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ABSTRACT

The MaNGA project has obtained integral field unit (IFU) data for several thousand nearby
galaxies, including barred galaxies. With the two-dimensional spectral and kinematic informa-
tion provided by IFUs, we can measure the pattern speed of a barred galaxy, which determines
the bar dynamics. We apply the non-parametric method proposed by Tremaine & Weinberg to
estimate the bar pattern speed for 53 barred galaxies, making this the largest sample studied
so far in this way. Our sample is selected from the MaNGA first public data release as part
of SDSS Data Release 13 according mainly to the axial ratio and position angle difference
between the bar and disc, while kinematic data are from the later SDSS Data Release 14. We
have used both the photometric position angle from the photometric image and the kinematic
position angle from the stellar velocity map to derive the pattern speed. Combining three inde-
pendent bar length measurements and the circular velocity from Jeans anisotropic modelling
(JAM), we also determine the dimensionless ratio R of the corotation radius to the bar length.
We find that the galaxy’s position angle is the main uncertainty in determining the bar pattern
speed. The kinematic position angle leads to fewer ultrafast bars than the photometric position
angle, and this could be due to the method of measuring the kinematic position angle. We
study the dependence of R values on galaxy properties such as the dark matter fraction from
JAM modelling and the stellar age and metallicity from stellar population synthesis. A positive
correlation between the bar length and bar strength is found: the longer the bar, the stronger
the bar. However, no other significant correlations are found. This may result from errors in
deriving the R values or from the complex formation and slowdown processes of galactic bars.

Key words: galaxies: evolution — galaxies: kinematics and dynamics — galaxies: structure.

1 INTRODUCTION

Barred galaxies are one branch of the Hubble morphological clas-
sification. About 25-50 per cent of nearby disc galaxies observed
in optical wavelengths host a bar (e.g. Marinova & Jogee 2007;
Barazza, Jogee & Marinova 2008; Aguerri, Méndez-Abreu &
Corsini 2009; Nair & Abraham 2010; Masters et al. 2011). This
fraction is even higher when galaxies are observed in near-infrared
wavebands (e.g. Eskridge et al. 2000; Knapen, Shlosman & Peletier
2000; Menéndez-Delmestre et al. 2007; Buta et al. 2015). The bar
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fraction depends on many galaxy properties, such as Hubble type,
stellar mass, galaxy colour, and bulge prominence (e.g. Aguerri
et al. 2009; Nair & Abraham 2010; Masters et al. 2011). Our Milky
Way is also a barred galaxy (e.g. de Vaucouleurs 1964; Blitz &
Spergel 1991), and several works have tried to estimate its pattern
speed (e.g. Long et al. 2013; Antoja et al. 2014; Portail et al. 2015).

Though bars have a relatively small fraction of the visible mass,
they play an important role in disc galaxy evolution and bulge for-
mation. Their strong quadrupole moment allows them to redistribute
angular momentum, energy, and mass between the galactic bulge,
stellar and gaseous discs, and dark matter halo (e.g. Weinberg 1985;
Debattista & Sellwood 1998, 2000; Athanassoula 2003; Martinez-
Valpuesta, Shlosman & Heller 2006; Sellwood 2006; Sellwood &
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Debattista 2006; Villa-Vargas, Shlosman & Heller 2009; Athanas-
soula, Machado & Rodionov 2013). In particular, the amount of
angular momentum exchanged is related to galaxy properties, such
as the bar mass, halo density, halo velocity dispersion (e.g. Athanas-
soula 2003; Sellwood 2006; Sellwood & Debattista 2006), and the
central dark matter fraction.

Bars can be described by three important parameters: length,
strength, and pattern speed. Their evolution depends on the redistri-
bution of angular momentum within the galaxy. Different methods
have been proposed to measure these bar parameters.

Bar length can be determined by visual inspection of galaxy im-
ages (Kormendy 1979; Martin 1995; Hoyle et al. 2011), by locating
the maximum ellipticity of the galaxy isophotes (Wozniak et al.
1995; Athanassoula & Misiriotis 2002; Laine et al. 2002; Mari-
nova & Jogee 2007; Aguerri et al. 2009), by looking for variations
of the isophotal position angle (Athanassoula & Misiriotis 2002;
Sheth et al. 2003; Erwin 2005), or by structural decompositions
of the galaxy surface brightness distribution (Prieto et al. 1997,
2001; Aguerri, Debattista & Corsini 2003; Aguerri et al. 2005; Lau-
rikainen, Salo & Buta 2005; Gadotti 2008, 2011; Laurikainen et al.
2009; Weinzirl et al. 2009; Kruk et al. 2018). A typical bar radiusis a
few kpc (Marinova & Jogee 2007; Aguerri et al. 2009) and is corre-
lated with other galaxy parameters, such as disc scale length, galaxy
size, galaxy colour, and prominence of the bulge (e.g. Aguerri et al.
2005; Marinova & Jogee 2007; Gadotti 2011; Hoyle et al. 2011).

Bar strength is a parameter that measures the non-axisymmetric
forces produced by the bar potential in the discs of galaxies (Lau-
rikainen & Salo 2002). It can be derived by measuring the bar
torques (Combes & Sanders 1981; Quillen, Frogel & Gonzalez
1994; Buta & Block 2001; Laurikainen et al. 2007; Salo et al. 2010),
bar ellipticity (Martinet & Friedli 1997; Aguerri 1999; Whyte et al.
2002; Marinova & Jogee 2007; Aguerri et al. 2009), or Fourier de-
composition of galaxy light (Ohta, Hamabe & Wakamatsu 1990;
Marquez, Moles & Masegosa 1996; Aguerri et al. 2000a; Athanas-
soula & Misiriotis 2002; Laurikainen et al. 2005). Recently, Kim
et al. (2016) defined bar strength from the light deficit between the
surface brightness profiles along the bar’s major and minor axes.

The bar pattern speed €2,,, defined as the rotational frequency of
the bar, is an important dynamical parameter and its determination
requires galaxy kinematics. Many indirect methods have been used
to measure this parameter. Matching the modelled and observed
surface gas distributions and/or gas velocity fields (e.g. Sanders &
Tubbs 1980; Hunter et al. 1988; England, Gottesman & Hunter
1990; Garcia-Burillo, Combes & Gerin 1993; Sempere, Combes &
Casoli 1995a; Lindblad, Lindblad & Athanassoula 1996a; Lind-
blad & Kristen 1996b; Laine & Heller 1999; Aguerri et al. 2001;
Weiner, Sellwood & Williams 2001; Pérez, Fux & Freeman 2004;
Rautiainen, Salo & Laurikainen 2008; Treuthardt et al. 2008), with
2, as one of the free parameters of the models, has been applied
to 38 barred galaxies by Rautiainen et al. (2008) to determine their
pattern speeds. Some galaxy morphology features correlated with
Lindblad resonances have also been extensively used to derive bar
pattern speed, for example, position of galaxy rings (e.g. Buta 1986;
Buta et al. 1995; Vega Beltran et al. 1997; Muifioz-Tufién, Caon &
Aguerri 2004; Pérez, Aguerri & Méndez-Abreu 2012), changes in
the morphology or phase of spiral arms near the corotation radius
(e.g. Canzian 1993; Canzian & Allen 1997; Puerari & Dottori 1997;
Aguerri, Beckman & Prieto 1998; Buta & Zhang 2009), the offset
and shape of dust lanes (van Albada & Sanders 1982; Athanassoula
1992), or the morphology of the residual gas velocity field after ro-
tation velocity subtraction (Sempere et al. 1995b; Font et al. 2011,
2014). These methods are based on the description of morphological
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features and are model-dependent. The most accurate method for
measuring the bar pattern speed is the model-independent method
proposed by Tremaine & Weinberg (1984, hereafter TW), and we
will employ their method in this work.

Usually, abar is also parametrized by a distance-independent ratio
R = Rcr/ayn, where Rcr and a,, are the corotation radius and bar
length. The corotation radius is the region of the galaxy where the
gravitational and centrifugal forces cancel out in the rest frame of the
bar. Thus the corotation radius can be derived from the bar pattern
speed as Rcr = V./€2p, where V., is the disc circular velocity. A self-
weak bar requires R > 1.0, meaning that the bar cannot extend
beyond the corotation radius (Athanassoula 1980; Con topoulos
1980). Studies of the dust lane shapes, using gas flow calculations in
barred galaxy potentials predict R = 1.2 £ 0.2 (see Athanassoula
1992). Bars are often classified into fast (1.0 < R < 1.4) and slow
(R > 1.4)bars. Most observed bars have R ratios smaller than 1.4
(e.g. Elmegreen 1996; Rautiainen et al. 2008) and they have been
interpreted as evidence for maximum discs (Debattista & Sellwood
1998, but see Athanassoula 2014). However there are also some bars
compatible with being slow bars (Bureau et al. 1999; Rautiainen
et al. 2008; Chemin & Hernandez 2009). Thus having an accurate
measurement of the R values for barred galaxies is of great interest.

The TW method was applied to long-slit spectroscopy initially
(e.g. Debattista, Corsini & Aguerri 2002; Corsini, Debattista &
Aguerri 2003). Nevertheless, difficulties in tracing different stellar
populations between photometric and spectroscopic data (caused by
different wavelength coverage and problems with the positioning
of the pseudo-slits in the photometric images) can affect the de-
terminations. These problems can be solved by using integral field
unit (IFU) spectroscopic data. Many galaxies now have IFU data
obtained from different surveys, such as CALIFA (Sanchez et al.
2012), SAMI (Bryantet al. 2015), and MaNGA (Bundy et al. 2015).
Here we will apply the TW method to a sample of MaNGA barred
galaxies to derive their bar pattern speeds and study the dependence
of €2, on galaxy properties such as the central dark matter fraction.

The structure of this paper is as follows. Section 2 briefly intro-
duces the methods used in this work, including the TW method used
to measure the bar pattern speeds, the stellar population synthesis
(SPS) used to derive galaxy stellar ages and metallicities, and the
JAM used to estimate the dark matter fractions. Section 3 describes
the sample selection and stellar velocity maps used in this work.
Section 4 presents the measurements of geometric parameters and
bar strength of our sample galaxies. Bar pattern speeds and the de-
pendences of the R parameter on galaxy properties such as the dark
matter fraction are shown in Section 5. Discussions and conclu-
sions are shown in Sections 6 and 7, respectively. The appendices
show several related tests we have performed using a simulated
barred galaxy. The WMAP9 cosmological parameters (£2,, = 0.286,
QL =0.714, and h = 0.693) are used in this paper (Hinshaw et al.
2013).

2 METHODS

In this section, we introduce the methods used in this work.
Section 2.1 introduces the TW method used to measure the bar
pattern speeds. Section 2.2 briefly introduces the SPS, from which
we can obtain the mass weights used in the TW method and the
stellar age and metallicity used in Section 5.2. Section 2.3 intro-
duces the mass models we used in the Jeans anisotropic modelling
(JAM), which can give us estimations of dark matter fraction and
circular velocity of our barred galaxies.
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2.1 The Tremaine & Weinberg method

The TW method is a model-independent method for measuring the
bar pattern speed based on the main assumptions that the galaxy has
a single, well-defined pattern speed €2, and the surface brightness
of a tracer population satisfies the continuity equation. It can be
expressed as a weighted mean velocity over a similarly weighted
mean position:

[22h) [T 2(X, Y)Vios(X, Y)dX dY (V)

[2hr) [T 2X, V)X dX dY (xy’
(D

where (X, Y) are the Cartesian coordinates in the sky plane, with the
origin at the centre of the galaxy and the X-axis aligned with the line
of nodes, i.e. the intersection of the sky plane and the disc plane.
The disc inclination i can be obtained from the ellipticity of the
galaxy’s outermost isophotes. Vi os(X, Y) is the line-of-sight velocity
measured from either long-slit or integral-field spectroscopy, while
¥ (X, Y) is usually the galaxy’s surface brightness, and it can also
represent the surface mass density obtained by SPS methods. The
integrations of X and Y are formally over —oco < X, ¥ < +4o00.
Nevertheless, the X integration can be limited to —Xy < X < Xp
if the disc is axisymmetric at larger X, and the Y-axis integration
can be changed to an arbitrary range by the performance of weight
function i(Y). A weight function of A(Y) = 6(Y — Y,) corresponds
to a slit or a pseudo-slit parallel to the line of nodes with an offset
by a distance Y, for the case in the long-slit spectroscopy and in
IFU observations, respectively.

In practice, several slits or pseudo-slits parallel to the line of
nodes are chosen for calculating the weighted average velocity and
position. In each slit, the weighted average velocity and position for
the axisymmetric disc is zero, so the non-zero integrations are the
contribution of the bar that is not aligned to or perpendicular to the
line of nodes. The centring errors in identifying the galaxy position
centre (X, Y;) and in measuring the systematic velocity Vs can
affect the measurement of €2, significantly in long-slit spectroscopy.
Merrifield & Kuijken (1995) refined the TW method and rewrote
equation (1) as:
<V> - Vsys

<X ) - X c .

Thus, plotting (V) versus (X) for all slits produces a straight line
with the slope representing €2, sin i. Though in integral-field spec-
troscopy the centring errors are minimized by using a common ref-
erence frame, we still prefer to use the slopes from linearly fitting
of (V) versus (X).

There are two kinds of tracers typically used when applying the
TW method: gas and stars. Although usually gas does not follow
the continuity equation due to the presence of shocks, conversion
between different gas phases, and star formation, the TW method
has been successfully applied to gas (Rand & Wallin 2004; Zimmer,
Rand & McGraw 2004; Hernandez et al. 2005; Emsellem et al.
2006; Fathi et al. 2007; Chemin & Hernandez 2009; Fathi et al.
2009; Gabbasov, Repetto & Rosado 2009). Some bar pattern speeds
derived from the TW method using gas are consistent with values
obtained from indirect methods and numerical simulations.

The stellar-based TW method has been applied largely to early-
type barred galaxies (e.g. Kent 1987; Merrifield & Kuijken 1995;
Gerssen, Kuijken & Merrifield 1999; Debattista et al. 2002; Aguerri
et al. 2003; Corsini et al. 2003; Debattista & Williams 2004; Corsini
et al. 2007). In contrast, due to star formation and dust obscura-
tion, the observed surface brightness in late-type galaxies does not

Qpsini =

Qpsini =

@
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always trace the mass distribution, and few pattern speeds have
been obtained using this method for these galaxies (e.g. Gerssen,
Kuijken & Merrifield 2003; Treuthardt et al. 2007). Nevertheless,
experiments for investigating the effects of dust obscuration and
star formation on the TW method using numerical simulations
(Gerssen & Debattista 2007) suggest that it is possible to extend
the application of the TW method to late-type barred galaxies.

The main sources of uncertainty in the TW method application
are centring errors, low-signal-to-noise ratio of the spectral data,
uncertainties on the disc position angle (hereafter PA) and the
inclination angle, dust obscuration and star formation and the
number of slits [see Corsini (2011) for a detailed review]. In
integral-field spectroscopy, the centring error can be minimized
by an accurate sample reference frame, and the signal-to-noise
ratio can be increased by re-binning the pixels. For the PA error,
Debattista (2003) demonstrates that an error of a few degrees in the
disc PA can result in a large error in the estimation of €2, because
the misalignment between the PA of slits and the PA of the disc
changes both the velocity and position integration. The maximum
misalignment enabling reliable pattern speed measurements
depends on the disc inclination and the bar orientation with respect
to the line of nodes. For this reason, it is crucial to select samples
with small PA and/or inclination errors when applying the TW
method. We carefully select such a sample in Section 3.1.

2.2 Stellar population synthesis

The spectral energy distributions of galaxies encode many funda-
mental properties of unresolved stellar populations. These proper-
ties include star formation history, stellar metallicity and abundance
patterns, stellar initial mass function (IMF), total mass in stars, and
the physical state and quantity of dust and gas. Much effort has
been devoted by the astronomical community in extracting such
information from the spectral energy distributions of galaxies to
study galaxy formation and evolution. The SPS method has been
developed relying on stellar evolution theory, spectral library, and
IME, etc. to constrain the stellar age and metallicity distribution of
a galaxy. For reviews of SPS, see e.g. Walcher et al. (2011) and
Conroy (2013).

From the SPS of MaNGA IFU spectra, we obtain the stellar ages,
metallicities, and stellar mass-to-light ratios, i.e. stellar mass, of the
galaxies in our sample. The stellar ages and metallicities are used
to study correlations with the bar pattern speeds (see Section 5.2.2),
and the stellar masses are used as the mass weights in calculating the
integrals of the TW method (see Section 5.1) and in estimating the
dark matter fractions. The spectra are Voronoi binned (Cappellari &
Copin 2003) to S/N = 30 before fitting. We use the PPXF software
(Cappellari & Emsellem 2004; Cappellari 2017) and the MILES-
based (Sanchez-Blazquez et al. 2006) SPS models of Vazdekis et al.
(2010). A Calzetti et al. (2000) reddening curve and a Salpeter
(1955) IMF are assumed in the modelling. In the model, we consider
the IMF variation by correcting the Mx*/L values according to the
table 1 of Li et al. (2017). In Li et al. (2017), they compared the
M*/Ls from different software packages and templates, and found
that the uncertainties in M*/L are ~0.1 dex for young galaxies, and
smaller for old galaxies.

2.3 Mass models of barred galaxies

One main purpose of this paper is to study the dependence of the
dimensionless parameter R on the dark matter fraction. We use the
JAM (Cappellari 2008) to estimate the circular velocities and the
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dark matter fractions. The mass model used in JAM has two compo-
nents, stellar mass and dark halo. For the stellar mass distribution,
we first calculate the deprojected SDSS r-band luminosity density
using the Multi-Gaussian Expansion method (Emsellem, Monnet &
Bacon 1994). We then assume a constant stellar mass-to-light ratio
to convert the luminosity density to a stellar mass distribution. In
the deprojection, we use the inclination estimated from the apparent
axial ratio (see Section 4.1). The constant stellar mass-to-light ratio
is taken from the SPS described in Section 2.2. We first calculate
the averaging value within the effective radius, and then correct
the Salpeter IMF based stellar mass-to-light ratio to a ratio based
on a variable IMF, according to the relation in table 1 of Li et al.
(2017). For the dark matter halo, we use a generalized NFW model
(see equation 2 of Cappellari et al. 2013). The other details of the
modelling process can be found in Li et al. (2016, 2017).

In Li et al. (2016), the JAM method has been tested using cos-
mologically simulated galaxies. They found that the total mass of
a galaxy is well constrained (1o error ~ 1018 per cent). This total
mass can thus be used to derive the circular velocities, which are
used to measure the dimensionless ratio R. Due to the 0.1 dex un-
certainty of Mx/L for young galaxies, we finally take a systematic
12 per cent error for circular velocities of our sample galaxies. We
have also checked the effectiveness of JAM in modelling a strongly
barred simulation galaxy in Appendix A4. In this test, JAM recov-
ers the circular velocity to about a 10 per cent error for different
galaxy inclinations and bar orientations. We discuss this later in
Section 6.1.3.

3 MaNGA DATA ON BARRED GALAXIES

3.1 Sample selection

Mapping Nearby Galaxies at Apache Point Observatory (MaNGA)
is aimed to investigate the internal kinematic structure and com-
position of gas and stars in an unprecedented sample of 10000
nearby galaxies over the 6 yr lifetime of the survey (2014-2020).
An overview of the project is presented in Bundy et al. (2015).
Galaxies are selected from the NASA Sloan Atlas catalogue of
the SDSS Main Galaxy Legacy Area, with selection cuts applied to
only redshift (z ~ 0.02-0.1) and a colour-based stellar mass estimate
(M, > 10°Mg). The MaNGA sample is roughly separated into the
primary sample (60 per cent) with a spatial coverage to 1.5R. and an
average redshift (z) = 0.03, and the secondary sample (30 per cent)
with larger spatial coverage (2.5R.) and higher redshift ((z) =
0.045). More details about the survey design, sample selection, and
optimization can be seen in Wake et al. (2017) and Yan et al. (2016).

The MaNGA IFUs are taken by the IFU system mounted on
the 2.5 m Sloan Telescope (Gunn et al. 2006), which has 1423
fibres with 2 arcsec core diameters over a 3° diameter field of view.
17 IFUs are obtained simultaneously using 19—127 tightly packed
arrays of optical fibres, varying in size from 12.5 to 32.5 arcsec
in diameter, with a distribution that is matched to the apparent
size of galaxy targets on the sky. See Drory et al. (2015) for more
instrumental information. A defined three-point dither pattern (see
Law et al. 2015) is adopted to achieve uniform spatial sampling for
all targets, for the regular hexagonal packing of MaNGA IFUs. The
reconstructed PSF in combined datacubes after dithering and fibre
sampling is 2.5 arcsec (FWHM). The final pixel size for maps is
0.5 arcsec. Both the spatial size and resolution of galaxy targets are
sufficient for studying the barred galaxy properties.

The MaNGA fibres feed light into two dual-channel BOSS spec-
trographs (Smee et al. 2013), each with a red and blue channel that
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Figure 1. Normalized distribution of morphological types (upper left), red-
shifts (upper right), and r-band absolute magnitudes (lower left) of the DR13
MaNGA barred galaxies (green line) and the final sample selected in this
paper (red line).

provide simultaneous wavelength coverage from 3600 to 10300 A
with a mid-range resolution of R ~ 2000. After roughly 3-h dithered
exposures, the S/N per fibre per angstrom at the outskirts of targets
is between 4 and 8. For more details about observation strategy and
the data reduction process, see Law et al. (2015, 2016).

Our sample is from the first MaNGA public data release as part of
SDSS Data Release 13 (DR13; Albareti et al. 2017), which contains
1390 IFU galaxies. Besides the bar vote fraction from Galaxy Zoo2
(Willett et al. 2013), three of us selected the candidate barred sample
separately, which has 234 galaxies in total. A more detailed exam-
ination identified a bar sample containing 168 galaxies, in which
galaxies have at least two identifications of strong bars in the SDSS
g — r — i three bands combined images. The Hubble types are also
given for these galaxies through visual inspection. Of these 168
barred galaxies, the ELLIPSE fitting routine (Jedrzejewski 1987)
can only be applied to 137 galaxies to determine their geometrical
parameters, such as the PAs of the bar and the disc, disc inclination,
and bar length. The TW method cannot be applied to galaxies with
bars too parallel or too perpendicular to the disc major axis, because
they will have nearly zero weighted mean velocities and positions
in pseudo-slits. Also the TW method is difficult to apply to lowly or
highly inclined galaxies, because the former have small line-of-sight
velocities, large velocity errors, and bar PA errors, while for the lat-
ter bars are hard to identify and to choose pseudo-slits. Therefore,
we apply constraints on the disc axial ratio and the PA difference
between the disc (PAy) and the bar (PAy,). These are 0.3 < b/a < 0.8
and 10° < |PAg — PAp| < 80° (in this criterion, we use the disc PA
derived from the galaxy image). These two constraints reduce the
sample to 74 galaxies. By excluding galaxies with bad velocity dis-
persion maps or low-quality velocity maps (typically from galaxies
with low IFU coverage and with disturbed structures), our final bar
sample contains 53 galaxies. The morphological type, redshift and
r-band absolute magnitude distribution for this sample and the total
barred galaxies in DR13 are shown in Fig. 1, and these informations
of our sample are listed in Table 1. While 53 galaxies is a modest
number, this is the largest sample so far used to study bar pattern
speeds and their dependence on galaxy properties.
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Table 1. Main parameters of 53 selected MaNGA barred galaxies.

Plate-ifu RA Dec. Morph. type R, M, z Ve jam Jfam (<Re)
©) ©) (arcsec) (mag) (kms~1)
1 2 (3) (4) (5) (6) (@) 3 ©)
7495-12704 205.4384 27.0048 SBbc 8.65 —21.40 0.0289 202 0.56
7962-12703 261.2173 28.0783 SBab 8.34 —22.33 0.0477 264 0.29
7990-3704 262.0749 56.7748 SBO 3.83 —20.15 0.0291 149 0.47
7990-9101 259.7555 57.1735 SBc 4.51 —19.77 0.0280 119 0.60
7992-6104 255.2795 64.6769 SBc 8.78 —20.31 0.0271 126 0.50
8082-6102 49.9459 0.5846 SBO 6.91 —21.46 0.0242 235 0.26
8083-6102 51.1150 —0.0863 SBa 4.70 —21.62 0.0365 281 0.32
8083-12704 50.6968 0.1494 SBbc 13.32 —21.03 0.0228 102 0.53
8133-3701 112.0793 43.3021 SBb 2.39 —20.10 0.0437 140 0.57
8134-6102 114.9245 459126 SB0a 5.98 —21.40 0.0320 282 0.48
8137-9102 117.0386 43.5907 SBb 6.68 —21.07 0.0311 133 0.53
8140-12701 116.9303 41.3864 SBa 5.69 —20.61 0.0286 173 0.29
8140-12703 117.8985 42.8801 SBb 9.85 —21.87 0.0320 205 0.46
8243-6103 129.1749 53.7272 SBO 475 —21.65 0.0315 302 0.20
8244-3703 131.9928 51.6010 SBO 2.50 —21.03 0.0483 204 0.35
8247-3701 136.6714 41.3651 SB0a 4.83 —20.59 0.0250 124 0.00
8249-6101 137.5625 46.2933 SBc 4.64 —20.27 0.0267 134 0.36
8254-9101 161.2617 43.7048 SBa 8.00 —21.78 0.0253 313 0.28
8256-6101 163.7348 41.4985 SBa 6.06 —20.79 0.0246 199 0.49
8257-3703 166.6557 46.0388 SBb 4.03 —20.34 0.0250 194 0.03
8257-6101 165.2613 44.8882 SBc 5.77 —20.86 0.0294 169 0.53
8274-6101 163.7348 41.4985 SBa 6.09 —20.79 0.0246 195 0.52
8312-12702 245.2709 39.9174 SBc 7.23 —21.24 0.0320 143 0.34
8312-12704 247.3041 41.1509 SBb 7.47 —21.00 0.0296 123 0.47
8313-9101 239.6975 41.9381 SBb 6.76 —21.87 0.0387 226 0.45
8317-12704 193.7040 44.1556 SBa 7.14 —22.68 0.0543 338 0.42
8318-12703 196.2324 47.5036 SBb 9.09 —22.21 0.0393 236 0.51
8320-6101 206.6275 22.7060 SBb 5.22 —20.37 0.0266 189 0.57
8326-3704 214.8502 45.9008 SBa 3.83 —20.25 0.0265 120 0.52
8326-6102 215.0179 47.1213 SBb 2.95 —22.06 0.0704 237 0.00
8330-12703 203.3746 40.5297 SBbc 7.51 —20.67 0.0269 140 0.58
8335-12701 215.3953 40.3581 SBb 4.39 —21.66 0.0633 241 0.63
8439-6102 142.7782 49.0797 SBab 4.54 —21.64 0.0339 203 0.07
8439-12702 141.5393 49.3102 SBa 8.10 —21.57 0.0269 239 0.40
8440-12704 136.1423 41.3978 SBb 4.56 —21.12 0.0270 215 0.42
8447-6101 206.1333 40.2400 SBb 4.48 —22.89 0.0753 364 0.23
8452-3704 157.5390 47.2784 SBc 4.34 —19.97 0.0251 157 0.71
8452-12703 156.8057 48.2448 SBb 8.13 —22.83 0.0610 214 0.18
8481-12701 236.7613 54.3409 SBa 4.59 —21.91 0.0669 262 0.43
8482-9102 242.9559 49.2287 SBb 3.54 —21.59 0.0580 219 0.39
8482-12703 245.5031 49.5208 SBbc 9.65 —2221 0.0496 164 0.39
8482-12705 244.2167 50.2822 SBb 7.39 —22.06 0.0417 237 0.51
8486-6101 238.0396 46.3198 SBc 3.56 —21.57 0.0589 188 0.21
8548-6102 245.5224 46.6242 SBc 3.85 —20.83 0.0478 162 0.69
8548-6104 245.7474 46.6753 SBc 2.73 —20.47 0.0480 177 0.30
8549-12702 241.2714 45.4430 SBb 6.72 —22.03 0.0433 246 0.22
8588-3701 248.1406 39.1310 SBb 4.43 —22.88 0.1303 267 0.05
8601-12705 250.1231 39.2351 SBc 6.66 —21.21 0.0297 178 0.53
8603-12701 248.1406 39.1310 SBb 4.42 —22.88 0.1303 265 0.06
8603-12703 247.2826 40.6650 SBa 6.55 —21.04 0.0300 148 0.36
8604-12703 247.7642 39.8385 SBab 9.08 —21.67 0.0305 231 0.30
8612-6104 255.0069 38.8160 SBb 8.60 —21.83 0.0356 187 0.31
8612-12702 253.9464 39.3105 SBc 8.26 —22.60 0.0631 208 0.39

Note. Columns are: (1) MaNGA ID of galaxy; (2) galaxy right ascension; (3) galaxy declination; (4) morphological type; (5) effective radius in the » band from
SDSS-DR9Y; (6) absolute r-band magnitude from SDSS-DRY; (7) redshift of the galaxy; (8) circular velocity V¢ jum from the total mass density profile of JAM
modelling; (9) dark matter fraction inside one effective radius from JAM modelling.

3.2 Stellar velocity maps as part of SDSS DR14 (Abolfathi et al. 2018). We use the newer
data set since it contains several improvements in the data reduction
pipeline (DRP) and the data analysis pipeline (DAP) over the DR13.
See the MaNGA website for more details.

Though our sample is chosen from the DR13, the stellar kinematics
we use in this work are from the second public MaNGA release
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Stellar kinematics are extracted from the spectral datacubes using
the MaNGA data analysis pipeline (Westfall et al., in preparation).
First, the spaxels of the datacube are Voronoi-binned (Cappellari &
Copin 2003) to S/N = 10. The stellar velocity and velocity disper-
sion are obtained by fitting the spectra using the Penalized Pixel-
Fitting (PPXF) method (Cappellari & Emsellem 2004; Cappellari
2017). The absorption lines are fitted using a subset of the MILES
(Sanchez-Blazquez et al. 2006; Falcon-Barroso et al. 2011) stellar
library, MILES-THIN. In the stellar velocity maps, the systemic ve-
locity is subtracted by using the average velocity of the stars in the
central 3 arcsec aperture. The stellar velocity is used for computing
the weighted mean velocity of the TW method and for measuring
the kinematic PAs. It is also used in the JAM (e.g. Cappellari 2008;
Li et al. 2016) method for obtaining the circular velocity and dark
matter fraction.

4 MEASUREMENTS OF PARAMETERS OF
BARRED GALAXIES

4.1 Inclination and position angles

To measure the pattern speed of a barred galaxy by the TW method,
several pseudo-slits are placed along the major axis of the disc, i.e.
the line of nodes. The PA of bar is also needed to infer the de-
projected bar lengths. The PAs of the disc and of the bar, and the
inclination of the galaxy can be estimated by analysing the galaxy’s
isophotes (Wozniak et al. 1995; Aguerri et al. 2000b). In this paper,
r-band galaxy isophotes are fitted with ellipses using the ELLIPSE
routine from the IRAF package (Jedrzejewski 1987) to obtain the
ellipticity and PA radial profiles of a galaxy.

The ellipticity radial profile of a barred spiral commonly increases
from almost zero to a local maximum and then decreases towards a
local minimum. These two extremes result from the transition from
the domination of a central bar to that of the disc. Assuming the
spiral has a rounder outer disc, the ellipticity reaches a constant
value b/a at large radii, and the inclination satisfies cosi = b/a
under the thin disc approximation. At the same time, the PA radial
profile also comes to a constant value, corresponding to the disc PA.
The inclination and PA of the disc are computed by averaging the
outer isophotes. For the central bar, we always choose the values
of ellipticity and PA when the ellipticity profile reaches the local
maximum. Fig. 2 shows the ellipticity and PA radial profiles from
ELLIPSE fitting of an example galaxy manga-8439-6102.

The disc PA is an important parameter for accurately measuring
the pattern speed, but the determination of the photometric disc
PA (PAy)) described above may be problematic due to faint outer
isophotes or disturbances from strong spiral arms or galaxy com-
panions. There is another type of disc PA called the kinematic PA
(PA4x), which is derived from the velocity map using a PYTHON
program fit kinematic_pa.py' written by Michele Cappel-
lari. It implements the method presented in appendix C of Krajnovic¢
et al. (2006) to measure the global kinematic PA from integral field
observations of galaxy stellar or gas kinematics. The method finds
the best angle that gives the lowest difference between the observed
velocity map and its symmetrized map. This software has been used
to study the stellar kinematical misalignment of early-type galax-
ies in Cappellari et al. (2007) and Krajnovié et al. (2011). For our
sample, a comparison of the photometric PAs and the kinematic

Thttp://www-astro.physics.ox.ac.uk/~mxc/software/
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Figure 2. Results from the ellipse fitting of the r-band isophotes of an
example galaxy (manga-8439-6102). The image of this galaxy is shown
in the upper left panel of Fig. 7. The left- and right-hand panels are the
ellipticity and PA radial profiles, respectively. The horizontal dash—dotted
lines show the measured PA (photometric PA, i.e. PAqx) and ellipticity
of the disc in each panel, and the horizontal dashed line in the PA radial
profile indicates the PA of the bar. Moreover the vertical solid line in the
left-hand panel is the bar length (appa) inferred from the PA radial profile,
at which the PA value changes by 5° relative to the bar PA, i.e. the dashed
line. The vertical solid and the dotted dash lines in the right-hand panel are
the radii of the local maximum (i.e. ape) and minimum of the ellipticity
profile.
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Figure 3. Comparison of the photometric disc PA, PAg , and the kinematic
disc PA, PAgx. The sample is separated into four subsamples according to
the PA difference between the kinematic PA and the photometric PA, i.e.
APA = [PA4qp — PAgk|: APA < 3° (blue, 29 galaxies), 3° < APA < 5°
(magenta, 8 galaxies), 5° < APA < 10° (red, 10 galaxies), and APA > 10°
(black, 6 galaxies). The blue dashed lines label the 3° PA range.

PAs is shown in Fig. 3. For 29 galaxies out of 53 in the sample the
kinematic and photometric PAs are the same within 3°.

4.2 Bar length

The bar length (ay) is difficult to estimate, because of the shape of
the surface brightness profile of the bar, or the transition from the
bar to the spiral arms. Visual determination from r-band images is
a direct method, but it is difficult when the bar end is ill-defined
because of the spiral arms. Several methods have been developed
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during the past few decades. Here we use three of the most popular
methods to estimate the bar length: the ellipticity radial profile, the
PA radial profile, and the Fourier decomposition.

The first two estimations of bar length, ellipticity (ap.), and PA
(avpa) Tadial profiles, take advantage of fitting ellipses to photomet-
ric isophotes. These profiles record the transition of domination of
the radial surface brightness profile from the round central bulge
(if prominent), to the elongated bar, and then to the disc and spiral
arms. Generally, the central isophotes are almost circular, either be-
cause of the centre spherical bulge and/or the seeing effects. As one
goes further out, the bar dominates the isophotes, thus the isophotes
appear as concentric ellipses with nearly identical PAs and higher
ellipticities relative to the disc. The disc eventually takes over the
radial surface brightness distribution, and isophotes become con-
centric ellipses with the major axis aligned to the disc PA reaching
a constant axial ratio b/la = cosi. From this radial transform of
isophotes, different methods have been proposed to estimate the
bar length (e.g. Marquez et al. 1999; Athanassoula & Misiriotis
2002; Michel-Dansac & Wozniak 2006; Aguerri et al. 2009). Note,
however, that this method supposes that bar isophotes can be well
approximated by ellipses, while it is well known that generalized
ellipses (Athanassoula et al. 1990; Gadotti 2008) are necessary at
least for many strongly barred, often early type galaxies. This will
be discussed further in Section 6.1.2.

As stated previously, for the radial ellipticity profile of a barred
galaxy, the ellipticity increases from a central value (zero) to a local
maximum, where the bar significantly dominates the isophotes. It
then decreases to a local minimum, which corresponds to the end
of the bar and transition to the disc-dominated isophotes. Thus the
local maximum and minimum represent two extreme cases (Michel-
Dansac & Wozniak 2006), and can be understood as the lower and
upper limits of the bar length. We adopt the radius reaching the local
maximum ellipticity as the first measurement of the bar length (see
the solid line in the right-hand panel of Fig. 2), and as a lower limit
of the bar length. The column ay . in Table 2 shows the bar lengths
estimated using this method.

The second bar length estimation is from the PA radial profile.
When the bar dominates the surface brightness, isophotes show
nearly constant PA, and then change to the orientation of the outer
disc at large radii (e.g. Wozniak et al. 1995; Aguerri et al. 2000b).
The bar length is determined at the radius (ayp,) Where the PA
changes by APA with respect to the value when the ellipticity
reaches the local maximum. As adopted in previous literature
(e.g. Aguerri et al. 2015), we take the value APA = 5°. There
may be some correlation between the estimation of ap. and app,,
because the radial profiles of ellipticity and PA both result from
the transition from the bar-dominated isophotes to disc-dominated
ones. The values of ayp, determined by this method are listed as
column 7 in Table 2.

The third method we use to estimate the bar length (ayy) is the
Fourier decomposition of the de-projected surface brightness profile
(e.g. Ohta et al. 1990; Aguerri et al. 2000a). Fourier decomposition
has been extensively used to characterize the strength of the bar
relative to the disc. In this method, the pixels are de-projected to
the face-on case according to the inclination angle. Then the de-
projected pixels are assigned to mesh grids with radius bins of 0.5
arcsec and azimuthal angle bins of 3°. These azimuthal profiles vary
with radius in both amplitude and shape. There are prominent humps
with a period of 180° in the bar-dominated regions, which can also
show us information on the bar length. After de-projection, the
azimuthal profiles are decomposed into Fourier series. Throughout
the bar region, the relative amplitudes of even components (/y, /I,
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14, Ig,i.e. them =0, 2,4, and 6 terms of the Fourier decomposition)
are much larger than those of odd components. The bar intensity /,,
and inter-bar intensity /j, are the intensities at the peak and at the
bottom of the an azimuthal profile, respectively. To reduce noise
fluctuations, they are defined as I, = Iy + I, + 14 + Ic and [j, =
Iy — I, + Iy — Is. Ohta et al. (1990) defined the bar region as
the region with 1,/[;, > 2. We use a modified criterion by Aguerri
et al. (2000a), in which the bar region is determined as the region
where Iy/ly, > 0.5 X [(Io/lin)max — (To/Tiv)min] + Io/lio)min- The
bar length (ay ) is identified as the outer radius at which I/l =
0.5 x [(Ip/Lin)max — Up/Tip)min] + (Io/Lip)min- This method has been
checked with numerical simulations and the accuracy is within
8 per cent except for very thin homogeneous bars with quite large
axial ratios (Athanassoula & Misiriotis 2002). The values of ay, ¢ for
our sample are shown in Table 2. Fig. 4 shows an example of the
Fourier decomposition procedure.

The effectiveness of these three methods depends on the shapes
of the surface brightness profiles of the bars (Aguerri et al. 2009),
and requires accurate multicomponent surface brightness decompo-
sition of photometrical images. Here we simply take the average of
Gy, Appa, and ayr as the final bar length a3, and the lowest and the
biggest differences between a, and ay,c, aypa, and ap s as the lower
and upper uncertainties. These bar lengths are shown in the upper
panel of Fig. 5 and their relative differences to the a;, are shown in
the lower panel of Fig. 5.

4.3 Bar strength

Besides the above three measurements used to derive the scaled
pattern speed R, we have also measured the bar strength for our
samples using two different methods. The first utilizes the maximum
of the ratio between the m = 2 and m = 0 terms of the Fourier de-
composition of the surface brightness profile, i.e. A, = max(/,/Iy)
(e.g. Aguerri et al. 2000a; Athanassoula & Misiriotis 2002). The
second is the largest surface brightness difference between the de-
projected surface brightness profiles along the major and minor axes
of the bar, i.e. max(Apu) (e.g. Kim et al. 2016). Both measurements
of bar strength are shown in Fig. 6. As one can see, they show a
good correlation. From now on we only use A, when discussing bar
strength.

5 RESULTS

5.1 Pattern speed

The pattern speed of our barred galaxies is measured using the
non-parametric TW method described in equation (1). This method
uses the stellar weighted average velocity (V) and position (X) for
several slits parallel to the line of nodes of galaxies with some
offsets. For an axisymmetric disc, the mean velocity and position in
each slit should be zero. Thus only the non-axisymmetric features,
such as a bar or spirals, which should not be aligned to the major
or minor axes of the galaxy, contribute to a non-zero mean velocity
and position.

The first step in estimating the pattern speed is to choose several
pseudo-slits using the disc PA, which can be the photometric PAy,
or the kinematic PA,x. We have used three to five pseudo-slits with
width of 0.5 arcsec and a minimum interval of 1 arcsec to avoid
overlapped pixels. We have also tried a larger slit width of 1 arcsec,
and found it makes no difference for most galaxies. Slit offsets are
chosen to avoid the central bulge and bad pixels. For the slit length,
we usually take a length of 1.0-1.2 times the effective radius R..
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Table 2. Geometric parameters of 53 selected MaNGA barred galaxies.

Plate-ifu i PAqp PAqx PA, Qpe ap.pa ap f ap Ay Ap
(©) (©) ) ©) (arcsec) (arcsec) (arcsec) (arcsec)
(1 (2) (3) ) (%) (6) @ (®) ) (10 (an
7495-12704 522 £ 0.6 1734 £ 0.8 173.0 £ 0.6 1449 + 0.7 6.5 8.6 7.4 7.5ﬂ:(1) 0.37 0.69
7962-12703 612 £ 1.2 324 +£ 04 37.0 £ 0.9 498 £ 04 13.1 19.8 15.3 16.11’%:(7, 0.65 1.44
7990-3704 394 + 14 11.6 £+ 3.8 152 +£ 34 36.6 + 0.8 3.2 44 4.2 3.9f8:; 0.29 0.50
7990-9101 71.8 £ 0.2 21.0 £ 0.6 20.0 + 3.8 33.6 +£ 0.8 5.0 8.0 7.8 6.9f}:$ 0.37 0.56
7992-6104 467 £ 1.8 79 £ 1.4 60 £28 1532 £ L1 7.6 10.6 8.9 9.071% 080 212
8082-6102 413 £ 0.5 98.7 £ 0.9 99.0 £ 0.9 19.1 £ 0.5 6.6 8.6 7.6 7.6ﬂ:8 0.59 1.21
8083-6102 70.4 £ 0.2 65.7 £ 0.3 62.8 £ 0.9 76.6 £ 0.5 5.4 7.1 8.5 7.011:2 0.63 1.43
8083-12704 417 £ 0.9 1441 £36 1670 £ 1.4 1196 + 1.5 6.7 7.6 5.5 6.6f}:? 0.27 0.53
8133-3701 446 £ 1.1 101.2 £ 1.8  102.8 £ 35 1451 £ 1.0 3.1 4.4 5.1 4.2Jj(1):(f 0.48 1.03
8134-6102 53.8 £ 0.9 874 +£ 04 93.0 £ 0.8 11.0 £ 1.2 10.8 14.5 9.7 11.7318 0.74 1.93
8137-9102 433 £ 22 136.8 £2.7 1328 £ 1.9 126.6 + 0.6 9.6 12.5 12.3 11.51’}:8 0.62 1.43
8140-12701 378 £ 1.3 60.2 £ 1.6 628 £ 1.8 128.0 £ 0.8 9.2 11.2 8.4 9.6Jj{:g 0.68 1.46
8140-12703 55.0 £ 0.6 28.0 +£ 2.3 28.0 £ 1.1 17.0 £ 0.9 8.6 12.7 10.9 10.73:? 0.37 0.77
8243-6103 59.1 £ 0.6 121 £ 14 9.8 £ 0.6 555 £ 13 6.1 7.6 7.7 7.1f(1):8 0.70 1.43
8244-3703 46.1 + 1.1 748 + 1.6 715 £ 1.6 313 £ 0.8 3.5 4.6 4.4 4.2f8:§ 0.38 0.74
8247-3701 379 £ 1.5 49.7 £ 29 485 £ 44 1623 £ 09 34 54 5.2 4.7f(1):; 0.40 0.90
8249-6101 487 £ 14 629 £ 1.9 635 £ 1.6 1063 + 0.7 11.3 14.1 134 12.9f}:§ 1.13 2.96
8254-9101 441 £ 1.6 173 £ 1.5 272 £ 0.8 1346 + 1.2 11.5 13.6 12.7 12.6ﬂ:? 0.51 1.35
8256-6101 514 £ 2.6 1322 £33 1340 +£ 09 59.2 £ 0.8 8.9 10.8 8.5 9.43;3 0.64 1.49
8257-3703 583 £ 0.6 156.1 £ 0.6 1552 + 1.2 1339 + 0.7 5.6 7.1 9.5 7.4ﬁé 0.76 1.70
8257-6101 450 £ 2.2 159.0 £ 2.1 1592 £ 1.5 1197 £ 1.0 3.6 43 4.5 4.1J_r8:‘5t 0.20 0.39
8274-6101 54.0 £ 1.1 129.6 £ 1.2 1335 £ 1.0 592 £ 0.8 9.3 11.3 10.0 10.2:1):; 0.74 1.78
8312-12702 429 + 1.1 85.5 + 3.0 952 £ 1.8 1209 £ 1.1 7.6 11.5 10.1 9.75:? 0.63 1.59
8312-12704 46.1 £ 0.7 303 £ 1.2 340 £ 1.8 1513 £ 1.0 8.4 11.9 134 11.21’% 0.60 1.30
8313-9101 38.6 £ 0.7 1163 £ 0.8 1105 £ 1.0 1565 £ 1.6 3.6 6.2 6.3 5.41“1):3 0.24 0.47
8317-12704 69.2 £ 0.3 103.7 £ 0.5 101.8 £ 09 1267 + 0.7 8.8 11.3 10.7 10.31’}:2 0.71 1.62
8318-12703 61.8 £ 0.9 46.0 £ 0.7 53.8 £ 0.9 86.4 £ 0.9 8.0 9.9 5.4 7.83:}l 0.44 0.91
8320-6101 50.0 £ 0.6 59 +£ 04 50 £ 1.1 67.8 £ 1.0 5.9 8.0 5.8 6.6f(1):§ 043 0.92
8326-3704 504 £ 1.1 146.1 £2.6 159.8 +£3.0 1268 + 1.1 5.7 8.1 7.7 7.21“1):2 0.45 1.06
8326-6102 51.9 £ 0.9 148.0 £ 1.7 1458 £ 1.6 431 £ 1.9 44 5.7 6.0 5.4f(1):8 0.56 1.34
8330-12703 450 £ 0.5 754 £ 1.1 68.5 £ 1.9 492 £ 0.8 8.6 10.2 11.2 10.03:‘2‘ 0.31 0.77
8335-12701 67.0 £ 0.5 81.2 £ 1.0 782 £ 14 1043 £+ 0.8 5.7 8.6 12.6 9.0f§:§ 0.60 1.29
8439-6102 493 £ 0.5 489 + 0.7 455 £ 1.1 25.6 + 0.9 53 7.4 9.4 7.43:(1) 0.53 1.19
8439-12702 55.1 £ 04 313 £ 0.6 315+ 05 1453 £ 09 9.7 10.7 11.9 IO.SfH 0.46 1.18
8440-12704 579 £ 04 149.7 £ 1.1 1500 £ 0.8 1163 + 14 4.5 5.6 6.8 S.Gf%:f 043 0.74
8447-6101 639 £+ 0.8 1784 £ 1.6 1782 £ 1.2 102 £ 1.0 8.1 9.9 9.7 9.21“1)} 0.30 0.40
8452-3704 59.7 £ 0.3 727 £ 0.8 72.0 £ 2.5 527 £ 1.1 2.8 3.5 5.7 4.0Jj{:; 0.21 0.33
8452-12703 457 £ 24 75.1 £ 1.7 65.0 £ 1.2 327 £ 1.1 7.9 8.6 4.8 7.15:2 0.38 0.89
8481-12701 492 £ 0.8 1480 £ 1.0 1470 £ 12 869 £ 1.2 4.8 6.6 6.0 5.8700 0.65 113
8482-9102 62.6 £ 0.6 632 + 14 63.8 £ 1.9 86.4 + 1.0 4.6 6.2 6.0 5.6f(1):8 0.41 0.99
8482-12703 424 £ 0.9 29 £1.7 1762 £ 1.5 1320 + 1.7 6.1 7.0 4.6 5.9Jj}é 0.41 0.94
8482-12705 63.0 £ 1.0 1172 £ 09 1170 £ 1.0 1009 £ 0.6 7.9 104 9.8 9.4J_r}:(5) 0.32 0.66
8486-6101 404 £ 1.2 1115 £ 1.7 1135+ 14 814 £ 1.1 3.0 5.0 6.0 4.7Jj{:3 0.59 1.05
8548-6102 541 £ 04 64.7 £ 0.8 588 £3.6 1792 £ 1.3 5.5 6.9 8.6 7.011:;’ 0.98 223
8548-6104 622 £ 1.6 118.1 £ 04 1202 £ 50 136.8 £ 0.6 4.0 52 5.6 4.9Jj8:; 0.49 0.81
8549-12702 543 £ 2.6 97.6 £ 1.6 100.8 + 1.0 149.7 £ 0.9 5.4 6.8 5.5 5.9Jj8:2 0.49 0.99
8588-3701 404 £ 1.7 118.6 + 4.3 1362 + 1.9 1587 £ 1.2 5.0 5.7 4.2 S.Oirg:; 0.46 0.79
8601-12705 68.3 £ 0.5 494 + 0.6 51.5 £ 0.9 64.8 £ 0.8 6.1 8.1 5.2 6.5ﬂ:g’ 0.40 0.94
8603-12701 41.1 £ 14 118.6 £ 43 1362 + 2.1 1587 + 1.2 5.0 5.7 4.1 4.9Jj8:§ 0.46 0.79
8603-12703 58.0 £ 0.6 735 £ 1.5 66.5 £ 1.5 93.0 £ 0.5 10.8 13.0 124 12.1f?§ 0.30 0.52
8604-12703 488 £ 1.0 100.1 £+ 1.6 978 £ 1.0 1509 £ 1.1 8.1 11.1 11.6 1032:; 0.50 1.12
8612-6104 424 £ 23 169.6 £ 1.5 1535 £ 1.8 927 £ 22 6.7 7.6 10.4 8.2ff:§ 0.56 1.48
8612-12702 523 £ 1.0 49.6 £ 3.3 440 £ 14 752 £ 0.7 5.3 6.3 4.6 5.4f8;§ 0.30 0.53

Note. Columns: (1) MaNGA plate-ifu of galaxy; (2) galaxy inclination measured from the ellipticity radial profile using ellipse fitting of r-band SDSS image;
(3) galaxy photometric PA measured from the PA radial profile of ellipse fitting using r-band SDSS image; (4) galaxy kinematic PA measured from the velocity
map using fit_kinematic_pa.py program; (5) bar PA defined as the PA with the local maximum ellipticity; (6) bar length defined as the radius with the local
maximum ellipticity; (7) bar length measured when the PA changes by more than 5° relative to the bar PA; (8) bar length obtained from the ratio of bar and
inter-bar intensities calculated by Fourier decomposition; (9) average of the former three bar lengths, with errors corresponding to the maximum differences
between the mean and the three estimations; (10) bar strength estimated by the maximum of m = 2 term of Fourier decomposition; (11) bar strength obtained
from the surface brightness deficit between profiles along the major and the minor axes of the bar.
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Figure 4. Components from the Fourier decomposition of de-projected
azimuthal brightness profile (upper panel) and contrast of bar and the inter-
bar intensities I/fi, (bottom panel) for the galaxy manga-8439-6102. The
coloured full lines and the grey dashed lines in upper panel are the even and
the odd modes of Fourier components, respectively. The horizontal dashed
lines in the lower panel are the maximum, median, and minimum of the
contrasts Iy/Ip. The outer radius after the peak, i.e. the vertical solid line in
the lower panel, is the bar length a ¢.

20

15 + 4 @ppa

10

Bar length [arcsec]

-0.4

0 10 20 30 a0 50
Galaxy_i

Figure 5. Upper panel: three bar length measurements. The blue crosses
and black filled squares are ap p, from the PA radial profiles and ap, ¢ from
the Fourier decomposition. The red crosses are the bar length ap. from
ellipticity profiles, corresponding to the local maximum ellipticities. The
bar length app, and ape are de-projected using the kinematic PAs. The
green filled circles are the average (ap) of these three bar lengths, with error
bars corresponding to the smallest and the largest measurements. Lower
panel: the relative error of three bar lengths to the average bar length. The
red, blue, and black lines are the bar length from the ellipticity radial profile,
the PA radial profile and the Fourier decomposition, respectively. Galaxy
indices of both panels are in the same sequence as galaxies in the Table 1.

Though the TW integrals in equation (1) are over —oo < X < 00, an
integral range of —X.x < X < Xiax 1S enough if this region reaches
the axisymmetric part of the disc. A larger integration region will
introduce errors from outer low S/N pixels. The influence of the slit
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Figure 6. Comparison of bar strength from the Fourier decomposition Ay =
max (/> /1) and that from the light deficit max(Apw).

length on the performance of the TW method was tested with the
simulation in Appendix A2, and is discussed in Section 6.1.1.

After the pseudo-slits have been chosen, two weights can be
further used to calculate (V) and (X), i.e. luminosity weight from
spectroscopic data and mass weight from the SPS. The luminosity
weights are computed by summing up all the flux for each spectrum
of the datacube in wavelength range from 4500 to 4650 A, chosen
to avoid prominent emission lines. The mass weights are taken from
stellar population modelling performed using the PPXF method. Be-
sides the weights used for computing photometric integrals, there
are two methods for computing the average stellar velocity (V) in
each pseudo-slit. One is by computing the velocity integrals in the
numerator of equation (1) by just summing up all the weighted ve-
locities with pixels located inside the pseudo-slits. Another method
sums all the raw spectra (with weights) inside each pseudo-slit into
one new, single spectrum. Then it is analysed using the PPXF method
as explained previously and (V) is the radial velocity obtained from
the fit to this single spectrum. But as shown in fig. 7 of Aguerri et al.
(2015), there is no significant difference in the values of €2, sin i for
these two methods, so we just use the former, which is simpler.

In principle, each ratio of (V) and (X) can give us an estimate of
the pattern speed. However it is better to fit all the (V) versus (X)
points with a straight line to avoid the centring error and systemic
velocity, and thus the slope of the straight line in equation (2)
is the projected pattern speed €2, sini. The upper right panel of
Fig. 7 shows the (V) versus (X) data points and their linear fits
for the example galaxy manga-8439-6102. Position errors are not
taken into consideration because they are quite small. The final
pattern speed and its uncertainty are taken as the median and 16
and 84 percentiles of all the slopes with 1000 Gaussian randomly
distributed PAs and 1000 velocity maps. The histograms of both
light-weighted (€2, sini) and mass-weighted (€2, sin i) of these
pattern speeds for the same example galaxy are shown in the lower
right panel of Fig. 7. The values of 2, sini and €2, 1, sin i are listed
in Table 3 for values measured using the photometric PAs and in
Table 4 for those measured using the kinematic PAs.

Fig. 8 shows the comparison of light-weighted and mass-
weighted pattern speeds obtained using the kinematic PAs or photo-
metric PAs. Generally, the light-weighted pattern speeds agree with
mass-weighted ones within 1o for both types of PA. We need to em-
phasize that the mass weights are from spaxels Voronoi-binned to
S/N = 30, which is different from the kinematic data that is Voronoi-
binned to S/N = 10. We have also compared the light-weighted and
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Figure 7. Our example galaxy (manga-8439-6102) for measuring the bar pattern speed. The upper left is the g — r — i three bands combined image of this
galaxy, with a hexagon indicating the MaNGA fibre bundle and the red lines indicating the pseudo-slits we choose. The lower left is the velocity map of this
example and the five solid lines indicate the pseudo-slits. The upper right is the (V) versus (X) plot, in which the blue and red lines represent the light-weighted
average and mass-weighted average, respectively. The lower right is histograms of light-weighted (blue) and mass-weighted (red) linear fitting slopes 2, sin i

of the (V) versus (X) plots, taking the PA and velocity errors into account.

mass-weighted pattern speeds in which the mass weights and the
kinematics are calculated both from Voronoi-binned to S/N = 20
data. These pattern speeds agree well with each other again. In our
later studies of dependences of the pattern speeds on galaxy prop-
erties, we use only the light-weighted pattern speeds. As shown in
Fig. 9, the light-weighted pattern speeds measured using the kine-
matic and photometric PAs show some differences. Some galaxies
even show different signs in pattern speed values. We will return to
this in Section 6.1.1.

5.2 Dependence on galaxy properties

With circular velocities, bar lengths, and bar pattern speeds es-
timated above, we can derive the scaled pattern speeds R =
Rcr/ay = (V. /$2p)/ap, and study its dependence on galaxy proper-
ties such as the dark matter fraction, the stellar age, and metallicity.

5.2.1 Dependence on the dark matter fraction

The dark matter fraction is estimated by the JAM method, and is
listed in Table 1, as well as the circular velocity. The light-weighted
value as a function of dark matter fraction inside one effective
radius for our sample is shown in Fig. 10. For the pattern speeds

MNRAS 482, 1733-1756 (2019)

measured using the photometric and kinematic PAs, there is no
significant trend. A prominent difference between the photometric
and kinematic results is the number of ultrafast bars, defined as
having 1o upper limit of R smaller than 1. There are 15 and 4
ultrafast bars for photometric and kinematic PAs, respectively.
These ultrafast bar galaxies apparently have bars extending beyond
the corotation radii of the galaxies. Such bars are supposedly
unphysical because the main orbit family constituting bars (the x;
orbits) stops at corotation while its extension has orbits elongated
perpendicular to the bar (Con topoulos 1980). This problem will
be further discussed in Section 6.1.

We examine a smaller sample of 19 barred galaxies, for which
the difference between the kinematic and photometric PAs is less
than 5° and the linear fitting errors of (V) versus (X) are smaller
than 20 per cent. The dependence of the R values on the dark matter
fraction for this refined sample is shown in Fig. 11. For this sample,
no trends were found either and so the lack of correlation is not due
to large measurement errors.

5.2.2 Dependence on stellar age and metallicity

Stellar age and metallicity are derived from SPS of MaNGA IFU
spectra. Fig. 12 shows the R value as a function of stellar age and
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Table 3. Luminosity-weighted and mass-weighted pattern speeds and corotation radii of MaNGA barred galaxies measured
using the photometric PAs.

Plate-ifu Q1 sini Rcr1 Ry Qp,m Sini Rcr.m Rm
(km s~ arcsec™!) (@) (km s~ arcsec™!) (arcsec)
(€] ) (3) @ (%) ©) (O]
1.8 1.8 0.33 2.2 3.1 0.48
7495-12704 —15.(?0]8_4 10.7;1,_26 1.43;8_%g —12.9?027_ > 12.4;:12_23 1.6838_%
7962-12703 244708 9.4 0.58715 234707 9.8 0.6071
7990-3704 307753 3t 08408 263700 36401 0.967033
7990-9101 8.6733 132754 21573 71454 16.113%? 277158
7992-6104 11.27938 8.2 0.911022 109797 8.4 0.937022
8082-6102 —-16.8774 9.3+78 1.28+097 —18.27%72 87751 123509
3.4 19.2 2.88 3.8 163.5 23.17
8083-6102 —-8.8933 30.810% 473708 -3.5%33 721355 11.8572%4
8083-12704 2657136 2414 0.3910% 225792 3.0%5% 0.48%07
8133-3701 27172} 36758 0.881033 -29.3789 33709 0.801035
8134-6102 —12.6%5¢ 18.2132 1.567038 —7.7+2% 2941107 25479}
8137-9102 —15.1+20 58114 0.531013 152112 58413 0.52+013
8140-12701 14.873% 714 0.73%0%2 14.4732 73113 0.76%010
8140-12703 —15.87%4 10.7772 1077058 —17.27%3 9.8733 0.971031
8243-6103 —12.3%97 21004 331080 ~13.6753 18.91270 292138
8244-3703 53.91%° 27407 0.671020 459174 32407 0.79%04
8247-3701 ~7.371% 10079 2277 ~7.5%1¢ 9.9+33 2217103
8249-6101 132713 7.5011 0.597012 ~13.079 77512 0.617012
82549101 18.5192, 175 0965 14.61243 13.112%9 1.08+5:%
8256-6101 1517135 9.97207 L1o%g 14.173 107457 L1674
8257-3703 22917 7.2709 0.97103, 2230 74110 1.007053
8257-6101 —21.4719¢ 557 L4272 ~18.9733 6.372¢ 1.5970%
8274-6101 6.4170 2261399 233H77 6.873% 23,1148 2,324
8312-12702 —16.1752 6.0t 0.63+022 —15.673¢ 6.2+ 0.657043
8312-12704 -6.51%2 13.9%77 1.337059 —6.47%) 13.8770 1.32%072
8313-9101 —0.4108 2661737 6.317143° —6.7151 20414 416138
8317-12704 13.2%3) 24.0177 243108 144739 21,649 2167038
8318-12703 21274 10.0151 1350003 25.0038 84732 113405
8320-6101 12,054 12.029 1784034 10.2+58 14.0733 210000
8326-3704 —6.6115 117258 1.90%132 ~7.6710% 941242 1487500
8326-6102 -2211s 8.2779 162703 -51.5%3%4 37164 0.78% 533
8330-12703 18.411! 5310 0.541012 16.0737 6.211 0.63%01
8335-12701 9.8%33 2005 25378 18.1738 11.9733 1311078
8439-6102 —29.470% 53108 071104 -30.87}1 50104 0.6870 7%
8439-12702 14.6729 13475 125703 15.5%%2 12,6757 1187053
8440-12704 177451 10.07% 179702 16.1137 112734 2.037577
8447-6101 5387107 5.9+18 0.66143% ~57.6M14% 56715 0.6311%
8452-3704 ~35.6%33% 3.8198 107153 24,0102, 5618 145705
8452-12703 39.1735 3.9708 0.57H04% 513715 3.000s 0.451038
8481-12701 —42.81108 47758 0.857031 —47.8718¢ 4.2%5 0.78%030
8482-9102 —16.6754 120778 2347039 —9.4%23 2037320 4.04% 30
8482-12703 -29.3%119 3.875 0.687033 ~19.8733 5607 0.991033
8482-12705 10.174% 21.072%! 2477598 46172 26.1757 3.0977 39
8486-6101 15.1734 8.1738 1.847 54 104733 117438 2.6671 08
8548-6102 287133 4.5709 0.65102% 28.4734% 4.5%0 0.65702%
+3.8 1.9 +0.51 +3.0 1.5 +0.43
8548-6104 —20.9%35 75702 156403 —21.6%39 73413 152505
8549-12702 ~56.71121 3500 0.5814-20 —44.57] 44703 0.74+022
8588-3701 8031553 21702 0.44+0-13 —-81.1+327 2.1792 0.441018
8601-12705 13.7128 117431 1781060 14.2F18 11.41]8 17505
8603-12701 -85.8%174 2.010% 0417013 —90.0%520 1.9%07 0.39701¢
8603-12703 —13.5739 9.2138 0.79193¢ —11.7%4 10.8+59 0.92+039
8604-12703 79438 2121508 o450 9.0, 18.513%3 21374
+6.0 +0.4 -+0.09 +4.8 +0.4 +0.09
8612-6104 _52'3?4%5 2‘4;% 0'2918‘83 —53.(3535_2 24;?-% 0'2918'%’?
8612-12702 43.17313 38118 0.7415%7 362757 46503 0.877030

Note. Columns are: (1) MaNGA plate-ifu of galaxy; (2), (3), and (4) are the light-weighted pattern speed, corotation radius,
and dimensionless ratio R = Rcr/ap, respectively; while (5), (6), and (7) are corresponding mass-weighted values.
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Table 4. Luminosity-weighted and mass-weighted pattern speeds and corotation radii of MaNGA barred galaxies measured
using the kinematic PAs.

Plate-ifu Qp1 sini Rcr.1 Ry Qpm sini RcR.m R
(km s~ arcsec™!) (arcsec) (kms~! arcsec™1) (arcsec)

(1) (2) 3) %) 5) (6) @
7495-12704 —14.5%1% 1.1t} 1.5010:33 —12.0*2} 133733 182705
7962-12703 19.0113 1224 0.79*522 192414 121414 0.79+03
+9.0 +1.9 +0.54 iy ik v ars
oI B | T BN A
7992-6104 104713 g0 Lo Lo s 99733 By
8082-6102 104773 A IRYe: - By e g
8083-6102 1541303 14572 2267330 _6.g+206 53 707 36549
8083-12704 55 +63 123 B4 5034330 28720 s S
8133-3701 _2.4 612944 4.11% 1.071(1)2%?1 _2'5 gfboj 3 '8126;% 0'97161%§
81346102 163+120 T |1 +095 16.6+103° 13,3454 | 14+030
8137-9102 1444103 662 0.65-095 1500t 6.0+134 064109
8140-12701 11 .1 -;25; 9 4122.19 0.9818:%3 11 ;‘-;26.48 9 2122,lzt 0'96;8:%3
8140-12703 15,7438 109%35 |05 H0d0 - e by -
8243-6103 e 9017 4o 030 or 4137 05713 L3473
8244-3703 37880 5 gF1d 0.97+09 13.5460" 43708 LogioE
8247-3701 ) 170H73 4 jseddt To i e R
T3 6.9 0-1.99 36 58 00-1.48
8249-6101 ~129711 785 061N 126713 7953 06200
5 M +0-26 +34 +2.5 +021
som o welml e nel B
8257-3703 213723 2 gHs 105041 507124 o 118 e
8257-6101 o1ot8s 5 rid Lo 03k o i 63513 Lsg o
8274-6101 23,8708 69704 0.677013 232715 7571 070019
8312-12702 Zo.7718 10.0%26 1117040 7930 155474 L4608
8312-12704 1197 76145 0.73035 _jgtia ey gt
8313-9101 135038 105442 2 11riis 16020 g6l 166073
8317-12704 o= 13833 L3470 233435 g, Ly
8318-12703 18032 Lo o8 Lgeria2 o e s S
8320-6101 15,0733 0735 Lg% L s e
8326-3704 10,6743 g6743 | 160t 114740 2036 L0903
8326-6102 4y ties 4535 0.91-+0:33 55 103 jger )| gt 5
8330-12703 1157247 e 0.92+039 IS 17 54306 Lo 8
8335-12701 211433 104429 | 157078 oot e et
8439-6102 253427 PP e P il 07773
D38 Oio 837053 95 7t 77030
§439-12702 ‘5-2}@% 12-7;1%(;)2 1.1 szgéé 16.0%2 12.0%;2 I .12;%;2‘%‘
n I R R B R R
8452-3704 33772038 40703 Lo g o o
8452-12703 17.0724° e 1 1 33+08 Lera’ gy el
8481-12701 _3ant5 s 0.99+032 3g.gtid s 000031
8482-9102 154799 131198 giies gLy oo e
8482-12703 3 0‘+57.3‘3 224113'196 4.431%% 7 é+§74’1 15.01%(5):451 2.87;%%;
0275 103 A3 034 D137 049 8171
8482-12705 9.9%?4 21,7%3}?50 2.6 15@3} 4.61’%9_19 27.6;3;23 3.30;?;%2
s 610 I SN B e I
8548-6104 1894309 6.5H10 155208 1714163 9.2+189 553738
8549-12702 _282th] 69t19 P s gHad S i |2+t
8588-3701 300744 54708 117+00 332763 e L 147030
8601-12705 fgrol YT R Py ngtBa 4o
8603-12701 _30.8t31 5 |+105 L aore a5t et O
8603-12703 P Ja0tols 5 7aHa 0ot B e £
8604-12703 14,6743 PP L A a3t g
8612-6104 114749 111 L4z Cogrih e M
a4 33 43054 945 45 69 071
8612-12702 18.71%2 87133 1.5870% 19.3753 8.0739 1.42+039

Note. Same as Table 3 but for results measured using the kinematic PAs.
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Figure 8. Comparison of the light-weighted and the mass-weighted pattern speeds €2, sini measured using the kinematic PAs, PAgx (left-hand panel) or the

photometric PAs, PAy, (right-hand panel).

, : : . . ; -
4
4
—_ 75| PAd,k VS. PAd,p ,’ |
S e
= Light — weighted . e
- 1/
ﬁ ,I ,’I
7’
a 25 ,, B
>
A of 1
= H%—
o
& R = e .
- p— rd f
s -
.a -50 , ’ ,{_4 Fi—' Fi* APA <37 h
4 7/ HF
2 P ’ 414 59> APA>3°
-75 S 4 4 10°>APA>5° |
ST arAs 10
A 1 1 Il 1 1

I
-75 =50 -25 o 25 50 75

Q, sin i from PAq ) [km/s/']

Figure 9. Comparison of the light-weighted pattern speeds €2, sini mea-
sured using the kinematic PAs, PAyx (X-axis) and the photometric PAs, PAg
(Y-axis). Galaxies are separated into four groups according to the difference
between the kinematic PA and the photometric PA, i.e. APA = |[PAgp —
PAgx|: APA < 3° (blue), 3° < APA < 5° (magenta), 5° < APA < 10°
(red), and APA > 10° (black). The dashed lines are 30 per cent differences
relative to the X-axis.

metallicity for the average inside the corotation radius or inside the
bar region. The bar region is defined as an ellipse with the bar length
as the major axis, and the minor axis is determined by the local
maximum ellipticity. The R values are derived using photometric
PAs. There are no significant trends between the R values and the
stellar age and metallicity. The R values derived from the kinematic
PAs do not show significant trends either.

5.2.3 Dependence on bar strength

Bar strength is an important parameter that measures the non-
axisymmetric forces produced by the bar potential in the disc of

galaxies. It is an indicator of the bar slowdown rate and correlates
well with the angular momentum absorbed by the spheroidal com-
ponents of a galaxy (Athanassoula 2003). As the angular momentum
is transformed from the bar to the spheroid and particularly to the
regions around its resonances, the bar becomes longer and slender,
and the bar pattern speed decreases. This implies that the values of
both the corotation radius and the bar length decrease, but does not
give any indication of what their ratio will do (see Athanassoula
2013, section 4.7.2 for a discussion). Athanassoula (2014) showed
that this ratio can stay nearly constant with time in simulations with
initial conditions including a triaxial halo and a gas fraction higher
than 20 per cent, as one would expect for galaxies at higher redshift.
Besides, we have a spread of galaxy masses in our sample. Thus the
lack of a trend in the left-hand panel of Fig. 13 does not disagree
with any known theoretical result. A similar result was found for R
values measured using kinematic PAs. We do however see a trend
that larger bar strength galaxies have longer bar lengths, as shown
in the right-hand panel of Fig. 13. In the right-hand panel, the bar
length is scaled by Ry,j, which is the length of the major axis at
1.35 times R.. This factor is used to make up for the offset mainly
due to the cutoff in the luminosity profile in the MGE R, calculation
(see fig. 7 of Cappellari et al. 2013). Note that, given the definition
of the bar strength used and of the results of Fig. 6, this is not a triv-
ial result. It shows that as the bar becomes stronger it also becomes
longer, in good agreement with simulations.

6 DISCUSSION

6.1 Uncertainties of R

6.1.1 Uncertainties of pattern speed

The measurement of pattern speed using the TW method depends
on the measurement of galaxy’s PA. According to the simulation
work of Debattista (2003), a PA error of 5° can result in an error
of about 44 percent in R. In our work, we have used two kinds
of PA to measure the pattern speed. One is the photometric PA
derived from ellipse fitting of isophotes of SDSS r-band images.
The outer isophotes can be influenced by strong structures (such as
spiral arms, rings, etc.) in the outer regions of the disc, and these
subsequently influence the estimation of the disc PA. A faint disc, a
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Figure 11. Same as Fig. 10 but for galaxies with difference between the kinematic PA and the photometric PA smaller than 5° and linear fitting error of the

(V) versus (X) plot smaller than 20 per cent.

non-circular disc, or a disc contaminated by nearby bright sources
will also suffer from the PA measurement problem. The photometric
PA is obtained by averaging the PAs of the relatively flat parts of the
outer PA radial profile, but the choice of the flat region is somewhat
arbitrary. The PA error is taken as the maximum of the standard
deviation of the outer PAs and the statistical error given by the
ELLIPSE program. Most PA errors for our galaxies are between 1°
and 2°, and are usually smaller than the errors of the kinematic PAs.

Kinematic PAs are derived from stellar velocity maps, according
to the difference between the observed and the symmetrized velocity
maps. Thus this method depends on the IFU coverage and the
symmetry degree of the velocity map. Using the DR13 or DR14
MaNGA data, or using the velocity map Voronoi binned to S/N =

MNRAS 482, 1733-1756 (2019)

10 or binned to S/N = 20 only yields consistent PAs to within an
error of 3°. For about 60 percent of our sample, shown as blue
dots in Fig. 3, the photometric and kinematic PAs have differences
smaller than 3°. The symmetry of the disc velocity field is possibly
influenced by the existence of the bar. As shown in fig. 4 of Sancisi
et al. (1979) or fig. 14 of Duval & Athanassoula (1983), the inner
parts of the disc velocity field are twisted by the bar. This effect
may influence the measurement of the kinematic PAs, and this is
examined with the simulation in Appendix A3. As shown in Fig. A4,
galaxy inclination, IFU coverage, and PA difference between the
disc and the bar influence the kinematic PA measurement. More
specifically, galaxies with lower inclination angles, smaller IFU
coverages, and the PA differences between the disc and the bar
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closer to 45° are more seriously influenced by the bar twisting
effect, and have larger measurement errors. The bar twisting effect
may contribute most to the difference in the R ratios measured using
kinematic PAs and photometric PAs. We have checked a subsample
containing 25 galaxies with 20° < |[PAgx — PAp| < 35° or 55° <
[PAgx — PAp| < 70°. We find no trends between R and other galaxy
parameters, especially the dark matter fraction. Thus this effect will
not change our main results.

The pseudo-slits chosen to measure the pattern speed may also
influence the behaviour of the TW method. We test the influence
of slit position and length on the TW method using the simulation
in Appendix A2. Slit interval and width only make the measured
pattern speed alittle more dispersed. Nevertheless, slit length always
shows the same behaviour, namely that the value of the pattern
speed first increases with slit length and then, for slits longer than
1.2 times the bar length, it stays nearly flat, as shown in Figs A2
and A3. In our measurements for MaNGA galaxies, same slits
with the largest slit lengths allowed by the IFU data are chosen
for randomly sampled PA and velocity map. This length is usually
about 1.2R.. From the distribution of ratio between the bar length
and the radius R, correlated to R. shown in Fig. 13, some galaxies
with bar length larger than the effective radius may underestimate
bar pattern speeds, and thus overestimate R values. This may make
some contribution to the large number of galaxies with R > 1.4.

After comparing the pattern speeds measured using different data
(DR13 and DR14) or different slit positions, we find that the PA
difference is the main reason for the difference in pattern speeds
measured by using these two types of PA. As shown in the left-hand
panel of Fig. 14, galaxies with PA difference APA < 5° distribute
diagonally in the panel. Galaxies with APA > 5° show larger R
values measured using kinematic PAs than those measured using
photometric PAs. This could be due to the method used for esti-
mating the kinematic PA (Krajnovi¢ et al. 2006), which seeks to
minimize any asymmetry in the velocity field. This will automati-
cally reduce the size of the (V) integrals in equation (1), and then
systematically underestimate €2;,. We use the mock IFUs in our Ap-
pendix A3 to test this possibility. We measure the pattern speeds
for the true disc PA and the measured kinematic PA, and find that
the latter will usually lead to lower pattern speed, except for some
highly inclined mock IFUs. The estimation method for kinematic
PAs can indeed lead to underestimating the pattern speed. Besides,
the influences of the PA difference between the kinematic PA and
the photometric PA on the pattern speed measurement vary for dif-
ferent galaxies. Some galaxies with APA < 5° have larger R value
differences than ones with APA > 5°, as shown in the left-hand
panel of Fig. 14.

MaNGA IFUs have different bundles, from 19 fibres to 127 fi-
bres, varying in size from 12.5 to 32.5 arcsec in diameter. Thus
different galaxies are covered differently observationally. For some
galaxies, the outer parts of their discs are not observed, which in-
fluences the pseudo-slit lengths, and so the application of the TW
method. Another problem for some galaxies is that they have quite
a faint disc relative to the bar, and their velocity maps have no re-
liable disc velocities to be used in estimating pattern speeds. We
have excluded some galaxies in the loosely constrained sample
for these two reasons, for example manga-8484-12703 and manga-
8132-6101, respectively. (The latter seems to have quite good linear
fitting of (V) versus (X) and quite large bar length, about 25 kpc as
our estimation.)

Besides the uncertainties inherent to observations, there are some
other factors that may influence the application of the TW method.
This method is based on a well-defined pattern speed and the con-
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tinuity equation of tracers. If the galaxy has two bars, or a spiral
rotating with a different pattern speed than the bar (Tagger et al.
1987; Sellwood & Sparke 1988; Sygnet et al. 1988), applying the
TW method is not straightforward. In addition, the continuity equa-
tion of stellar tracers can be influenced by significant star formation
and dust obscuration. Nevertheless, Gerssen & Debattista (2007)
show that it is possible to extend the application of the TW method
to the stellar component of late-type barred galaxies. We have also
checked the correlation between pattern speed and dust extinction
derived from SPS and find that the measured pattern speeds do not
correlate with dust extinction. As for star formation, we find no
evidence of correlation either.

Another potential problem that may influence the application of
the TW method is the time evolution of the bar pattern speed. In
our tests with simulation data in the Appendices, TW performs well
but it is only a snapshot after the bar has evolved for about 8 Gyr.
Checking the performance of the TW method for different stages
of evolution of the bar, and for bars of different strengths would
be very interesting but is beyond the scope of this paper. We will
discuss them elsewhere.

6.1.2 Bar length uncertainties

The three methods we use to measure the bar length have been
widely used in previous works (Athanassoula & Misiriotis 2002;
Michel-Dansac & Wozniak 2006; Aguerri et al. 2009, etc.) and
have been tested with simulations (Athanassoula & Misiriotis 2002;
Aguerri et al. 2009). Indeed, a given method could be better suited
to one galaxy, while a different method could be better to another.
The suitability of a method can depend on the orientation, and/or
the strength of the bar, and/or whether it also has spirals or an inner
ring etc. Our three bar lengths are consistent with their average to
about 20 per cent, as shown in the lower panel of Fig. 5.

Another concern in measuring the bar length with ELLIPSE
fitting is the assumption that bar isophotes can be well approxi-
mated by ellipses, while it is well known that generalized ellipses
(Athanassoula et al. 1990; Gadotti 2008) are necessary at least for
many strongly barred, often early-type galaxies. We have tried to fit
generalized ellipses with different shape parameters, b/a ratios, and
different data distributions with simple ellipses. We found an over-
estimation of about 5 per cent of the bar length for rectangular-like
isophotoes. However, this fraction will be influenced by the galaxy
inclination, the angle between bar and disc major axes, and the
intrinsic bar shape (box-like or triaxial). This effect needs further
examination but is beyond the scope of this paper.

6.1.3 Circular velocity uncertainties

The third uncertainty in determining R might be the estimation of
the circular velocity V.. Typically, the circular velocity is derived
from the observed stellar streaming velocity. However the mean
rotation velocity of a population of stars will fall below the circu-
lar velocity due to asymmetric drift, which is difficult to correct
(see chapter 4.8.2 of Binney & Tremaine 2008). In this work, we
calculate the circular velocity from the galaxy’s total mass derived
by the JAM method. This method can constrain the total mass to a
10-18 percent 1o error according to the tests in Li et al. (2016).
However, due to the 0.1 dex uncertainty in Mx/L for young galaxies,
we finally take a systematic 12 per cent error for circular velocities.
This error is systematic and can vary from galaxy to galaxy. In Ap-
pendix AS, we have checked the performance of the JAM method in
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the upper left corner. Right-hand panel: comparison of circular velocities
from JAM and from H o emission lines. Error bar of V, from JAM is same
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a simulated strongly barred galaxy. As shown in Fig. A5, the circular
velocities are recovered within an error range of about 10 per cent for
different galaxy inclinations and different bar orientations. This test
reinforces our decision to use JAM circular velocities in this work.

In addition, we have checked the Tully—Fisher relation (TF;
Tully & Fisher 1977) of our bar sample and compared the JAM
circular velocities with H o emission line velocities. The Tully—
Fisher relation is a correlation between the galaxy circular velocity
at large radii and their absolute magnitudes. The left-hand panel of
Fig. 15 shows the TF relation for our galaxies in comparison with
other spiral galaxies obtained from the literature (see Reyes et al.
2011). Our sample has a similar TF relation to that of spiral galaxies
in the literature. The right-hand panel of Fig. 15 is the comparison
of our circular velocities with H « emission line velocities, which
are the average of the outer flat regions. Our circular velocities are
consistent with those gas velocities in a range about 0.08 dex. If we
believe gas moves circularly, our estimations of circular velocities
are not the main uncertainty in determining R.

6.1.4 A general assessment of uncertainties

For a general assessment of uncertainties in R measurement, we
have checked several subsamples with more accurate estimation in
one parameter at a time. These include a subsample with [PAgx —
PAgp| < 3° (29 galaxies), a subsample containing about 22 galax-
ies with larger ratios of slit length to bar length, a subsample with
three bar length estimations consistent with their averages within
20 percent (28 galaxies) and a subsample containing 24 galaxies
which have circular velocities consistent with the Tully—Fisher re-
lation within 0.05 dex. For all these subsamples, we still find no
trend between R and the dark matter fraction and other galaxy
parameters.

In addition, we perform the following test to see whether large
observational errors can obscure real correlations: To do this, we
assume a correlation between R and the dark matter fraction lying
on the diagonal of Fig. 10,i.e. R = 1.25 fym + 1 or R = 2.5 fym +
1. Then we take as a measure of the errors the lowest point of the
ultrafast bars, i.e. the distance of the most ultrafast galaxy from the
‘R = 1line (0.71 and 0.39 for PAy;, and PAgy, respectively). Then
we randomly sample R according to the mock correlation and the
errors. In both mock observations using both type of disc PAs, we
can still find a trend between R and the dark matter fraction despite
of the scatters. This means that the lack of correlation in our results
is not due to the errors in ‘R.

To summarize, in this and the previous section, and throughout
this paper we have discussed a number of uncertainties that can
influence our results. Their nature and amplitude, however, are such
that our main results will not be affected, as already discussed.
Furthermore, in all cases we have tried the trends not only using
our complete sample, but also subsamples which, although contain-
ing fewer galaxies, are of higher quality in that they contain only
galaxies which have the most accurate estimations of the respective
parameters. In all cases we found good agreement. Specifically for
the lack of correlation between the /R measurement and the dark
matter fraction in the inner parts, we tried the effect of the uncertain-
ties on mock correlations and found that these uncertainties were
not sufficient to produce this lack of correlation.
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6.2 Ultrafast bars

An important concern in our work is that we have too many ultrafast
bars, which place an upper limit on R smaller than 1. Theoretically,
it is unphysical because the bar cannot end beyond the corotation
radius of the galaxies (see Athanassoula 1980; Con topoulos 1980).
The main family of orbits constituting the bar (the x; orbits) stops
at corotation while its extension has orbits elongated perpendicular
to the bar (Con topoulos 1980). Furthermore, the response to a
bar forcing is bar-like only up to corotation and becomes spiral
beyond it (Athanassoula 1980). There are 15 and 15 ultrafast bars
measured using the photometric PAs by the light-weighted and
mass-weighted, respectively. These numbers decline to 4 and 5
when the kinematic PAs are used. More accurately, as shown in the
right-hand panel of Fig. 14, for the light-weighted results, there are
13 bars which are ultrafast when we only use the photometric PA to
measure pattern speed, and there are two galaxies which are ultrafast
bars when only using the kinematic PA to measure pattern speed.
There are only two galaxies which are ultrafast bars when using
both kinds of PA to measure the pattern speed with light-weighting.
Basically, the kinematic PAs lead to smaller pattern speeds and less
ultrafast bars. The remaining two galaxies which are ultrafast bars
in both results can also be physical for some reasons unknown.

The two galaxies that are both ultrafast measured using the kine-
matic PA and the photometric PA are manga-8249-6101 and manga-
8447-6101. They are both in our refined sample, i.e. the two red dots
with lower dark matter fraction in the kinematic results of Fig. 11.
Their PA differences between the kinematic PA and the photometric
PA are 0.6° and 0.2°, respectively. Their images and (V) versus (X)
plots are shown in Fig. 16. The galaxy manga-8447-6101 has an
11.8° PA difference between the disc and the bar and a companion
close to the bar. These may influence the performance of the TW
method though it has good linear fitting in the (V) versus (X) plot.
The galaxy manga-8249-6101 is a typical barred galaxy, and the slit
length has covered the bright disc. The pattern speed measurement
for this galaxy is reliable. Thus the probability that this galaxy has
an ultrafast bar is high.

Ultrafast bars have also been found in several studies on barred
galaxies. (e.g. Aguerri et al. 2015) apply the TW method to 15
barred galaxies and find that about three galaxies have high proba-
bility to have an ultrafast bar. They discuss that their ultrafast bars
are not likely due to the unknown errors in the TW method or due
to the presence of dust lanes. Other measurements of the bar pat-
tern speeds using the potential-density phase-shift have also found
several ultrafast bars with R < 1 (Buta & Zhang 2009). They ar-
gue that some of them could be true ultrafast bars and not artefacts
due to wrong measurements. Further research in this direction is
needed.

As mentioned above, several previous investigations found ultra-
fast bars. In our sample we find one bar with high probability to be
ultrafast (manga-8249-6101), but we need to emphasize that it could
result from errors introduced by a number of approximations and
hypotheses, especially those in measuring the bar pattern speed and
the bar length. As shown in Figs 14 and 16, there are only two ultra-
fast bars when the kinematic PA and photometric PA are consistent.
This means the estimation accuracy of the disc PA influences rather
strongly the estimation of the pattern speed. Nevertheless, in obser-
vations, both the kinematic PA and the photometric PA estimates
rely on several assumptions and suffer from some problems. There-
fore, more accurate PA estimation for deriving the pattern speed and
more reliable bar length estimation are necessary for more accurate
‘R ratios to ascertain the reality of ultrafast bars.

MNRAS 482, 1733-1756 (2019)

6.3 Bar slowdown

Here we study the dependence of pattern speed on galaxy properties
such as the dark matter fraction. We want to study the influence of
these galaxy properties on the bar slowdown. There are no trends
between R and the stellar age, metallicity, and bar strength. These
trends may have been buried by the combined action of many factors
that can influence the evolution of bars.

The common factors that influence bar slowdown, i.e. the angular
momentum loss from bars, include dark matter fraction, dark mat-
ter halo shape, initial gas fraction, bulge mass and size, disc-to-halo
mass ratio, and velocity dispersions of all components. Some of
these have been studied in Athanassoula (2014) in detail. In outline,
more highly triaxial haloes and higher initial gas fractions will have
higher final pattern speeds according to the comparison of simula-
tions in fig. 3 of Athanassoula (2014). More extended bulges and
colder spheroidal components will absorb more angular momentum
from the bar, and thus will lead to slower pattern speeds. For the
disc-to-halo mass ratio, a 20 percent difference can bring about
5.7 times difference in the amount of angular momentum trans-
ferred (see fig. 10 of Athanassoula 2003). It is possible that all these
factors, even including the difference in galaxy total mass, can hide
correlations between the pattern speed and other properties.

Another concern is that in the observations we do not know the
evolution time and the initial pattern speed of the bar. Even though
we can link the angular momentum loss of the bar to its strength
(Athanassoula 2003; Athanassoula et al. 2013), we do not know for
how long it has been evolving and how fast it evolves. Therefore
we do not know if our galaxies with the same pattern speeds are
in the early stage of a slow evolution, or in the late stage of a fast
evolution. The stellar ages and metallicities we calculate in previous
sections cannot characterize the bar evolution time, because stars
can be trapped in the bar well after their formation, in which case
the bar would be younger than its stars, or stars may be born in the
bar region well after bar formation, in which case the bar would be
much older than the stars. More studies need be done to understand
the bar evolution time.

7 CONCLUSIONS

We have successfully applied the model-independent TW method
to estimate the bar pattern speeds for 53 barred galaxies from their
MaNGA [IFU data. The sample of galaxies was selected from the
MaNGA data sets of SDSS DR13 according to the PA difference
between the bar and the disc, and the disc axial ratio. We have used
the updated MaNGA DR14 IFU kinematic data for improvements
resulting from the upgraded DAP and DRP packages. This sample is
the largest so far to use the TW method, and spans a wide range of
morphological types from SBO to SBc with a peak at SBb—SBbc.

We have measured both photometric PAs and kinematic PAs for
our sample galaxies. About 60 per cent of them are consistent within
3°. For each type of PA, we have used light from the spectrum and
mass from the SPS as weights in the integrals of the TW method.
These two weightings give consistent pattern speed measurements,
while two types of PAs can lead to different pattern speeds. For
galaxies with larger PA differences (APA > 3°), the kinematic PA
usually gives lower pattern speeds than that given by the photometric
PA, which leads to slower bars and fewer ultrafast bars. This may be
due to the kinematic PA estimation, which by seeking to minimize
any asymmetry in the velocity field, underestimates the true pattern
speed. Thus a robust determination of the galaxy PA is essential for
the estimation of bar pattern speed.
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With three independent bar length estimations and circular ve-
locities derived using the total mass profile from the JAM method,
we can determine the dimensionless parameter R = Rcr/ap, =
(V/2p)/an. We have studied the dependence of the R parame-
ter on galaxy properties such as the dark matter fraction inside the
effective radius from the JAM method, the stellar age and metallic-
ity from the SPS and the bar strength from the photometric image.
We find a positive correlation that galaxies with larger bar lengths
have larger bar strengths. No clear trends between the parameter
R and these galaxy properties can be found in the results from
both types of PAs. This could be due to the fact that, as suggested
by simulations, the bar slowdown process and angular momentum
exchange involve many factors, which prevent us from seeing any
correlations.

In the future, MaNGA will obtain IFU data for about 10 000
galaxies. A better sample can be defined using the difference be-
tween the photometric PA and the kinematic PA. This will help
reduce the uncertainties in measuring the bar pattern speed and aid

establishing more convincing correlations between the bar pattern
speed and galaxy properties.
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APPENDIX A: TESTS ON BAR PARAMETER
DETERMINATIONS USING SIMULATIONS

A1 Simulation data

The simulated barred galaxy we used for our investigations was
chosen from a series of dynamical N-body simulations, which are
configured to study the effect of gas and of halo shape on the growth,
evolution, and properties of the bar (Athanassoula et al. 2013). Com-
pared to previous simulations, these have several advantages. The
halo is live and is represented by one million particles, a number
which is sufficient for an adequate description of the resonances
and therefore of the angular momentum exchange. They have also
used a large number of gas particles, in all standard cases with a
mass of Mg, =5 X 10* Mg, per particle, while the standard mass
resolution for ‘STARS’ is M, = 2.5 x 10* M. Contrary to most
previous dynamical studies of bar formation and evolution, the gas
has both cold and hot phases and is modelled including star forma-
tion, feedback, and cooling. Furthermore, a high spatial resolution
is used with a gravitational softening of 50 pc. See Athanassoula
et al. (2013) for more details.

We chose a galaxy from Run 116 (hereafter gtr116) at a snapshot
with # = 7.99 Gyr. The halo shape parameter and gas fraction can
be seen in table 1 of Athanassoula et al. (2013). This is a galaxy
which has a disc about 15 kpc in radius. A visual inspection gives
a bar length about 6.5 kpc. The pattern speed of this galaxy at this
snapshot is 18.63 kms~! kpc™!, calculated from the change of the
bar orientation between different snapshots. Three projections of
star particles of this galaxy are shown in Fig. Al.

A2 Influence of the slit length to the TW method

In the weighted averaged velocity and position of equation (1), the
integrals of X should be over —oo < X < 400 in theory. However
the spatial coverage of the IFU is limited and the data quality is
poor outside. Consequently the integrations are always limited to
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Figure Al. Projection of star particles along three directions for simulation gtr116. The box size is 15 kpc. This galaxy has an evolution time of 7.99 Gyr.
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Figure A2. Influence of the slit length on the bar pattern speed for different inclinations. The difference of the disc PA and the bar PA is set to 45°. In each
panel, the horizontal dashed line indicates the true pattern speed of the simulated galaxy, while the vertical dashed line indicates the bar length. The green

dashed lines indicate the linear fitting error of (V) versus (X).

—Xo < X, Y < +X,. But how large should Xj, i.e. the slit length, be
for an adequate measurement of the pattern speed? To answer this
question, we perform some tests using simulation gtr116 to check
the influence of the slit length on the estimation of the bar pattern
speed, with different inclinations and PA differences between the
disc and the bar.

As shown in Fig. A2, the profiles of the slit length versus the
pattern speed show similar patterns in that the measured pattern
speed increases as the slit length increases to a length a bit larger
than the bar length, after which it is nearly flat to the edge of the
disc. For different inclinations, the patterns are similar. For larger
inclinations, the flat pattern speeds are slightly larger than true
values, and the errors are larger too. In Fig. A3, the patterns of
profiles for different PA differences are similar to those of Fig. A3.
We can see a clear trend in that as the PA difference increases from
5° to 80°, i.e. from being parallel to being perpendicular to the
disc major axis, the flat pattern speed increases from smaller than
to larger than the true pattern speed. Though in our work we use
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simple cuts in inclination (0.3 < b/a < 0.8) and in PA difference
(10° < |PAg — PAy| < 80°), a better sample selection criterion can
be made by a two-dimensional plot of the performance of the TW
method with different inclinations and PA differences.

A3 Twisting effect of the bar to the kinematic PA measurement

The kinematic PA is measured from the galaxy velocity map using
a Python program fit_kinematic_pa.py written by Michele
Cappellari. It basically finds the best angle with the lowest difference
between the observed velocity map and the symmetrized velocity
map. For this method, the symmetrization of the velocity map is
important, which is to some extent influenced by the bar torque.
Thus we use gtr116 to test the effect of the bar on the kinematic PA
measurement.

We first create the mock IFU velocity maps, all with the same
pixel size of 0.5 arcsec. We also add a 2.5 arcsec PSF by ran-
domly moving the particles in the X and Y directions. The measured
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Figure A3. Same as Fig. A2 but for different PA differences between the disc and the bar. The inclination angle here is set to 60°.
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Figure A4. Kinematic PAs measured with different IFU coverages, field of views, inclinations, and PA differences between the disc and the bar. The left-hand,
middle, and right-hand panels are for coverages with hexagon diameters of 16, 20, and 30 kpc, respectively. The red, green, and blue correspond to inclinations
of 45°, 60°, and 75°, respectively. The x-axis in each panel shows five PA differences between the disc and the bar, from 0 to 90° with equal spacing. The true
kinematic PA is 90°. The three IFU bundle diameters, i.e. field of views, are 22.5, 27.5, and 32.5 arcsec (for example, IFU coverage of 16 kpc and a field of
view of 22.5 arcsec mean 16 kpc = 22.5 arcsec), vertically shifted in each panel by 0, —5°, and —10°, respectively. The —5° shift in each panel is fainter for

distinction.

kinematic PAs are shown in Fig. A4. We use three IFU coverages
(i.e. physical hexagon diameters of 16, 20, and 30 kpc), three IFU
field of views (hexagon diameters of 22.5, 27.5, and 32.5 arcsec),
three inclinations (45°, 60°, and 75°) and five PA differences be-
tween the disc and the bar (0°, 22.5°, 45°, 67.5°, and 90°) to make
mock IFUs. (For example, physical hexagon diameter of 16 kpc
and a field of view of 22.5 arcsec mean 16 kpc = 22.5 arcsec.) As
seen from the three panels in Fig. A4, a larger IFU coverage has
smaller kinematic PA errors, because the outer part is more sym-
metric. For the lowest coverage, a physical hexagon side length of
8 kpc, which is slightly larger than the bar length, the error can reach
to 8°. The three spatial resolutions, i.e. three rows in each panel,
show markedly less differences. For different inclinations, face-on
cases have larger discrepancies than edge-on cases, and this phe-

nomenon is more obvious in lower IFU physical sizes compared
to the bar size. Finally, for different PA differences between the
disc and the bar, a 45° PA difference gives the largest measure-
ment error, which is reasonable because at this angle the bar torque
twists the velocity field most seriously. However, the range of the
PA difference between the disc and bar in our sample selection
(see Section 3.1) is 10-80°. A PA difference of 45° is better for
choosing pseudo-slits and applying the TW method. The influence
of the bar twisting effect on our bar pattern speeds measured using
kinematic PAs depends on the difference between the disc PA PA4x
and the bar PA PAy, the galaxies’ IFU coverages and inclinations
in our sample. This effect may contribute most to the difference in
the R ratios measured using kinematic PAs and photometric PAs.
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Nevertheless, it will not affect our main results, as discussed in
Section 6.1.1.

A4 V. recovery of JAM using gtr116

In our work, we use the circular velocity V. from the JAM method,
which has been tested using cosmologically simulated galaxies in
Li et al. (2016). They found that the total mass of a galaxy is well
constrained (1o error ~ 10-18 per cent). Taking the 0.1 dex Mx/L
into consideration, we give a 12 per cent systematic error for our
circular velocities. In order to check the potential influence of a
strong bar, we use the strongly barred galaxy gtr116 to test JAM’s
performance in recovering V..

We put the galaxy at 150 Mpc away, and the angular IFU bundle
size is 32.5 arcsec, i.e. the largest bundle containing 127 fibres.
Thus the IFU coverage of the galaxy is a hexagon with a side length
about 12 kpc. We choose three inclinations (i = 45°, 60°, and 75°)
and three PA differences between the bar and the disc (|JPAq —
PA,| = 22.5°, 45.0°, and 67.5°) to make mock IFU data. The IFU
pixel size is 1 arcsec, which is slightly larger than the MaNGA
pixel size by taking the PSF into consideration. The mock image
resolution is 0.5 arcsec, which is higher than that of the IFU. The
recovered circular velocities are shown in Fig. AS5. Though there
are some discrepancies in the inner 5 kpc region, the outer flat
circular velocities are recovered with about 10 per cent dispersion.
This result reinforces our decision to use JAM circular velocities in
our work.
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Figure AS. Rotation curves recovered using the JAM method. The blue,
red, and green lines stand for inclinations of 45°, 60°, and 75°, respectively.
The dotted, dashed, and dot—dashed lines are for 22.5°, 45.0°, and 67.5° PA
differences between the disc and the bar, respectively. The black line is the
true rotation curve of the simulated galaxy.
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