
ar
X

iv
:1

50
1.

05
49

8v
1 

 [a
st

ro
-p

h.
G

A
]  

22
 J

an
 2

01
5

Astronomy & Astrophysicsmanuscript no. 23383˙ja c© ESO 2015
January 23, 2015

Bar pattern speeds in CALIFA galaxies
I. Fast bars across the Hubble sequence

J. A. L. Aguerri1,2, J. Méndez-Abreu1,2, J. Falcón-Barroso1,2, A. Amorin3, J. Barrera-Ballesteros1,2, R. Cid Fernandes3,
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ABSTRACT

Context. The bar pattern speed (Ωb) is defined as the rotational frequency of the bar, and it determines the bar dynamics. Several
methods have been proposed for measuringΩb. The non-parametric method proposed by Tremaine & Weinberg(1984; TW) and
based on stellar kinematics is the most accurate. This method has been applied so far to 17 galaxies, most of them SB0 and SBa types.
Aims. We have applied the TW method to a new sample of 15 strong and bright barred galaxies, spanning a wide range of morpho-
logical types from SB0 to SBbc. Combining our analysis with previous studies, we investigate 32 barred galaxies with their pattern
speed measured by the TW method. The resulting total sample of barred galaxies allows us to study the dependence ofΩb on galaxy
properties, such as the Hubble type.
Methods. We measuredΩb using the TW method on the stellar velocity maps provided by the integral-field spectroscopy data from
the CALIFA survey. Integral-field data solve the problems that long-slit data present when applying the TW method, resulting in the
determination of more accurateΩb. In addition, we have also derived the ratioR of the corotation radius to the bar length of the
galaxies. According to this parameter, bars can be classified as fast (R < 1.4) and slow (R¿1.4).
Results. For all the galaxies,R is compatible within the errors with fast bars. We cannot rule out (at 95% level) the fast bar solution
for any galaxy. We have not observed any significant trend betweenR and the galaxy morphological type.
Conclusions. Our results indicate that independent of the Hubble type, bars have been formed and then evolve as fast rotators. This
observational result will constrain the scenarios of formation and evolution of bars proposed by numerical simulations.

Key words. Galaxies: kinematics and dynamics – Galaxies: structure – Galaxies: photometry – Galaxies: evolution – Galaxies:
formation

1. Introduction

Bars are ellipsoidal-like structures present in the inner region
of most disc galaxies. The galaxy classification into barredand
non-barred has been made since the pioneering Hubble morpho-
logical classification. Indeed, barred galaxies constitute one of
the branches of the so-called Hubble tuning-fork diagram (see
Hubble , 1936).

About 40-50% of nearby disc galaxies observed in the
optical wavelengths have been classified as barred systems

(see, e.g., Marinova & Jogee , 2007; Barazza et al. , 2008;
Aguerri et al. , 2009). This fraction is even higher (about 60-
70%) when galaxies are observed through near-infrared fil-
ters (see, e.g., Knapen et al. , 2000; Eskridge et al. , 2000;
Menéndez-Delmestre et al. , 2007). The bar fraction depends on
different galaxy properties, such as Hubble type, mass, and envi-
ronment. There is a debate in the literature about the dependence
of the bar fraction on the Hubble type (e.g., Aguerri et al. , 2009;
Buta et al. , 2010; Barway et al. , 2011; Masters et al. , 2011;
Marinova et al. , 2012). Several studies have recently demon-
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strated that total stellar mass is an important physical param-
eter that regulates bar formation (Méndez-Abreu et al. , 2010;
Nair & Abraham , 2010; Sheth et al. , 2008). However, the en-
vironment also plays a non-negligible role in their formation
and evolution, as shown by Mendez-Abreu et al. (2012) when
comparing the bar fraction in three different environments (field,
Virgo, and Coma clusters). They show that the fraction of bars in
the Virgo and Coma clusters are statistically different from the
field one. They argue that bright disc galaxies are stable enough
against interactions, whereas for fainter galaxies, interactions in
cluster environment become strong enough to heat up the discs,
inhibiting bar formation and even destroying the discs (seealso
Sánchez-Janssen et al. , 2010).

Bars are very prominent features in light. In contrast, they
represent a small fraction of the mass of the discs of galaxies.
Hydrodynamical simulations of barred galaxies show that the
bar component contributes only about 10% to 20% of the disc
potential (see England et al. , 1990b; Laine & Heller , 1999;
Lindblad et al. , 1996a; Weiner et al. , 2001; Aguerri et al. ,
2001). Nevertheless, they produce important changes in the
dynamics of the discs when they are present. In fact, simu-
lations also show that bars are very efficient at redistributing
angular momentum, energy, and mass on both luminous
and dark matter galactic components (see Weinberg , 1985;
Debattista & Sellwood , 1998, 2000; Athanassoula et al. ,
2003; Martinez-Valpuesta et al. , 2006; Sellwood , 2006;
Sellwood & Debattista , 2006; Villa-Vargas et al. , 2009).

Bars are fully characterized by three parameters: length,
strength, and pattern speed. Both length and strength can bede-
termined using optical and/or near-infrared images. In contrast,
the bar pattern speed is a dynamical parameter, and its determi-
nation requires kinematics.

The length of the bars has been determined by optical vi-
sual inspection Kormendy (1979); Martin (1995), locating the
maximum of the isophotal ellipticity Wozniak et al. (1995);
Márquez et al. (1999); Laine et al. (2002); Marinova & Jogee
(2007); Aguerri et al. (2009), or by structural decompositions
of the galaxy surface brightness distribution Prieto et al.(1997,
2001); Aguerri et al. (2001, 2003, 2005); Laurikainen et al.
(2005, 2007); Gadotti (2008); Laurikainen et al. (2009);
Weinzirl et al. (2009); Gadotti (2011). All these studies
have shown that a typical bar radius is 3-4 kpc (e.g.,
Marinova & Jogee , 2007; Aguerri et al. , 2009). There is a clear
dependence between the bar length and other galaxy parameters,
such as disc scale length, galaxy size, galaxy colour, or promi-
nence of the bulge Aguerri et al. (2005); Marinova & Jogee
(2007); Gadotti (2011); Hoyle et al. (2011). In addition, there
is a dependency of the bar length on the Hubble type. In
particular, S0 galaxies show larger bars than late-type ones
(Elmegreen & Elmegreen , 1985; Aguerri et al. , 2009; Erwin ,
2005; Menéndez-Delmestre et al. , 2007, but see also Masters et
al. 2011).

The bar strength is a parameter that measures the
non-axisymmetric forces produced by the bar potential
in the disc of galaxies (see, e.g., Laurikainen & Salo ,
2002). The most popular methods for determining the
bar strength are to measure the torques of the bar (e.g.,
Combes & Sanders , 1981; Quillen et al. , 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 decomposition of the galaxy light Ohta et al.
(1990); Marquez et al. (1996); Aguerri et al. (2000);
Athanassoula & Misiriotis (2002); Laurikainen et al. (2005).

In general, S0 galaxies show weaker bars than late-type ones
(see, e.g., Laurikainen et al. , 2007; Aguerri et al. , 2009;
Buta et al. , 2010).

The bar pattern speed (Ωb) is a pure dynamical parameter
that fully determines the dynamics of a barred galaxy. It is de-
fined as the rotational frequency of the bar. Theories of stellar
orbits have shown thatΩb has a physical upper limit. Thus, a
bar cannot extend beyond the corotation resonance (CR) radius
(RCR) of the galaxy. This corotation radius is the region of the
galaxy where the angular speed of the stars of the disc in circu-
lar motions equals the bar pattern speed. This limit is imposed
by the stability of the main family of orbits forming the bar (the
so-calledx1 family; Contopoulos 1980) which are only stable
within RCR. Orbits in the outer region of the disc (R > RCR) can-
not support a bar structure (Contopoulos , 1980; Athanassoula ,
1992).

Measuring the bar pattern speed is technically the most
difficult amongst the observational parameters characterising
bars, and several methods have been developed in the literature
to determine it. Hydrodynamical simulations of individual
galaxies have been extensively used to determineΩb in barred
galaxies. These methods start by computing the gravitational
potential of the galaxy that is used to produce hydrodynamical
galaxy models, withΩb as one of the free parameters of the
models. Determination of the best value ofΩb is done by
matching the modelled and observed surface gas distribution
and/or gas velocity field (see, e.g., Sanders & Tubbs , 1980;
Hunter et al. , 1988; England et al. , 1990; Garcia-Burillo etal. ,
1993; Sempere et al. , 1995a; Lindblad et al. , 1996a;
Lindblad & Kristen , 1996b; Laine & Heller , 1999;
Weiner et al. , 2001; Aguerri et al. , 2001; Pérez et al. , 2004;
Rautiainen et al. , 2008; Treuthardt et al. , 2008). Other methods
determine the pattern speed by identifying some morphological
galaxy features with Lindblad resonances. We can mention the
position of galaxy rings (see, e.g., Buta , 1986; Buta et al. ,
1995; Vega Beltran et al. , 1997; Muñoz-Tuñón et al. , 2004;
Pérez et al. , 2012); changes in the morphology or phase of
spiral arms nearRCR (Canzian , 1993; Canzian & Allen , 1997;
Puerari & Dottori , 1997; Aguerri et al. , 1998; Buta & Zhang ,
2009); detecting the offset and shape of dust lanes (see, e.g.,
van Albada & Sanders , 1982; Athanassoula , 1992); locating
colour and star formation changes outside the bar region
(Cepa & Beckman , 1990; Aguerri et al. , 2000); or studying the
morphology of the residual gas velocity field after the rotation
velocity subtraction (Sempere et al. , 1995b; Font et al. , 2011,
2014). Nevertheless, the most accurate method for measuring
the bar pattern speed is the non-parametric method proposedby
Tremaine & Weinberg (1984; hereafter TW). The goal of this
paper is to apply the TW method to a large sample of barred
galaxies.

The organization of the paper is as follows. The theoretical
basis of the TW method is shown in Sect. 2. Section 3 shows the
description of the galaxy sample. Section 4 presents the photo-
metric parameters of the bars. The stellar velocity maps of the
galaxies are shown in Sect. 5, and results are given in Sect. 6.
The discussion and conclusions are shown in Sects. 7 and 8, re-
spectively. Throughout this paper we have used the cosmology
H0 = 70 km Mpc−1 s−1, Ωm = 0.3, andΩλ = 0.7.

2. Theoretical basis of the TW method

We let (X, Y) be a Cartesian coordinate system in the sky plane
and take the origin at the centre of the galaxy, withX-axis coin-
cident with the line of nodes (LON), which is defined as the in-
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tersection between the sky plane and the plane of the disc of the
galaxy. Assuming that the disc of the galaxy has a well-defined
pattern speedΩb and that the surface brightness of the measured
tracers follow the continuity equation, the TW method is based
on the equation:

Ωb sini =

∫ +∞

−∞
h(Y)

∫ +∞

−∞
Σ(X, Y) VLOS (X, Y) dX dY

∫ +∞

−∞
h(Y)

∫ +∞

−∞
X Σ(X, Y) dX dY

≡
〈V〉
〈X〉
, (1)

wherei is the galaxy inclination,VLOS (X, Y) is the line of
sight (LOS) velocity,Σ(X, Y) represents the surface brightness
of the galaxy, andh(Y) is a weight function. The numerator
of the previous equation represents the mean velocity weighted
by the light of the galaxy (〈V〉). The denominator shows the
weighted mean position of the tracers (〈X〉). We denote the nu-
merator and denominator of Eq. (1) as ”kinematic” and ”photo-
metric” integrals, respectively. All previous parameterscan be
measured from photometric or kinematic observations. Thus,
i can be obtained from the ellipticity of the outermost galaxy
isophotes,Σ(X, Y) can be determined from optical photometry,
and the velocity field of the galaxy (VLOS(X, Y)) can be mea-
sured from long-slit or integral-field spectroscopy. In practice,
the integrals from Eq. (1) are calculated along several directions
oriented parallel to the LON but offset by a distanceY0. The
slope of the straight line defined by the〈V〉 versus〈X〉 computed
points representsΩb sini (see Tremaine & Weinberg , 1984). In
the case of long-slit spectroscopy, the weight function is given
by h(Y) = δ(Y −Y0). Similar weight functions can be defined for
integral-field spectroscopy. Formally, integrals in Eq. 1 are over
−∞ < X, Y < +∞. Nevertheless, they can be limited to a finite
value ofX andY if the axisymmetric part of the disc is reached
(see Sect. 6.1).

Stellar kinematics has been used to measureΩb using the
TW method for a large sample of early-type galaxies (e.g.,
Kent , 1987; Merrifield & Kuijken , 1995; Gerssen et al. , 1999;
Debattista et al. , 2002; Aguerri et al. , 2003; Corsini et al.,
2003; Debattista & Williams , 2004; Corsini et al. , 2007). In
contrast, few pattern speeds have been determined through
this method for late-type galaxies (e.g., Gerssen et al. , 2003;
Treuthardt et al. , 2007). See also Corsini (2011) for a review of
the bar pattern speed measurements using the TW method. The
lack of measurements of bar pattern speed in late-type galaxies
by the TW method is basically due to the effects produced on
the determination ofΩb by the uncertainties in the position an-
gle (hereafter PA),i, and/or the effect of the presence of dust and
star formation in late-type discs. Debattista (2003) demonstrates
that errors of a few degrees in determining the PA of galaxies
can significantly change the measured value ofΩb using the
TW method. For this reason galaxies with small errors in PA
and/or i should be selected. In addition, the measured value of
Ωb can also be affected by dust and/or star formation in late-
type galaxies, since in these cases the light does not trace the
mass distribution of these galaxies. Nevertheless, these effects
can be mitigated by computing the kinematic and photometric
integrals of Eq. (1) using the mass distribution as weight (see
Gerssen & Debattista , 2007).

In recent years, an extension of the TW method explained
above has been applied to galaxies that show multiple pat-
tern speeds (see Maciejewski , 2006; Corsini et al. , 2007;
Meidt et al. , 2009). The TW method was also applied to gas
tracers, such as CO (Zimmer et al. , 2004; Rand & Wallin ,
2004) or Hα (Hernandez et al. , 2005; Emsellem et al. ,
2006; Fathi et al. , 2007; Chemin & Hernandez , 2009;
Gabbasov et al. , 2009; Fathi et al. , 2009).

2.1. Fast and slow bars

Barred galaxies are commonly classified according to the
distance-independent ratioR = RCR/ab, whereRCR andab are
the corotation and bar radius, respectively. Theoretical works
based on stellar orbits in barred potential predict thatR =
1.2 ± 0.2 (see Athanassoula , 1992). This parametrization per-
mits a classification of bars into fast (1.0 < R < 1.4) and slow
ones (R > 1.4). Most observed bars have turned out to be fast
bars; nevertheless, there are few bars in the literature compatible
with being slow bars (see Rautiainen et al. , 2008).

There are some hints in previous works that late-type galax-
ies could have higher mean values ofR than early-type ones
(see Aguerri et al. , 1998). More recent results based on hydro-
dynamical models and comparing the morphology of real galax-
ies with models show that while early-type galaxies always have
fast bars, late-type galaxies host both slow and fast bars (see
Rautiainen et al. , 2008). Nevertheless, this result has notbeen
confirmed in a significant sample of galaxies of different mor-
phological types by using the TW method. The sample of late-
type galaxies analyzed so far by the TW is very small in order
to infer some dependence betweenR and the Hubble type. The
aims here are to determine the pattern speed of a large sample
of galaxies throughout the Hubble sequence by using the TW
method and to study the dependence of the pattern speed of the
bar with the Hubble type.

3. The CALIFA sample of barred galaxies

The barred galaxies used in the present study were taken from
the Calar Alto Legacy Integral Field Area (CALIFA) Survey
(Sánchez et al. , 2012). CALIFA’s mother sample is formed by
939 galaxies selected from the SDSS-DR7 photometric cata-
logue (Abazajian et al. , 2009). The main selection criteriawere
angular isophotal diameter 45< D25 < 80 arcsec and redshift
range 0.005< z < 0.03. These criteria ensure that the selected
objects fit well into the field of view (FOV) of the instrument.
This survey aims to obtain spatially resolved spectroscopic in-
formation for a fraction of the mother-galaxy sample (≈ 600
galaxies), limited by available telescope time. For more details
about the properties of the galaxies of the CALIFA mother sam-
ple, see Walcher et al. (2014). This project has been the biggest
effort with integral field spectroscopy so far.

The CALIFA observations were carried out at the 3.5m tele-
scope of the Calar Alto observatory with the Potsdam Multi
Aperture Spectrograph (PMAS; Roth et al. , 2005) in PPAK
mode. This instrumental mode consists of 382 fibres of 2.7 arc-
sec diameter each. These fibres cover a FOV of 74′′ × 64′′.
A dithering scheme of three pointings were adopted to cover
the full FOV. This allows us to have a final resolution of 1
arcsec (see Sánchez et al. , 2007; Pérez-Gallego et al. , 2010;
Rosales-Ortega et al. , 2010; Sánchez et al. , 2012). Both the
FOV and the spatial resolution of the observations make this
dataset ideal for studies of extended disc galaxies proposed here.

The objects were observed using two different setups. First,
the grating called V500 shows a nominal resolution ofλ/∆λ =
850 at 5000 Å and covers from 3745 to 7300 Å. The second setup
was done using the V1200 grating with better spectral resolution
λ/∆λ = 1650 at 4500 Å. This grating covers from 3400 to 4750
Å. In the present work we used the observations throughout the
V1200 grating. It was selected in order to have reliable velocity
dispersion curves of the galaxies needed for computingRCR (see
Sect. 5.2). The galaxy sample of the present paper was selected
among the 200 that were first observed and reduced objects with
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the V1200 grating. For more details about the observation strat-
egy and the data reduction process, see Sánchez et al. (2012) and
Husemann et al. (2013).

The CALIFA mother-sample photometric properties were
obtained from SDSS-DR7. In addition, the galaxies of the
CALIFA mother sample were morphologically classified by us-
ing thei-band SDSS images by a group of five people from the
CALIFA team (see Walcher et al. , 2014). The total number of
galaxies showing strong bars (SB) on the CALIFA sample turned
out to be 156. Only 41 of them have already been observed with
the V1200 grating. Nevertheless, the TW method cannot be ap-
plied to all galaxies. Galaxy inclination, position angle,and bar
orientation should be considered for its application. In particu-
lar, low and high inclined galaxies and those with bars near the
galaxy’s major or minor axis should be not taken into account
because the TW is not applicable to these objects. Therefore, we
excluded from our analysis all bars that show PA less than 10◦

with respect to the major or minor axis of the galaxies and either
those face-on (b/a > 0.86) or edge-on (b/a < 0.34) galaxies.
This restriction reduces the total number of barred galaxies to
20. In addition, five more galaxies were excluded for other rea-
sons, such as the large number of field stars, the non-flat rotation
curve at large radius, or/and the insufficient quality of the stellar
velocity maps.

The final selected sample of barred galaxies contains objects
that cover the morphological types: 1 SB0, 2 SB0/a, 1 SBa, 1
SBab, 6 SBb, and 4 SBbc. Similar to the CALIFA mother sam-
ple, our galaxy sample is dominated by spirals (SBb-SBbc). This
is appropriate for filling the gap of pattern speeds measuredby
the TW method in late-type galaxies.

Figure 1 shows the comparison of the distribution of mor-
phological types, redshift, absoluter-band magnitudes, and bar
radius between the barred galaxies in the CALIFA mother sam-
ple and the selected barred galaxies of the present work. Our
sample is a small subsample of the total bar population of
the CALIFA mother sample. Nevertheless, the Kolmogorov-
Smirnov test indicates that our subsample does not have a sta-
tistically different distribution of morphological types, redshift,
and absolute magnitudes from the total sample of barred galax-
ies. The actual sample loss bars have radii larger than 10 kpc.
The lack of large bars is due to: i) galaxy inclination, ii) bar ori-
entation, and/or iii) no observations using the V1200 grating. We
never cut the bar sample according to bar size. It is also worth
noticing that the galaxies presented here are all bright galaxies
(Mr > −19.0). In this range of magnitudes, CALIFA is represen-
tative of the local Universe. No dwarf galaxies have been con-
sidered in the present work. Ther−band SDSS images of the
final sample are shown in Fig. 2 and the main parameters of the
galaxies are given in Table 1.

In summary, the sample presented in this work overcomes
two major problems of other samples presented in the literature.
First, integral-field observations such as those presentedhere get
rid of many of the problems of long-slit observations. Second,
our sample is dominated by late-type galaxies, the missing piece
of information in the TW studies of bar pattern speeds.

4. Photometric parameters of the barred galaxies

4.1. Inclinations and position angles

Analysis of the galaxy isophotes provides the inclinations1,
PA, and other important information about the different struc-

1 The inclination (i) of a disc is given byb/a = (q2 + (1 − q)2 ×

cos2(i))1/2, whereb/a is the ratio between the observed minor and major

Fig. 1. Normalized distribution of morphological types (a), red-
shift (b), absoluter-band magnitudes (c), and bar radius (d) of
the CALIFA’s mother-sample barred galaxies (full black line his-
tograms) and the barred galaxies selected in the present paper
(dashed blue-line histograms).

tural components of galaxies (see, e.g., Wozniak et al. , 1995;
Aguerri et al. , 2000b). The galaxy inclination makes the
isophotes of the galaxies appear as ellipses in the plane of the
sky. We fitted the isophotes of our galaxies by ellipses usingthe
ELLIPSE routine from the IRAF package (Jedrzejewski , 1987).
The ellipticity and PA isophotal radial profiles obtained from
these fits are shown in Fig. 3.

The ellipticity radial profile of an unbarred spiral galaxy
grows from almost zero values at the centre of the object up to
a constant value at large radii, which corresponds to the galaxy
inclination. The PA isophotal radial profile also reaches a con-
stant value at large radii, which corresponds to the orientation
of the LON of the galaxy. This behaviour can be observed in
the ellipticity and PA isophotal radial profiles shown in Fig. 3.
We therefore computed thei and PA of our barred galaxies by
averaging their outer isophotes. The results are given in Table 1.

4.2. Determination of the bar radius

The determination of the bar radius is not an easy task. Several
methods have been proposed in the literature during the pastfew
decades. We used three of the most popular methods (ab,1, ab,2,

andab,3) for estimating the bar radius (ab) of our galaxies.
Two of the bar radius measurements (ab,1 andab,2) were ob-

tained by using the information of the ellipticity and PA isopho-
tal radial profiles and the different methods proposed in the lit-
erature (see Márquez et al. , 1999; Athanassoula & Misiriotis ,
2002; Michel-Dansac & Wozniak , 2006; Aguerri et al. , 2009).
These methods are based on the peculiar features produced by
the shape and orientation of the stellar orbits of barred galax-
ies (Contopoulos , 1980; Athanassoula , 1992). In particular, the
galaxy isophotes are almost circular at the galaxy centre, because
of either seeing effects or the presence of a spherical bulge. As
we get away from the centre, there is a general increase in theel-
lipticity up to a local maximum, and then it suddenly decreases
towards a minimum at the location where the isophotes become

axis of the disc, andq represents its intrinsic thickness. In this paper
we have assumed the thin disc approximation (q = 0). Thus, we have
computed the inclination of the galaxies bycos(i) = b/a
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Table 1.Main parameters of the CALIFA barred galaxy sample

Galaxy RA (J2000) DEC (J2000) Morph. Type i PA Re mr

(hh:mm:ss) (o :′:′′) (degrees) (degrees) (arcsec) (mag)
NGC 0036 00:11:22.3 06:23:22 SBb 57.2±3.7 23.4±1.3 14.9 12.7
NGC 1645 04:44:06.4 -05:27:56 SB0a 64.5±0.6 84.7±0.4 9.2 12.7
NGC 3300 10:36:38.4 14:10:16 SB0a 57.2±0.7 172.0±0.3 12.0 12.3
NGC 5205 13:30:03.6 62:30:42 SBbc 50.0±0.7 170.1±1.6 15.9 12.5
NGC 5378 13:56:51.0 37:47:50 SBb 37.8±3.1 86.5±5.4 19.9 12.5
NGC 5406 14:00:20.1 38:54:56 SBb 44.9±0.4 111.8±0.8 18.1 12.2
NGC 5947 15:30:36.6 42:43:02 SBbc 44.6±1.4 72.5±3.1 12.4 13.4
NGC 6497 17:51:18.0 59:28:15 SBab 60.9±0.7 112.0±0.4 10.7 13.0
NGC 6941 20:36:23.5 -04:37:07 SBb 42.3±0.8 127.5±2.7 14.3 13.1
NGC 6945 20:39:00.6 -04:58:21 SB0 51.3±2.3 126.1±1.3 9.3 12.4
NGC 7321 22:36:28.0 21:37:19 SBbc 48.3±0.5 13.4±1.3 12.0 12.9
NGC 7563 23:15:55.9 13:11:46 SBa 55.8±2.4 149.8±1.3 8.1 12.4
NGC 7591 23:18:16.3 06:35:09 SBbc 57.6±0.5 144.0±2.0 12.0 12.6
UGC 03253 05:19:41.9 84:03:09 SBb 56.8±1.6 92.0±1.7 11.8 13.2
UGC 12185 22:47:25.0 31:22:25 SBb 64.0±0.6 161.0±1.0 8.8 13.5

– Note: Columns are: (1) NGC name of the galaxy; (2) galaxy right ascension, (3) galaxy declination, (4) morphological type, (5) galaxy
inclination measured from isophotal ellipticity profiles on i-band SDSS images, (6) galaxy PA measured from isophotal PA radial profiles on
i-band SDSS images, (7) effective radius in r-band from SDSS-DR9, (8) model r-band magnitude from SDSS-DR9

axisymmetric (disc region) in the face-on case. Typical mea-
surements of the bar radius using the ellipticity profile involve
measuring the position of this maximum and minimum. In fact,
they represent two extreme cases (Michel-Dansac & Wozniak ,
2006), and therefore they can be understood as the lower and
upper limits to the bar radius measurement. We adopted the po-
sition of the local maximum of the isophotal ellipticity of our
galaxies as one measurement of the bar radius of our galaxies.
Table 2 shows the values of the bar radius for our galaxiesab,1
determined by this method.

The second estimate of the bar radius (ab,2) takes the infor-
mation provided by the isophotal radial PA profiles into account.
The PA radial profile is also characteristic of barred galaxies,
since it is constant in the bar region and then changes to fit the
outer disc orientation (e.g., Wozniak et al. , 1995; Aguerriet al. ,
2000b). A typical bar length is measured at the radius where the
position angle changes by∆PA with respect to the value corre-
sponding to the maximum ellipticity. Usually∆PA=5◦ is a good
value for the bar radius (see e.g., Aguerri et al. , 2009). Thevalue
of the bar radius obtained with this method could be correlated
to ab,1. This is due to the behaviours inside the bar region of
the ellipticity, and PA profiles are similar among galaxies.The
values ofab,2 for our galaxies can be seen in Table 2.

Fourier decomposition has been used extensively in charac-
terising structures, like bars, which represents a bisymmetric de-
parture from axisymmetry. We used the method based on Fourier
decomposition of the light distribution of the galaxies proposed
by Aguerri et al. (2000). Following this method, the bar radius is
determined by the ratios of the intensities in the bar and inter-bar
regions. The azimuthal surface brightness profiles of the depro-
jected galaxies were decomposed in a Fourier series. The bar
intensity,Ib, is defined asIb = I0 + I2 + I4 + I6 (whereI0, I2, I4
andI6 are them = 0, 2, 4, and 6 terms of the Fourier decompo-
sition, respectively). Similarly, the inter-bar intensity is defined
asIib = I0 − I2 + I4 − I6. The bar region is defined as the region
whereIb/Iib > 0.5 × [max(Ib/Iib) − min(Ib/Iib)] + min(Ib/Iib).
The bar radius (ab,3) is identified as the outer radius at which
Ib/Iib > 0.5× [max(Ib/Iib)−min(Ib/Iib)]+min(Ib/Iib). Numerical
simulations have shown that this method determines the bar ra-
dius within 8% accuracy except for very thin bars (see, e.g.,

Athanassoula & Misiriotis , 2002). The values ofab,3 for our
sample are shown in Table 2.

Aguerri et al. (2009) demonstrated that the best method for
determining the bar radius depends on the shape of the sur-
face brightness profile of the bar (see their fig. 4). This bar
type is only available after accurate multi-component surface-
brightness decomposition of photometrical images. They also
demonstrated thatab,1 < ab,2 < ab,3 independent of the bar type.
In addition, the real bar radius is always betweenab,1 andab,3.
For these reasons, we considerab as the mean ofab,1, ab,2, and
ab,3. Moreover, the upper and lower uncertainties of the bar ra-
dius are the differences betweenab andab,1, ab,2, andab,3, re-
spectively.

5. Stellar velocity maps

The stellar kinematics of the galaxies was measured from the
spectral datacubes observed with the V1200 grating. The full
description of the procedure will be explained in Falcon-Barroso
et al. (in prep.). For the sake of clarity, we briefly summarise the
process here.

In the first step, the spaxels of the datacube were Voronoi-
binned to achieve a limiting signal-to-noise ratioS/N > 20
(see Cappellari & Copin , 2003), while spectra withS/N < 3
were not considered. The values of the LOS velocity and ve-
locity dispersion were obtained by fitting the binned spectra us-
ing the penalised pixel-fitting method (pPXF) from Cappellari &
Emsellem (2004). The fit takes the continuum and the galaxy ab-
sorption features presented in the wavelength range of the spec-
tra into account. Emission lines were masked where present in
the spectra of the galaxies. A non-negative linear combination
of a subset of 328 stellar templates from the Indo-US library
(Valdes et al. , 2004) were used for the fit of the spectra. This
subset was carefully selected in the parameter space definedby
the stellar properties:Te f f , log(g), and [Fe/H]. Errors in both ve-
locities and velocity dispersion were obtained via Monte Carlo
simulations.

The stellar velocity maps of the galaxies considered in the
present paper are shown in Fig 4. In these maps, the systemic
velocity of the galaxies was computed as the average velocity of
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Table 2.Bar de-projected radius measurements for the CALIFA
barred galaxy sample

Galaxy ab,1 ab,2 ab,3 ab

(arcsec) (arcsec) (arcsec) (arcsec)
(1) (2) (3) (4) (5)

NGC 0036 20.8 24.7 15.1 20.2+5.1
−4.5

NGC 1645 13.6 17.3 17.0 16.0+2.4
−1.3

NGC 3300 13.4 17.6 17.4 16.1+2.7
−1.5

NGC 5205 14.9 18.3 19.8 17.7+2.8
−2.1

NGC 5378 25.3 34.4 23.4 27.7+4.3
−6.7

NGC 5406 20.0 23.2 20.0 21.1+1.1
−2.1

NGC 5947 9.6 12.5 10.7 10.9+1.3
−1.6

NGC 6497 12.6 15.6 16.0 14.7+2.1
−1.3

NGC 6941 14.6 18.0 15.0 15.9+1.3
−2.1

NGC 6945 13.8 16.4 19.2 16.5+2.7
−2.7

NGC 7321 10.4 14.1 11.7 12.1+1.7
−2.0

NGC 7563 22.8 30.9 22.7 25.5+2.8
−5.4

NGC 7591 11.0 15.0 14.5 13.5+2.5
−1.5

UGC 03253 14.5 18.0 14.9 15.8+1.3
−2.2

UGC 12185 12.0 24.3 24.5 20.3+8.3
−4.2

Notes.Col. (1) Galaxy name. Col. (2): bar radius measured from the
maxima of the ellipticity radial profile. Col. (3): bar radius measured
when the PA in the bar region changes more than 5◦. Col. (4): bar ra-
dius measured from the Fourier bar/interbar intensities. Col. (5): mean
of the three bar-length estimations. Errors correspond to the maximum
differences between the mean and the three measurements.

the stars in the central 5′′ aperture and subtracted from the veloc-
ity maps. The stellar velocity obtained for our galaxies wasused
for computing the kinematic integrals of the TW method (see
Eq. 1). Figure 5 shows stellar-streaming mean velocities with
Vsys subtracted, which were obtained along the galaxy’s photo-
metric major axis.

6. Results

6.1. The bar pattern speed

The bar pattern speed of the galaxies was measured by applying
the TW method as described in Eq. (1). This method requires de-
termining the mean weighted position (〈X〉) and velocity (〈V〉)
of stars in several slits oriented along and offset with respect
to the LON of the galaxies. We refer to these slits defined in the
integral-field datacubes as pseudo slits. Depending on the bar ra-
dius and its orientation with the LON, we have used three or five
pseudo slits of 1 arcsec width each and a minimum separation of
2 arcsec between them to avoid repeated information. Light and
mass were used as two different weights for computing〈X〉 and
〈V〉 for each pseudo slit.

The highS/N ratio of the broad-band photometric images
has led in the past to their being broadly used for computing
the photometric integrals of the TW method. Nevertheless, the
trace of different stellar populations between the photometric
and spectroscopic data, caused by different wavelength coverage
and problems with the positioning of the pseudo slits in the pho-
tometric images, can affect the computation of the photometric
integrals. These problems can be solved by using integral-field
data. In particular, we computed the mean position of stars along
the pseudo slits by using the surface brightness distribution ob-
tained directly from the CALIFA datacubes of the galaxies. The
surface brightness map of each galaxy was obtained by sum-
ming up all the flux from each spectrum of the datacube in a
wavelength window of 150 Å width, and centred at 4575 Å.

This wavelength window was used because no prominent
emission lines are observed in this range. It is also important to
notice that the light distribution does not always trace themass
distribution of the galaxies. This is especially true in late-type
galaxies where star formation is common. To get rid of this, we
also computed the mass-weighted mean position of stars by us-
ing the profiles extracted along the pseudo-slit positions in the
mass maps of the galaxies provided by González Delgado et al.
(2013) and Pérez et al. (2013). Thus, for each galaxy we have
two values of the photometric integrals of the TW: the mass-
and light-weighted photometric integrals.

Two different approaches were used to measure the weighted
LOS stellar velocity (〈V〉) for each pseudo-slit position. The first
approach was by computing the integrals in the numerator of Eq.
(1) using pseudo slits placed directly in the velocity maps of the
galaxies. The second approach consists in a weighted sum of the
raw spectra from the datacube along the pseudo slits. This results
in a new, single spectrum for each pseudo slit, which was then
analysed using the pPXF method as explained in the previous
section. Thus,〈V〉 is the radial velocity obtained from the fit to
this single spectrum. In the two previous approaches,〈V〉 was
obtained by also using light and mass as weights. In all cases,
Monte Carlo (MC) simulations were used to compute the errors
of 〈V〉.

Formally, all the TW integrals shown in Eq. (1) are over
−∞ < X < ∞. But, they can be limited to−Xmax < X < Xmax
if Xmax reaches the axisymmetric part of the disc. We used the
maximum value ofXmax allowed by our velocity maps. In most
of the cases, this value wasXmax = 20− 30 arcsec (see Fig. 4).
For our galaxies we have a mean value ofXmax/hdisc=1.6, where
hdisc is the exponential scale length of the disc of the galaxies.
The disc scale length was determined by fitting the outermostre-
gions (outside of the bar region) of the r-band isophotal surface-
brightness profiles of the galaxies by an exponential law (see
Freeman , 1970).

The pattern speed of the galaxies was determined by the
slope of the straight line fitted to the〈V〉 vs 〈X〉 points. The un-
certainties inΩb were obtained by using MC simulations tak-
ing the uncertainties in thePA of the galaxies into account. The
PA uncertainties were distributed according to Gaussian distri-
butions. We have four different determinations of the pattern
speed (Ωb,1 toΩb,4) of the galaxies depending on both the weight
used for computing the TW integrals and the method used for
the kinematic integrals. The TW kinematic integrals were ob-
tained by computing the integrals shown in the numerator of Eq.
(1), using the velocities provided by the galaxy velocity maps
along pseudo-slit positions forΩb,1 (light-weighted) andΩb,3
(mass-weighted). The sum of the spectra from the galaxy dat-
acube along the pseudo-slit position was used for computing
the kinematic integrals inΩb,2 (light-weighted) andΩb,4 (mass-
weighted). Figure 6 shows the〈V〉 vs 〈X〉 line fits for the sample
galaxies. The linear fits shown in Fig. 6 do not take the uncer-
tainties of the photometrical integrals into account. The errors
of the photometric integrals are in all cases smaller than 0.1 ex-
cept for one pseudo slit in the case NGC0036, which is 0.14.
Table 3 shows the values ofΩb for the CALIFA barred galaxies
presented here.

Figure 7 shows the comparison of the values ofΩb sini ob-
tained by different methods. In general, no systematic and/or sig-
nificant differences in the value ofΩb sini can be seen. Only
three galaxies (NGC5406, NGC5947, and NGC6497) present
some value ofΩb that does not agree, within the errors, with
the others. It is not clear to us which is the main reason for this
difference, since these galaxies do not present irregular features
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Fig. 2.SDSSr-band images of the CALIFA barred galaxies presented in thisstudy. In all images, north is up and east is left. The full
and dashed lines represent the considered slits for measuring the kinematic and photometric integrals. The full line also represents
the line of nodes of the galaxy.

in their rotation velocity maps (see Fig. 4) and/or velocity curves
(see Fig. 5). In addition, they are galaxies of different morpho-
logical types, which seems to indicate that these differences are
not related to different amounts of dust, gas, or star formation in
their discs. These differences could simply reflect the observa-
tional uncertainties in the determination ofΩb.

6.2. Determination of R = RCR/ab

The dimensionless quantityR = RCR/ab is defined as the ratio
between the corotation radius (RCR) of the galaxy and the bar
radius (ab). Unlike the bar pattern speed, measureR requires

some modelling to recover the rotation curve from the observed
stellar streaming velocities.

The corotation radius is derived from the circular velocity
of the galaxy. To obtain the circular velocity (Vc) from the ob-
served stellar streaming velocity (V∗), the asymmetric drift cor-
rection is needed. One of the aims of the present work has been
to compare our pattern speeds for SBb and SBbc galaxies with
those from early-type systems from the literature.To keep the
homogeneity in this comparison, we followed the same approx-
imation for the asymmetric drift correction as in previous works

7



J. A. L. Aguerri et al.: Pattern speed in CALIFA barred galaxies

Fig. 3. Isophotal ellipticity and PA radial profiles from ellipse-fitting of the barred galaxies of the sample. The horizontal lines show
the measured ellipticity and PA corresponding to the disc.

Table 3.Pattern speed and corotation radius of the CALIFA barred galaxies

Galaxy Ωb,1 RCR,1 Ωb,2 RCR,2 Ωb,3 RCR,3 Ωb,4 RCR,4

(km s−1 arcsec−1) (arcsec) (km s−1 arcsec−1) (arcsec) (km s−1 arcsec−1) (arcsec) (km s−1 arcsec−1) (arcsec)
NGC 0036 13.2±3.7 16.9+6.6

−4.8 17.4±5.2 12.6+5.4
−3.9 19.3±4.3 14.2+3.2

−2.6 19.5±4.3 11.1+3.9
−3.0

NGC 1645 -10.9±11.6 18.915.5
7.6 -22.4±9.4 12.16.73.8 -13.7±12.4 19.111.5

5.3 -20.2±11.7 13.110.0
4.8

NGC 3300 -9.8±3.1 23.2+8.9
−5.9 -9.0±2.4 24.58.26.1

NGC 5205 17.1±4.3 10.2+3.2
2.4 15.1±2.8 11.33.02.5 11.5±2.8 11.28.44.7 13.8±1.7 12.32.72.4

NGC 5378 -11.2±6.1 16.3+13.0
−6.6 -9.8±4.5 18.0+12.0

−7.3 -9.3±4.5 17.5+15.0
−8.7 -9.0±3.9 19.7+12.4

−7.8
NGC 5406 16.3±9.3 15.5+12.0

−5.3 22.8±8.0 11.0+4.8
−3.0 7.2±5.6 14.7+36.3

8.7 9.1± 3.8 27.4+14.7
−8.3

NGC 5947 -16.4±7.3 11.6+8.3
−4.8 -31.7±4.2 5.8+2.4

−2.3 -18.5±4.9 10.7+4.4
−3.6 -16.4±5.6 11.2+6.8

−4.8
NGC 6497 -32.4±5.5 7.4+2.6

−2.0 -42.7±7.4 5.5+2.1
−1.6 -21.4±3.6 8.7+6.3

−4.1 -26.6±2.7 8.8+3.0
−2.4

NGC 6941 12.8±10.4 14.6+14.4
−5.8 18.4±9.5 10.7+7.4

3.7 9.4±9.3 14.1+19.9
−6.8 21.9±6.2 9.2+3.1

−2.2
NGC 6945 -10.3±3.6 20.2+8.9

−5.7 -15.5±2.1 13.0+2.9
−2.5 -9.7±2.4 20.3+7.2

−5.4 -13.6±1.6 14.7+3.0
−2.6

NGC 7321 -16.7±3.8 15.6+5.7
−4.4 -21.6±6.5 11.8+5.4

−4.0 -18.7±4.0 14.6+3.9
−3.3 -16.7±4.3 15.3+6.2

−4.9
NGC 7563 7.6±3.3 33.2+18.4

−10.2 4.5±2.7 45.4+19.6
−15.8 8.0±3.0 32.2+13.5

−8.4 3.9±2.1 51.3+16.0
−17.1

NGC 7591 -9.8±4.6 18.5+10.7
−6.2 -13.9±5.0 13.2+6.6

−4.3 -10.5±3.5 18.3+7.0
−4.9 -7.7±4.4 20.6+10.6

−7.4
UGC 03253 -10.5±3.1 18.0+6.6

−4.5 -15.5±3.1 11.9+3.2
−2.7 -12.8±2.4 16.2+2.3

−2.0 -12.6±2.3 14.6+3.8
−3.2

UGC 12185 13.3±1.7 16.7+8.6
−6.4 10.0±2.0 21.612.3

9.1 12.8±1.6 16.6+9.2
−6.9 11.6±1.7 18.4+10.1

−7.6

– Note: NGC 3300 has no values ofΩb,3 andΩb,4 because the mass distribution of this galaxy is not available.

(see Debattista et al. , 2002; Aguerri et al. , 2003; Corsini et al. ,
2003). Thus, the asymmetric drift equation becomes

V2
c = V2

∗ +
σ2

obs

sin2 i(1+ 2α2 cot2 i)

[

2R

(

1
Rd
+

2
Rσ

)

− 1

]

(2)

whereR, V∗, andσobs are the distance to the galaxy centre,
the LOS velocity, and velocity dispersion along the major axis
of the galaxy, respectively. Parameterα is defined as the ratio
between the perpendicular and radial disc velocity dispersions.
The value ofα can vary from early- to late-type galaxies. We

have used the values given by Gerssen & Shapiro (2012) for the
different morphological types of galaxies. In particular, we have
usedα = 0.85± 0.15 for SB0-SB0/a,α = 0.86± 0.24 for SBa-
SBab, andα = 0.62± 0.2 for SBb-SBbc. In addition,Rd andRσ
are the scale lengths of the surface brightness and velocitydis-
persion profiles, assuming an exponential law for the disc (e.g.,
Freeman , 1970).

This correction was applied to the velocity data along the
major axis of the galaxy discs and beyond to the bar region.
The value ofVc,flat for the galaxies was obtained by averag-
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Fig. 4. Binned version of the stellar velocity maps of the barred galaxies in our sample. The orientation of the maps is as in Fig.
2. Blue colours represent approaching velocities, while red ones show receding velocities. The full and dashed lines represent the
considered slits for measuring the kinematic and photometric integrals. The full line also represent the line of nodes of the galaxy.

ing Vc outside of the bar region. The Tully-Fisher relation (TF;
Tully & Fisher , 1977) shows that there is a correlation between
the circular velocity of the galaxies at large radii and their abso-
lute magnitudes. We located our galaxies in the TF relation by
using theVc,flat obtained from the asymmetric drift correction.
Figure 8 shows the TF relation for our galaxies and other spi-
ral galaxies obtained from the literature (see Reyes et al. ,2011).
We notice that our galaxies are located within the noise of the TF
relation. This indicates that theVc,flat we obtained is consistent
with what is proposed by the TF relation for spiral galaxies.

In addition, we found in the literature the maximum cir-
cular velocity measured from HI data for five of our galax-

ies (see Theureau et al. , 1998). In all cases, this HI rota-
tion velocity agrees within the errors with our values of
Vc, f lat. For these five galaxies, the ratios between the maxi-
mum circular HI rotation velocity (Vc,HI) and ourVc, f lat are
Vc,HI/Vc, f lat = 1.12, 1.14, 0.99,0.88, and 1.05 for NGC0036,
NGC6941, NGC7321, NGC7563, and UGC03253. This indi-
cates a maximun uncertainty of 14% in our flat rotation deter-
minations.

The value of the corotation radius is then given byRCR =

Vc,flat/Ωb. This assumes that the rotation curve of the galaxies
is flat. The values ofRCR for our galaxies are given in Table 3.
We finally measureR asRCR/ab. The values ofR are given in
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Fig. 5.LOS-streaming velocities of the galaxies along their majoraxis.

Table 4. Errors in Tables 3 and 4 were computed by Monte-Carlo
simulations.

6.3. Fast or slow bars

The galaxy sample presented in this work complemented by
those available in the literature (see Table 1 from Corsini 2011)
make a total of 32 galaxies with bar pattern speed measured by
the TW method. This represents an appropriate sample for infer-
ring strong observational constraints on the value ofR in bright
barred galaxies. Table 4 shows that all bars have values ofR,
within the errors, compatible with being fast bars (R < 1.4). We
computed the probability of havingR > 1.4 in the whole sam-
ple by using Monte Carlo simulations that take the quoted errors

into account. We cannot rule out a fast bar in any of our galaxies
(at 95% probability).

We have also determined the mean value ofR for the total
sample of 32 galaxies withΩb determined by the TW method.
Taking our four different measurements ofR into account, we
obtained< R1 >= 1.2+0.7

−0.5, < R2 >= 1.0+0.7
−0.4, < R3 >= 1.2+0.7

−0.4,
and< R4 >= 1.1+0.7

−0.4. Table 4 shows that some of our values
of R have large errors. We selected a subsample of galaxies
with small uncertainties inR. In particular, we considered those
galaxies from the literature and from our measurements withun-
certainties smaller than 30% in determiningR. For this subsam-
ple of galaxies, we have< R1 >= 1.0+0.3

−0.3, < R2 >= 0.9+0.3
−0.2,

< R3 >= 1.0+0.3
−0.2, and< R4 >= 0.9+0.3

−0.2. In all cases, the mean
values indicate that bars finish near corotation in agreement with
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Fig. 6.Values of〈V〉 vs〈X〉 for the galaxies of the sample. The different colours represent the different techniques used for computing
the kinematic and photometric integrals of the TW method. Black and green lines represent light-weighted photometric integrals,
with kinematic integrals computed using velocity maps or summing spectra along pseudo slits, respectively (corresponding toΩb,1
andΩb,2). Red and blue lines represent mass-weighted photometric integrals with kinematic integrals computed using velocitymaps
or summing spectra along pseudo slits, respectively (corresponding toΩb,3 andΩb,4).

numerical simulations of barred galaxies (see Athanassoula ,
1992).

6.4. Dependence of the bar pattern speed on the
morphological type of the galaxy

Figure 9 shows the variation inRwith the Hubble morphological
type for the 32 galaxies withΩb determined by the TW method.
We also computed the mean values ofR for galaxies in three
Hubble-type bins SB0-SB0/a, SBa-SBab, and SBb-SBbc. Table

5 shows these mean values. The mean values ofR for SBb-SBbc
galaxies are always lower than for early-type ones. Nevertheless,
this trend is not significant when considering the errors.

As previously noted, the errors showed in Table 5 are large.
We investigated whether these large errors inR are masking a
trend with Hubble type. To analyse this possibility, we havealso
studied the trend inR with the Hubble type for the subsample of
galaxies with uncertainties smaller than 30% in the determining
R. In this case, we have only compared SB0-SB0/a and SBb-
SBbc Hubble types, because we have no galaxies in the morpho-
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Fig. 7.Comparison of the bar pattern speeds of the galaxies using different methods.

Fig. 8.Tully-Fisher relation of our CALIFA galaxies (black sym-
bols) and spiral galaxies from Reyes et al. (2011) (grey sym-
bols). The circular velocity of the CALIFA galaxies was op-
tained from the asymmetric drift correction applied in thisstudy.
The full line represent the fit of the TF relation for the galaxies
from Reyes et al. (2011).

logical bin SBa-SBab. Table 6 shows these values. In this case,
the errors are considerably smaller. Although the mean values
of R are also systematically smaller for late-type galaxies, these

Table 4. Dimensionless quantityR for the CALIFA barred
galaxies

Galaxy R1 R2 R3 R4

NGC 0036 0.9+0.3
−0.2 0.6+0.3

−0.2 0.6+0.2
−0.1 0.6+0.2

−0.1
NGC 1645 1.3+1.7

−0.5 0.8+0.4
−0.2 1.1+1.1

−0.4 0.8+0.7
−0.3

NGC 3300 1.5+0.6
−0.4 1.6+0.5

−0.4
NGC 5205 0.6+0.2

−0.1 0.7+0.2
−0.1 0.9+0.3

−0.2 0.7+0.1
−0.1

NGC 5378 0.6+0.5
−0.2 0.6+0.4

−0.2 0.6+0.5
−0.3 0.7+0.4

−0.3
NGC 5406 0.7+0.6

−0.2 0.5+0.2
−0.1 1.4+1.5

−0.6 1.3+0.7
−0.4

NGC 5947 1.0+0.8
−0.4 0.5+0.2

−0.2 0.9+0.5
−0.4 1.0+0.6

−0.4
NGC 6497 0.4+0.1

−0.1 0.3+0.1
−0.1 0.6+0.2

−0.1 0.5+0.1
−0.1

NGC 6941 0.9+0.9
−0.3 0.6+0.5

−0.2 1.1+1.3
−0.4 0.6+0.2

−0.1
NGC 6945 1.2+0.6

−0.3 0.8+0.2
−0.1 1.3+0.4

−0.3 0.9+0.2
−0.1

NGC 7321 1.3+0.5
−0.3 1.0+0.4

−0.3 1.1+0.4
−0.3 1.2+0.5

−0.4
NGC 7563 1.2+0.7

−0.3 1.9+1.7
−0.7 1.1+0.6

−0.3 2.3+1.8
−0.8

NGC 7591 1.4+1.0
−0.5 1.0+0.5

−0.3 1.3+0.6
−0.4 1.7+1.3

−0.6
UGC 03253 1.1+0.4

−0.3 0.7+0.2
−0.2 0.9+0.2

−0.2 0.9+0.2
−0.2

UGC 12185 0.9+0.4
−0.3 1.2+0.6

−0.5 0.9+0.4
−0.4 1.0+0.5

−0.4

differences are again compatible within the uncertainties. We can
therefore conclude that no significant trend is observed in theR
values of early and late-type galaxies.

For the sake of comparison in Fig. 9, we have also included
the mean values ofR in three different morphological ranges
(SB0+SB0/a, SBa+SBab, and SBb+SBbc) obtained through hy-
drodynamical simulations by Rautiainen et al. (2008). In contrast
to the results shown by Rautiainen et al. (2008), the application
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Table 5.Mean values ofR for different Hubble types.

Hubble type R1 R2 R3 R4 Ngal

SB0-SB0/a 1.3+0.6
−0.5 1.2+0.6

−0.4 1.3+0.6
−0.5 1.2+0.6

−0.4 17
SBa-SBab 1.2+0.6

−0.5 1.4+0.9
−1.0 1.2+0.8

−0.5 1.3+1.0
−0.8 3

SBb-SBbc 1.1+0.6
−0.4 0.8+0.5

−0.3 1.0+0.6
−0.3 0.9+0.6

−0.3 12
All types 1.2+0.7

−0.5 1.0+0.7
−0.4 1.2+0.7

−0.4 1.1+0.7
−0.4 32

– Note: Ngal represents the number of galaxies for each morphologi-
cal type bin.

Table 6. Mean values ofR for different Hubble types for the
subsample of galaxies with smaller uncertainties in the determi-
nation ofR.

Hubble type R1 R2 R3 R4 Ngal

SB0-SB0/a 1.2+0.2
−0.2 1.0+0.3

−0.2 1.2+0.2
−0.2 1.1+0.3

−0.2 13
SBb-SBbc 0.9+0.3

−0.2 0.8+0.2
−0.1 0.9+0.2

−0.1 0.8+0.2
−0.1 10

All types 1.0+0.3
−0.3 0.9+0.3

−0.2 1.0+0.3
−0.2 0.9+0.3

−0.2 23

of the TW method does not result in any late-type galaxy with
slow bars as predicted by Rautiainen et al. (2008).

7. Discussion

7.1. Uncertainties in determiningf the bar pattern speed.

The pattern-speed measurements using the TW method are sen-
sitive to the determination of the PA of the galaxies. Debattista
(2002) tested this dependence using N-body numerical simula-
tions. He found that, for PA errors of about 5◦, the scatter in
R is ∼0.44. The PA of our galaxies was measured by averag-
ing the PA of the outermost isophotes fitted on SDSSr-band
images. The CALIFA values ofi and PA are consistent within
the errors with those reported in the literature. In particular, the
median value of the absolute difference between the inclina-
tion of the galaxies reported by LEDA2 (Paturel et al. , 2003)
and our values is∆i = |iLEDA − iCALIFA | = 2.6◦. There is a
galaxy (NGC 6945) with a large difference between PACALIFA

and PALEDA . For this galaxy the value of the PA reported by
LEDA is 32◦ ± 66◦, which is 94◦ different from our value. A
simple visual inspection of ther-band galaxy image showed in
Fig. 2 ruled out the LEDA PA value. The median value is, ex-
cluding NGC 6945,∆PA = |PALEDA − PACALIFA | = 4.0◦.

Late-type galaxies have strong structures in the outer regions
of the disc (spiral arms, rings, etc.). These structures canaffect
the orientation of the outer isophotes and subsequently thePA
value of the galaxy. Thus, it could be that the real PA of the
discs of our galaxies could be different (more than 3σ) to what
is obtained from averaging the outermost isophotes. We checked
this possibility by comparing our photometric PA with the one
obtained from the symmetrisation of the stellar velocity maps
(see for more details Falcón-Barroso et al., 2014, in preparation).
The photometric and kinematic PA of the galaxies agree within
the 3σ errors for all cases where the velocity map extends to the
outermost regions of the galaxies where we computed their PAs.

One of the advantages of integral-field spectroscopy over
standard long-slit is that the uncertainties in the PA of thegalax-
ies can be taken into account by computingΩb along different
directions according to the errors in PA. This is what we did in

2 We acknowledge the usage of the HyperLeda database
(http://leda.univ-lyon1.fr)

Fig. 10.Comparison ofVc f lat obtained from stellar and gas kine-
matics for 11 galaxies of our sample

the present work. In particular, we derivedΩb in a Monte Carlo
fashion by varying the PA in the range PA±∆PA, where∆PA is
the uncertainty of the PA given in Table 1. The value ofΩb sini
reported in Table 3 corresponds to the mean and dispersion of
the values obtained for the different PA values.

Another uncertainty in determiningR could be related to the
determination ofVc, f lat, which was obtained after a correction
for asymmetric drift to the observed stellar velocities. This is
needed due to the stars in the disc of the galaxies do not fol-
low circular velocities. The asymmetric drift correction applied
in Sect. 6.2 assumes that the galaxies have thin stellar discs. This
approximation could be unreliable for some of the galaxies.In
contrast to stars, the gas is almost in circular orbits in galaxy
discs. We have the gas velocity curve along the major axis fora
total of 11 of our galaxies (see details in Garcı́a-Lorenzo et al.
(2015). Figure 10 shows the comparison betweenVc, f lat obtained
from gas and stellar kinematics. For all galaxies except one,
NGC6941, the agreement between the two quantities is within
the 1σ error bars. This galaxy showsVc, f lat,gas/Vc, f lat,stellar ≈ 1.4.
The values ofR for this galaxy would be in the range 0.8− 1.5
if we useVc, f lat from gas kinematics.

The convergence of the kinematic integrals could also be an-
other source of uncertainty in the determination of the pattern
speed. This is especially true for computing the kinematic in-
tegrals using Methods 1 and 3. In these methods we obtained
these integrals by computing the integrals in Eq. (1) numerically
by using the binned velocity maps derived from the CALIFA
datacubes. We estimated the uncertainties of these integrals by
computing the dispersion of the radial kinematic integralsat
large radius (beyond the bar radius). For most of our galaxies
(10/15), these new uncertainties will increase by less than 25%
the reported uncertainties in Table 4. Exceptions are the galaxies
NGC5406, NGC6497, NGC6945, UGC03253, and UGC12185.
For these galaxies the variation on the errors is between 30%and
35%.

7.2. Ultrafast bars

Theoretically, the bar cannot end beyond the corotation radius
of the galaxies (see Contopoulos , 1980; Athanassoula , 1992),
because the main family of orbits constituting the bar (thex1
orbits) is unstable beyond CR. This implies thatR cannot take
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Fig. 9.R value as a function of the Hubble type for all galaxies with pattern speed measured by the TW method. The grey points
represent galaxies from the literature compiled by Corsini(2011), which excludes the sample of Rautiainen et al. (2008), which
we indicate by the blue rectangles. The red symbols represent theR values of our CALIFA sample. The green stars represent the
mean values ofR for SB0-SB0/a, SBa-SBab, and SBb-SBbc galaxies withΩb determined by the TW method. The blue rectangles
represent the mean and dispersion (width of the rectangle) values ofR from Rautiainen et al. (2008). For clarity reasons,R values
have been slightly shifted with respect to its Hubble type.

values that are less than unity. One of our galaxies (NGC 6497)
showsR < 1 within the errors (1σ) for our four different mea-
surements. In addition, NGC 0036 and NGC 5205 showR val-
ues less than unity within the errors for three of the methods. A
visual inspection of these galaxies in Fig. 2 reveals no special
features. There are several ways to explain theseR < 1 val-
ues: i) uncertainties associated to the bar and/or corotation radii
determination; ii) multiple pattern speeds present in the galaxy;
iii) some other reasons for the TW not being applicable to these
galaxies. However, we cannot rule out the possibility that they
might really be ultrafast bars.

The parameterR is a ratio between the corotation radius and
the bar radius. Thus,R can be less than one because the bar
radius is overestimated and/or the corotation radius is underes-
timated. We discarded the case of large bars after a careful vi-
sual inspection of the images. Moreover, these three galaxies
show values ofR below one even if we use the lowest values
of their bar radius given in Table 2. We computedRCR using
the asymptotic flat rotation velocity obtained from the asymmet-
ric drift correction to the LOS velocities of the galaxies. This
was obtained after some assumptions on the velocity curve of
the galaxies (see Sect. 5.2). We have found the maximum cir-
cular velocity measured from HI data for one of the ultrafast

bars (NGC0036 Theureau et al. , 1998). For this galaxy, we have
Vc,HI/Vc, f lat = 1.14. This means that if assumingVc,HI the coro-
tation radius andR would be 14% greater than the values given
in Tables 3 and 4. Thus, if usingVc,HI we would haveR1 = 1.0,
R2 = 0.7,R3 = 0.7, andR4 = 0.7. Assuming the same errors as
given in Table 4, this galaxy would only be ultrafast for two mea-
surements. This means that the reason that this galaxy is ultrafast
could be related to uncertainties associated to the corotation ra-
dius determination.

We have not found in the literature any HI velocity mea-
surements for the two other ultrafast bars (NGC5205 and
NGC6497). However, we did recompute theRCR for NGC5205
and NGC6497 using the angular velocity curve obtained from
the gas velocity curve along the major axis of these two galaxies
(see for details Garcı́a-Lorenzo et al. , 2015). In these twocases,
the new values ofR were the same as those obtained from the
stellar kinematics. Thus we cannot discard that these two galax-
iesR might be smaller than one within the errors.

The observed distribution ofR values is given byRobs =

Rint

⊗

Rerr, whereRobs, Rint, andRerr are the observed, intrin-
sic, and error distributions, respectively. To avoid ultrafast bars,
we can assume thatRint is always larger than 1.0. We can ask
whether the observed ultrafast bars are only caused by the con-
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volution of the intrinsicR distribution, where the observational
errors or additional errors in the TW method are indeed needed.

The distribution ofR1 values in our sample of galaxies peaks
at R = 1.3 with 37% of the galaxies withR1 < 1. We assume
thatRint is centred at 1.3 with dispersionσint = 0.1, in order to
avoid galaxies withRint < 1. The convolution ofRint with the
observational errors produces a distribution whereσ = 0.3 and
15% of the galaxies showR < 1. Thus, the full fraction of ob-
served ultrafast bars cannot be explained by the convolution of
Rint with the observational errors. We have to convolveRint with
a distributionRerr with σ = 0.5 in order to obtain the 37% of
ultrafast bars. The dispersion of the new error distribution was
obtained by adding the dispersion of the observational errors in
quadrature plus the dispersion of another distribution of addi-
tional errors in the TW method. The additional errors in the TW
turned out to have a dispersion that is 1.3 greater than the dis-
persion of the distribution of the observed ones. The large extra
errors that are needed make it unlikely that ultrafast bars are just
a consequence of new errors not being taken into account in the
TW method. Similar results were obtained forR2,R3, andR4
distributions.

The presence of dust lanes within the bar region can affect
the value of the pattern speed of bars determined by the TW
method (see Gerssen & Debattista , 2007). This variation de-
pends on the angle that the slits of the TW method cut to the
bar (∆PAbar). Thus, dust lanes on the leading edges of a bar tend
to increase the TW-derived value ofΩb when∆PA > 0, and de-
crease it when∆PAbar < 0. In addition, this variation depends on
the amount of extinction. Thus, the variation in the TW-derived
pattern speed of the bar is about 8 % to 25 % for galaxies with
AV ≈ 3 in the bar dust lines. This variation increases to 20 %
40 % for AV ≈ 8. Two of the ultrafast bars, NGC0036 and
NGC5205, show∆PA < 0. This means that for these two galax-
ies, the presence of dust lanes within the bar radius should lead
to lower TW values ofΩb than would the real one. Therefore the
TW-derived value ofR would be greater than the real ones ow-
ing to the presence of dust lanes. We can conclude that the low
values ofR obtained for these galaxies are not due to the strong
dust lanes within the bar regions. In contrast,∆PAbar > 0 for
NGC6497. Thus, according to Gerssen & Debattista (2007), the
TW method will show higher values ofΩb and lower values ofR
than the real ones owing to dust lanes within the bar region. For
this galaxy we obtained the extinction map from the fit of its stel-
lar population (see Pérez et al. , 2013; González Delgado et al. ,
2014; Cid Fernandes et al. , 2013). The mean and maximumAV

values within the bar region of NGC6947 are 0.16 and 0.66, re-
spectively. Thus, we expect maximum uncertainties of 25% in
the value ofR (see Debattista & Gerssen 2007). These uncer-
tainties are not enough to giveR > 1 within the errors (see Table
4).

Ultra-fast bars have also been observed in other studies of
barred galaxies. In particular, some of the barred galaxiesin the
sample by Buta & Zhang (2009) showR < 1. These authors
argue that some of them could be true ultrafast bars and not arte-
facts due to wrong measurements. Other TW measurements of
bar pattern speed have also shownR < 1 (see Corsini et al. ,
2007). The results for the mean value ofR and the dependence
of R on Hubble type presented here do not change if we exclude
these two galaxies.

We cannot discard that the TW method cannot be applied
for the two ultrafast bars owing to these galaxies not following
some of the assumptions of the method. Further research on this
direction is therefore needed.

7.3. Astrophysical implications of fast bars

Numerical simulations have shown that the bar-pattern speed
depends on the bar formation and evolution. If a bar forms
by a global bar instability, then it tends to be a fast
bar (e.g., Sellwood , 1981). Nevertheless, some simulations
have shown that bars formed by a gradual bar growth
(Lynden-Bell , 1979), by interactions with other galaxies
(Miwa & Noguchi , 1998), or when the initial bulge-to-disc ra-
tio is low (Combes & Elmegreen , 1993) can form as slow bars.
In particular, Combes & Elmegreen (1993) show that late-type
galaxies have a low-mass concentration atΩ − κ/2 (with κ the
epiciclic frequency) so that at the beginning of bar formation the
CR is far out in the disc, beyond the disc scale length. In con-
trast, the bar length is determined by the disc scale length.Then,
the bar starts out as slow. This does not happen for early-type
galaxies where the CR is shorter and determines the bar length,
so that the bar is fast from the beginning. According to these
simulations, and assuming no change in the pattern speed after
bar formation, we should expect that the bar pattern speeds of
early- and late-type barred galaxies should be different, because
they are slower for late-type ones.

Previous observational works show contradictory results.
Aguerri et al. (1998) used a sample of ten barred galaxies to
find a hint of variation in the bar-pattern speed with the mor-
phological type. In the same direction, Rautiainen et al. (2008)
conclude that late-type galaxies have slow bars, while early-type
galaxies do not. In contrast, Buta & Zhang (2009) find that there
is no dependence ofR on the morphological type. Before the
present work, only the pattern speed of three late-type galax-
ies was obtained by the TW method (e.g., Gerssen et al. , 2003;
Treuthardt et al. , 2007). These three galaxies turned out tobe
compatible with fast rotators. Our result confirms the previous
findings, and we clearly show no trend ofR with the Hubble
type. Bars located in early- and late-type galaxies are compati-
ble with being fast bars. This result conflicts with the different
origins of early and late-type bars proposed in the Combes &
Elmegreen (1993) simulations.

The pattern speed of the bars not only depends on their ini-
tial values, but the subsequent bar evolution also can largely
change the initial pattern speed. In this sense, several numeri-
cal simulations have shown that the interaction between thebar
and the dark matter halo of the galaxy produce an exchange of
angular momentum at the galaxy resonances that can change
the bar-pattern speed (see Debattista & Sellwood , 1998, 2000;
Athanassoula et al. , 2003; Martinez-Valpuesta et al. , 2006).
Our measurements of fast bars across the Hubble sequence in-
dicate that if bars are initially fast, they interchange fewangu-
lar momentum with the dark matter halo independently of the
Hubble type. Therefore bars are fast during their lifetimes(see
also Pérez et al. , 2012).

Bar formation and evolution are complex and multiparamet-
ric problems involving several galaxy parameters, such as gas,
mass fraction, triaxiality of dark matter haloes, and disc velocity
dispersion (see Athanassoula et al. , 2003, 2013). Our observa-
tional results are important for constraining the different forma-
tion and evolution scenarios proposed by future numerical sim-
ulations.

8. Conclusions

We have used integral field spectroscopy data for 15 CALIFA
barred galaxies to determine their bar-pattern speed usingthe
model-independent TW method. Both the FOV and the spatial
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resolution of the CALIFA data make this dataset appropiratefor
studies of extended disc galaxies, as proposed here. Integral-field
data have the advange of solving problems such as the centring
and the disc PA uncertainties that can affect the measured value
of the bar-pattern speed by the TW method when long-slit spec-
troscopic observations are used.

The sample of galaxies selected for this study spans a wide
range of morphological types from SB0 to SBbc with most of
them being spiral galaxies (SBb-SBbc). This sample fills thegap
present in the literature around spiral galaxies for which the TW
has not been extensively applied.

For each galaxy we determined their bar pattern speed us-
ing four different approaches to the TW method. The kinematic
integrals of the TW were obtained directly from the stellar ve-
locity maps, after summing up the spectra along the correspond-
ing pseudo slits and then measuring the velocity. In addition,
we used light and mass as weights of the kinematic and photo-
metric TW integrals. We also obtained the distance-independent
quantityR = RCR/ab for each galaxy. The corotation radius of
the galaxies was approximated byRCR = Vc,flat/Ωb, whereVc,flat
is the asymptotic circular velocity of the galaxies derivedafter
the asymmetric drift correction was applied to the LOS velocity
along the galaxy’s major axis.

Our CALIFA sample and those galaxies available in the lit-
erature with bar pattern-speed measurements by the TW method
make a full sample of 32 galaxies from SB0 to SBbc morpholog-
ical types. This full sample is appropriate to studying the possi-
ble dependence of the bar pattern speed on the morphological
type.

We found that the mean value ofR for all galaxies of the
sample is in the interval 1.0-1.1. We computed, through Monte
Carlo simulations, that we cannot rule out (at 95% level) the
presence of a fast bar (R < 1.4) in any of our galaxies. The mean
value ofR found for our sample agrees with hydrodynamical nu-
merical simulations of bar galaxies that predictR in the interval
[1.0, 1.4]. We did not find any trend ofR with the Hubble type,
so early and late types are both compatible with being fast bars.

In the near future, we will increase the number of pattern-
speed measurements by the TW method using more barred
galaxies observed in the CALIFA sample. This will be useful for
enlarging the sample of late-type galaxies, decreasing theuncer-
tainties in the mean values ofR, and analysing eventual trends
in the bar-pattern speed with other galaxy parameters.
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A&A, 434, 109
Aguerri, J. A. L., Hunter, J. H., Prieto, M., et al. 2001, A&A,373, 786
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