors on
the best-fitting parameters of the mass model. The adopted o errors
of enclosed mass and circular velocity for the stars, DM in the halo,
and their sum are calculated as the 16th and 84th percentiles of the
distributions.

For the three mass models with a DM halo, we calculated the
fraction of DM within the bar region as

Mpm(r < apar)
MDM(r < abar) + M,(r < abar).

We calculated the corresponding 4o errors as the 16th and 84th
percentiles of the distribution of fpwm, bar that we built from the same
Monte Carlo simulations previously generated.

The JAM code allows the inclusion of the contribution of a central
supermassive black hole (SMBH), which is modelled through the
MGE formalism as a Gaussian having mass M,, axial ratio ¢ = 1 and
30 < Fmin, With ryi, defined as the smallest distance from the SMBH
that can be chosen ry;, ~ opsp (Cappellari 2008, 2020). Due to the
limited spatial resolution of the available ground-based kinematic
observations, we cannot constrain the mass M, of the central SMBH.
Therefore, we decided to adopt the SMBH mass value given by the
M, — o, relation (Kormendy & Ho 2013). We estimated the bulge
effective velocity dispersion from the MUSE kinematic map and the

fDM,bar =
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Figure 3. Top panels: Symmetrized Vs 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 Vi
(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 +o errors calculated from Monte

Carlo simulations.

reconstructed image as the luminosity-weighted average of the ob-
served Vs inside an elliptical region with a semimajor axis equal to
half of the bulge effective radius R, puiee and the same axial ratio gpyige
of the bulge. We adopted the values obtained by Cuomo et al. (2019a)
and Buttitta et al. (2022) with a parametric photometric decompo-
sition of the SDSS images of NGC4264 (R puge = 1.53 arcsec,
Gouige = 0.77) and NGC4277 (R puge = 1.77arcsec, @puge
=0.84).

5 RESULTS

For both galaxies, we obtained the best-fitting parameters for all the
mass models without and with a DM halo. We analysed the mass-
follows-light models as well as the models with a QI, NFW, and
gNFW DM halo to constrain the DM fraction within the bar region
of NGC 4264 and NGC 4277.

5.1 NGC 4264

We construct a starting set of mass models by considering the galaxy
inclination as a free parameter. The mass models with a DM halo
return the same value (QI, gNFW) or a value consistent within errors
(NFW) with that obtained by Cuomo et al. (2019a) from the isophotal
analysis of NGC 4264 (igisc = 367), whereas the mass-follows-light
model gives a much larger value (i = 42°9 £ 1°3).

We repeat the analysis after masking the kinematic bins within
a circular region of radius r = 8 arcsec, which corresponds to the
bar radius projected onto the sky plane. In this way, we consider
only the kinematic data measured in the disc region. But, all the
mass models converge to an edge-on solution with g, ~ —1.45 as
a consequence of the inclination-anisotropy degeneracy (Krajnovic¢
et al. 2005; Lablanche et al. 2012). We verify that this result is
not driven by the twisted structure of the disc of NGC 4264. The

MNRAS 521, 2227-2238 (2023)

£20Z YoJe\ $Z Uo Jasn asiyseoueT [esjua) 10 AusiaAaiun Aq 2z220201/.222/2/1 ZS/81o1nie/Seiu/woo dno-olwspese//:sdny wolj papeojumoq


art/stad646_f3.eps

2234 C. Buttitta et al.
Mass-follows-light model
Model Vp, 80 10
T 10 1M 5 w0 .
o E GDTm ! r Tw
© oF i £ © 0 0 £
s |t 50§ o £
T 3 a _1pk
80 10: ] 20 10 =5
= 70 F.o1 . 9 B, 1
o = —20 20 30 —20 -10
Q 60'?m AX [arcsec] AX [arcsec]
=, 50 £ Quasi-isothermal sphere
> st .
Q Model Vims 30 Residuals 10
40 [T~ il 1
L /"
30 ¢ 10F TOH - 10F ‘ 5 _
AX [arcsec] % 607 ﬁ [ - - 'Y 'Tm
S oF e & OF c 0o 2
= 50 & = I \ LY : ’ <
Q_qok — < _qp9k ‘ -
10 40 10: ] -w / -5
=50° 30 ST 0 20 @10
AX [arcsec] AX [arcsec]
1012 Enclosed mass radial profile 200 Circular velocity radial profile
— MGE — DM — TOT — MGE — DM — TOT
1804
1074 1601
- A
© wn 1404
= §
‘: 1010_ = 1204
: = <
= £100-
>
109_ 80_
60 4
103 T T T T T T 40 T T L T T T

r [kpcl

7 8 9 10 11 12 13 14

7 8 9 10 11 12 13 14
r [kpc]

Figure 4. Same as Fig. 3, but for NGC 4277.

kinematic bins in the external disc (r > 25 arcsec) account for less
than 1 per cent of the data and the mass models based on a different
MGE decomposition of the SDSS image, where we mask the external
disc, do not improve the fit. We perform a further sanity check by
masking the kinematic bins in the central circular region of radius r =
2.5 arcsec to minimize biases due to an uncorrected estimation of the
PSF and/or the SMBH mass. Then, we decide to fix the inclination
to build the final set of mass models. We adopt i = 3625 which
corresponds to the photometric value of Cuomo et al. (2019a). An
intrinsic flattening go = 0.05 is adopted in JAM modelling to derive
i from the observed axial ratio, whereas iy is obtained by Cuomo
et al. (2019a) assuming an infinitesimally thin disc. The choice of
a fixed inclination allows a straightforward comparison between the
best-fitting parameters of the different mass models, which we list in
Table 3 together with their reduced x2.

We find a slightly larger mass-to-light ratio for the mass-follows-
light model (M/L),. ; ~2.6 Mg Lal) with respect to the mass models
with a DM halo (M/L).; ~ 2.1 Mg Lg'). This is expected if there is
a small amount of DM, which is not distributed like the stars. Since
we are interested in recovering the mass distribution of NGC 4264
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and not in its orbital structure, we were not concerned by the fact
that the mass-follows-light model was not able to constrain 8, and
the mass models with the DM halo returned a remarkably negative
value of anisotropy (8, ~ —7.3).

The observed V,n is characterized by a central local minimum
of ~90 kms~! with a remarkable double-peaked structure with a
maximum of ~120 kms~! at |r| ~ 15 arcsec along the galaxy
major axis decreasing to ~80 kms~! at |r| > 20 arcsec (Fig. 3, left-
hand panel). Although the overall shape of the isovelocity contours
is reproduced by the mass-follows-light model (Fig. 3, top-centre
panel), it fails to match the location and amplitude of the double
peak of Vi (Fig. 3, top right-hand panel). The mass models with
a DM halo provide a better fit to the observed Vs (Fig. 3, bottom-
centre panel), although they do not correctly reproduce the decrease
measured at large radii along the galaxy major axis (Fig. 3, bottom
right-hand panel). At face value, the mass model with the QI halo is
marginally better than those with the NFW (A x2 = 0.09) and gNFW
halo (Ax2 = 0.01).

The DM fraction within the bar of the best-fitting model is

Sl\l/l,bar = 0.33 £ 0.04, which is compatible, within 1o 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 NGC4277
mass-follows-light (MIL),. ; (Mo Lgh 2.55 +0.02 236 + 0.05
i ©) (36.5) (40.6)
B: - unc. unc.
x2 - 5.54 5.81
QI (MIL), ; (Mo Lzh 2.18 £0.05 1.72 £ 0.02
log10(po/Mg pe™) - —0.61 +£0.13 —1.04 +0.04
re (kpc) 1.33 £ 0.28 246 + 0.24
i ©) (36.5) (40.6)
B. - —7.12+1.73 —1.48 £0.19
x2 - 3.98 1.54
/DM, bar - 0.33 £0.04 0.53 £0.02
NFW (MIL),. ; (Mo Lgh 2.14 £ 0.03 1.55 £ 0.03
log10(M200/Mg) - 13.94 £ 0.12 13.33 4 0.05
i ©) (36.5) (40.6)
B - —7.86 £ 1.99 —1.55+0.20
x2 - 4.07 1.62
DM, bar - 0.35 4 0.01 0.56 £ 0.01
gNFW (MIL),. ; (Mo Lgh 2.14 +0.05 1.69 + 0.04
logio(ps/Mg pc™2) - —120+0.15 —2.14 £ 0.36
rs (kpc) 2254 0.53 113+ 6.6
y - (0) —0.34+£0.26
i ©) (36.5) (40.6)
B - —6.86 & 1.65 —1.49+£0.19
x2 - 3.99 1.55
FOM. bar - 0.34 + 0.05 0.53 +0.18

with that predicted by the mass models with a NFW (f 0%, =

0.35 £ 0.01) and gNFW halo ( fis o = 0.34 =£ 0.05). This suggests
that the mass budget of NGC 4264 is baryon-dominated in the radial
range mapped by the kinematic data. We show in the top panels of
Fig. 3 the maps of the second velocity moments predicted of the
best-fitting mass models of NGC 4264 without and with a QI halo
to be compared with the map of observed V;ns. The corresponding
radial profile of the enclosed mass and circular velocity for the stars,
DM, and their sum are given in the bottom panels of Fig. 3 for the
best-fitting mass model with the QI halo.

The circular velocity profile in the region between the bar end and
the edge of the kinematic data (3 < r < Skpc) is characterized by a
weak decline. This means that, in this radial range, the DM halo does
not play a dominant role with respect to the luminous component.
This is a local trend which has been commonly observed in galaxies
with massive bulges, with more luminous galaxies having on average
more strongly declining rotation curves. At large radii, however,
all declining rotation curves flatten out, indicating that substantial
amounts of DM must be present in these galaxies too (Noordermeer
et al. 2007; Kalinova et al. 2017; Frosst et al. 2022).

For the QI model, the contribution of DM starts to dominate the
mass budget far beyond the bar region at a galactocentric distance
r = Tkpc). As a further check of our dynamical modelling, we derive
the mean circular velocity of the inner disc in the radial range (3.3 <
r <4.2kpc) adopted by Cuomo et al. (2019a) to estimate the circular
velocity by correcting the stellar streaming motion for asymmetric
drift. We find V2L = 200 & 7 kms~! which is consistent within 20
error with the asymmetric drift estimate V22 = 189 + 10 km s~! by
Cuomo 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

a NFW halo. Their stellar kinematics maps were obtained with
the SAURON integral-field spectrograph, covering a smaller FOV
(0.55 x 0.7 arcmin?) and having a lower angular resolution (FWHM
= 1.5arcsec) with respect to ours. Nevertheless, Cappellari et al.
(2013) reported that the DM fraction within the galaxy’s effective
radius (R, = 13.4 arcsec) is fpm(r < R.) = 0.31 with a maximum
circular velocity of Ve max = 191km s~'. We find a consistent
value of fNEW(r < R.)=0.2840.01, but a larger value of
VoW o =260 £ 4kms™" for the mass model with a NFW halo.
The discrepancy between the two values of the circular velocity
could due to the different extensions of the adopted data.

5.2 NGC 4277

As done for NGC 4264, we construct a starting set of mass models by
considering the galaxy inclination as a free parameter. Considering
the intrinsic flattening, the mass models with a DM halo return a
consistent value (i = 40°6) with that obtained by Buttitta et al. (2022)
from the isophotal analysis of NGC 4277 (igisc = 40°7), whereas the
mass-follows-light model gave i = 4623 £ 620. We verify that all the
mass models recovered the photometric inclination after masking
the kinematic bins belonging to the bar-dominated region (r < 8
arcsec). In this way, we rely only on the kinematic bins of the disc.
We perform a further check by masking the central kinematic bins
(r < 2.5 arcsec) to avoid issues related to the wrong PSF and/or the
SMBH mass and we find the same model parameters. Finally, we
decide to fix the inclination to build the final set of mass models.
We adopt the value consistent with the photometric estimate to allow
a straightforward comparison between the best-fitting parameters of
the different mass models, which are given in Table 3 together with
the reduced x2 of the mass models.
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We find a much larger mass-to-light ratio for the mass-follows-
light model (M/L),. ; ~2.4 Mg Lgl) with respect to the mass models
with a DM halo (M/L),,; ~ 1.7 Mg LE)I)' This is expected if there is
DM in addition to the stars. We are not able to constrain 8, with the
mass-follows-light model, whereas all the mass models with a DM
halo returned the same negative value within errors for the anisotropy
(B: ~—1.5).

Although more than 60 per cent of the kinematic bins of NGC 4277
are located in the bar-dominated region, where the stars are expected
to dominate the galaxy mass (Fig. 4, left-hand panel), the predicted
second velocity moment of the mass-follows-light model does not
match the observed Vi, in terms of amplitude (Vs ~ 80km 57!
for r 2 12 arcsec) and shape of the isovelocity contours (Fig. 4, top-
centre panel), contrary to the models with a DM halo (Fig. 4, bottom-
centre panel). Therefore, we conclude that the best-fitting mass model
of NGC 4277 requires a DM halo. As for NGC 4264, the mass model
with the QI halo fits slightly better than those with the NFW (A x2 =
0.08) and gNFW halo (A)(U2 = 0.01). The DM fraction within the bar
is S;,Lbar = 0.53 £ 0.02 which is fully consistent with the fractions
predicted by the mass models with a NFW ( f5\V,. = 0.56 & 0.01)

and gNFW DM halo (_féy,[]?::r = 0.53 £ 0.18). These findings suggest
that NGC 4277 hosts a considerable amount of DM, which is not
tied to the stars, within the radial range mapped by the kinematic
data. This holds no matter the adopted radial profile of the DM
mass volume density. We argue that the large amount of DM in the
inner regions of NGC 4277 is responsible for the slowdown of its
bar.

We show in the top panels of Fig. 4 the maps of the second velocity
moments predicted by the best-fitting mass models of NGC 4277
without and with the QI halo to be compared with the map of observed
Vims. The corresponding radial profile of the enclosed mass and
circular velocity for the stars, DM, and their sum of the best-fitting
mass 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
outside the barregion (r 2 3 kpc) and the circular velocity flattens out
at a larger galactocentric distance (r 2 5 kpc) as expected for a DM-
dominated region. We derive the mean value V& = 136 =4 kms~!
of the circular velocity in the same radial range (2.1 < r < 5.9kpc)
adopted by Buttitta et al. (2022) to estimate the circular velocity by
correcting the stellar streaming motion for asymmetric drift. They
found V22 = 148 +£5 kms~!. The two values are consistent with

each other within 2o errors.

6 CONCLUSIONS

We have built Jeans axisymmetric dynamical models for the two
barred lenticular galaxies NGC 4264 and NGC4277. They are
very similar in terms of morphology, size, and luminosity. But
NGC 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
NGC 4277 is slow and falls short of the corotation (R = 1.8703;
Buttitta et al. 2022). We focused on these galaxies because their
bar pattern speeds are amongst the best-constrained ones obtained
with direct measurements through the Tremaine-Weinberg method
(Tremaine & Weinberg 1984). We considered both mass-follows-
light models and mass models with a spherical halo of DM, which
is not tied to the stars, by matching the stellar kinematics obtained
with the MUSE integral-field spectrograph and using SDSS images
to recover the stellar mass distribution.

For both galaxies, the best-fitting mass model has a quasi-
isothermal halo for which we derived the fraction of dark matter
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fom, bar Within the bar region. This is the first time that R is measured
along with fpm, bar Obtained from dynamical modelling. We found
that the inner regions of NGC 4277 host a larger amount of dark
matter (fpm, bar ~ 0.5) with respect to NGC 4264 (fpm, par ~ 0.3) in
agreement with the predictions of theoretical works and the findings
of numerical simulations. Indeed, fast bars are expected to live
in baryon-dominated discs, whereas slow bars have experienced
a strong drag from the dynamical friction due to a dense halo of
dark matter. First, Weinberg (1985) predicted that a DM halo with a
significant central mass density exerts a dynamical torque on the bar
causing its slowdown. Similar results were later confirmed by several
works based on N-body simulations (Debattista & Sellwood 1998,
2000; Athanassoula & Misiriotis 2002; Martinez-Valpuesta et al.
2017; Petersen et al. 2019). The bar in a less massive DM halo could
require a longer time-scale to be slowed down. Tailoring numerical
simulations to well-studied galaxies like NGC 4264 and NGC 4277
will make it possible to track the decrease of the bar pattern speed as
a function of the DM content and to predict the present value of R
to be compared with observations.

According to the results of numerical simulations, tidally induced
bars are typically slower than those spontaneously formed by internal
instabilities (Miwa & Noguchi 1998; Martinez-Valpuesta et al. 2017;
Lokas 2018). Martinez- Valpuesta et al. (2017) found that bars formed
after coplanar flybys with massive companions typically have a
rotation rate R > 1.8. Similarly, large rotation rates characterize the
bars formed in the numerical experiments of Lokas (2018), which
explored the case of retrograde encounters of two galaxies with
comparable mass. Buttitta et al. (2022) argued that the formation of
the slow bar in NGC 4277 could be induced by the close companion
NGC4273. NGC4277 does not present strong evidence of tidal
interaction with the nearby galaxy, therefore it is not possible to
confirm this scenario. However, we can conclude that the large
DM fraction in its inner regions influenced the evolution of the bar
driving it to an even slower regime. On the other hand, Cuomo
et al. (2019a) pointed out that the mild interaction with NGC 4261
favours the spontaneous formation of the fast bar of NGC 4264.
We conclude that the low DM fraction in the bar-dominated region
was not enough to efficiently slow down the bar to the slow
regime.

Following theoretical results (e.g. Athanassoula et al. 2013;
Sellwood 2014) angular momentum is exchanged at resonances,
but it is emitted at the inner resonances and absorbed at the outer
ones. However, the estimate of the amount of angular momentum
exchanged at the resonances would require tracking the temporal
evolution of the bar parameters of NGC 4264 and NGC 4277 through
tailored N-body simulations. Nevertheless, it is possible to estimate
the amount of DM enclosed within the corotation radius. The location
of the corotation and bar radius of NGC 4264 are consistent with each
other within errors, whereas the corotation radius of NGC 4277 is
about twice as large as the bar radius. For NGC 4264, the DM fraction
enclosed within the corotation radius (fpm, cor = 0.29 £ 0.04) is the
same within errors as that enclosed within the bar radius (fpm, bar =
0.33 £+ 0.04). On the contrary, for NGC4277 the DM fraction
enclosed within the corotation radius (fpm, cor = 0.72 £ 0.03) is
much larger than that inside the bar radius (fpm, bar = 0.53 £ 0.02)
further supporting our conclusions.

A systematic application of the JAM algorithm to simulated barred
galaxies with bars of different orientations, lengths, strengths, and
pattern speeds is required to extend the parameter space explored by
Lablanche etal. (2012). This is needed to understand the uncertainties
and biases on the dynamical parameters, including the DM content
in the bar-dominated region, for a given galaxy configuration. In
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particular, the regimes of weakly barred galaxies and dwarf-barred
galaxies, which give a major contribution to the galaxy population,
are yet to be explored.

This is a crucial step to extend this dynamical analysis to all the
barred galaxies with a measured bar rotation rate from integral-field
spectroscopic data, like those targeted by CALIFA (Sanchez et al.
2012; Aguerri et al. 2015; Cuomo et al. 2019b), MANGA (Bundy
et al. 2015; Guo et al. 2019; Garma-Oehmichen et al. 2020, 2022),
and PHANGS-MUSE (Williams et al. 2021; Emsellem et al. 2022).
With a large set of modelled galaxies, it will be possible to look for
a quantitative relationship between R and fpm, bar With the aim of
using R as a diagnostic of the DM content in galaxy discs.

Finally, NGC 4264 and NGC 4277 are amongst the barred galaxies
with the best-studied bar properties in terms of surface-brightness
distribution, stellar kinematics, and mass modelling. For this reason,
they are ideal candidates to be adopted as a test bench in applying the
orbit-superposition Schwarzschild dynamical models, which have
been recently developed for tumbling bars by Vasiliev & Valluri
(2020) and Tahmasebzadeh et al. (2022) but which have been applied
to date only to mock galaxies created from N-body simulations.
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