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Bar pattern speeds in CALIFA galaxies
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ABSTRACT

Context. The bar pattern speef) is defined as the rotational frequency of the bar, and itrdétees the bar dynamics. Several
methods have been proposed for measuf¥gThe non-parametric method proposed by Tremaine & Wein(E3§4; TW) and
based on stellar kinematics is the most accurate. This rdéths been applied so far to 17 galaxies, most of them SBO aadypBs.
Aims. We have applied the TW method to a new sample of 15 strong aghtirarred galaxies, spanning a wide range of morpho-
logical types from SBO to SBbc. Combining our analysis witeous studies, we investigate 32 barred galaxies witin fegtern
speed measured by the TW method. The resulting total sarhpkri@d galaxies allows us to study the dependenc@,afn galaxy
properties, such as the Hubble type.

Methods. We measured), using the TW method on the stellar velocity maps providedheyimtegral-field spectroscopy data from
the CALIFA survey. Integral-field data solve the problemattlong-slit data present when applying the TW method, tieguin the
determination of more accuraf®,. In addition, we have also derived the rafoof the corotation radius to the bar length of the
galaxies. According to this parameter, bars can be cladsifidast R < 1.4) and slow R¢,1.4).

Results. For all the galaxiesR is compatible within the errors with fast bars. We cannog it (at 95% level) the fast bar solution
for any galaxy. We have not observed any significant trenddetR and the galaxy morphological type.

Conclusions. Our results indicate that independent of the Hubble types bave been formed and then evolve as fast rotators. This
observational result will constrain the scenarios of faioraand evolution of bars proposed by numerical simulation

Key words. Galaxies: kinematics and dynamics — Galaxies: structureatax@s: photometry — Galaxies: evolution — Galaxies:
formation
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1. Introduction (see, e.g., | _Marinova & Jogee , 2007; Barazza etal., 12008;
Aguerri et all | 2009). This fraction is even higher (about 60

Bars are ellipsoidal-like structures present in the inrgian 70%) when galaxies are observed through near-infrared fil-
of most disc galaxies. The galaxy classification into bamed ters (see, e.g.,._Knapen etlal., 2000; Eskridge etlal. , |2000;
non-barred has been made since the pioneering Hubble morpMenéndez-Delmestre et al. , 2007). The bar fraction depend
logical classification. Indeed, barred galaxies congtitte of different galaxy properties, such as Hubble type, mass, and envi
the branches of the so-called Hubble tuning-fork diagrage (sronment. There is a debate in the literature about the deymered
Hubble | 1936). of the bar fraction on the Hubble type (elg., Aguerri et aDQ%,
yButa et all | 2010} Barway et all, 2011; Masters etal., 2011,

About 40-50% of nearby disc galaxies observed in t . ;
optical wavelengths have been classified as barred syste¥yinovaetal ; 2012). Several studies have recently demon
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strated that total stellar mass is an important physicahmpar In general, SO galaxies show weaker bars than late-type ones
eter that regulates bar formation (Méndez-Abreu etlal.1(20 (see, e.g.,. Laurikainenetal., 2007; Aguerrietal., 2009;
Nair & Abraham | 2010;_Sheth et al., 2008). However, the eiButa et all | 2010).
vironment also plays a non-negligible role in their forroati The bar pattern speed{) is a pure dynamical parameter
and evolution, as shown by Mendez-Abreu et al. (2012) whémat fully determines the dynamics of a barred galaxy. Itds d
comparing the bar fraction in threefidirent environments (field, fined as the rotational frequency of the bar. Theories ofastel
Virgo, and Coma clusters). They show that the fraction o$lirar orbits have shown thad, has a physical upper limit. Thus, a
the Virgo and Coma clusters are statisticallffelient from the bar cannot extend beyond the corotation resonance (CR)sradi
field one. They argue that bright disc galaxies are stablagmo (Rcgr) of the galaxy. This corotation radius is the region of the
against interactions, whereas for fainter galaxies, au#ons in galaxy where the angular speed of the stars of the disc in-circ
cluster environment become strong enough to heat up the,didar motions equals the bar pattern speed. This limit is iredos
inhibiting bar formation and even destroying the discs @se by the stability of the main family of orbits forming the bain¢
Sanchez-Janssen et al. , 2010). so-calledx; family; Contopoulos 1980) which are only stable
Bars are very prominent features in light. In contrast, theyithin Rcg. Orbits in the outer region of the disR & Rcg) can-
represent a small fraction of the mass of the discs of gadaxi@ot support a bar structure (Contopoulos , 1980; Athandssou
Hydrodynamical simulations of barred galaxies show that t1992).
bar component contributes only about 10% to 20% of the disc Measuring the bar pattern speed is technically the most
potential (see_England et all, 1990b; Laine & Heller , 199@fficult amongst the observational parameters characterising
Lindblad et all ,| 1996a;] Weiner et al.l, 2001; Aguerri et al.hars, and several methods have been developed in theliterat
2001). Nevertheless, they produce important changes in thedetermine it. Hydrodynamical simulations of individual
dynamics of the discs when they are present. In fact, simgalaxies have been extensively used to deterr@®né barred
lations also show that bars are verfigient at redistributing galaxies. These methods start by computing the gravitation
angular momentum, energy, and mass on both luminopstential of the galaxy that is used to produce hydrodynamic
and dark matter galactic components (see Weinberg ,| 1988jaxy models, with}, as one of the free parameters of the
Debattista & Sellwood , | 1998, 2000; _Athanassoula et almodels. Determination of the best value @f is done by
2003; | Martinez-Valpuesta et al. | __2006;__Sellwood_, __200@patching the modelled and observed surface gas distributio
Sellwood & Debattistal, 2006; Villa-Vargas etlal. , 2009). andor gas velocity field (see, e.d., Sanders & Tubbs, 1980;
Bars are fully characterized by three parameters: lengtiunter et al. | 1988; England et al. , 1990; Garcia-Burillalet
strength, and pattern speed. Both length and strength cde-bel993; |[Sempere etal. ,[ 1995a] Lindblad et al.. _1996a;

termined using optical arior near-infrared images. In contrastLindblad & Kristen, ~ 11996b; | Laine & Heller, [ 1999;
the bar pattern speed is a dynamical parameter, and itsleteMVeiner et al. , 2001; Aguerriet al., 2001; Pérez et al., 2004
nation requires kinematics. Rautiainen et al.., 2008; Treuthardt et al. , 2008). Othe hioet

The length of the bars has been determined by optical wetermine the pattern speed by identifying some morphoéogi
sual inspectioh Kormendy (1979); Martinh (1995), locatihg t galaxy features with Lindblad resonances. We can mentien th
maximum of the isophotal ellipticity Wozniak et Al (1995)position of galaxy rings (see, e.g.. Buta, 1986; Butaetal.,
Marquez et al. [(1999); Laine et al._(2002); Marinova & Joged995; | Vega Beltran et al.|, 1997, Mufioz-Tuiionet al.. 2004
(2007); Aguerri et al. [(2009), or by structural decompositi [Pérez etal. | 2012); changes in the morphology or phase of
of the galaxy surface brightness distribution Prieto et(&P97, spiral arms neaRcr (Canzian | 1993; Canzian & Allen , 1897;
2001); | Aguerri et al. [(2001, 2003, 2005); Laurikainen et alPuerari & Dottor! , 1997; Aguerri etall, 1998; Buta & Zheng,
(2005, [2007); [ Gadotti [ (2008); Laurikainen et all__(20092009); detecting the ftset and shape of dust lanes (see, e.g.,
Weinzirletall (2009);[ Gadotti [(2011). All these studie¥anAlbada & Sanders|, 1982; Athanassoula, 1992); locating
have shown that a typical bar radius is 3-4 kpc (e.geolour and star formation changes outside the bar region
Marinova & Jogee!, 2007; Aguerri et al., 2009). There is arclefCepa & Beckmahl, 1990; Aguerri et al. , 2000); or studying the
dependence between the bar length and other galaxy paramefaorphology of the residual gas velocity field after the riotat
such as disc scale length, galaxy size, galaxy colour, anpro Velocity subtraction(Sempere etlal., 1995b; Font etlal.1120
nence of the bulgé Aguerri et all_(2005); Marinova & Jdge@014). Nevertheless, the most accurate method for meagsurin
(2007);[Gadotii [(2011); Hoyle et all (2011). In additioneté the bar pattern speed is the non-parametric method projysed
is a dependency of the bar length on the Hubble type. Tiemaine & Weinberg (1984; hereafter TW). The goal of this
particular, SO galaxies show larger bars than late-types orfg@per is to apply the TW method to a large sample of barred
(Elmegreen & Elmegreen , 1985; Aguerri et/ dl. , 2009; Efwingalaxies.

2005] Menéndez-Delmestre etldl., 2007, but see also Master ~ The organization of the paper is as follows. The theoretical
al. 2011). basis of the TW method is shown in Sect. 2. Section 3 shows the

The bar strength is a parameter that measures f#@scription of the galaxy sample. Section 4 presents théopho
non-axisymmetric forces produced by the bar potentifl€tric parameters of the bars. The stellar velocity mapsief t
in the disc of galaxies (see, e.d., Laurikainen & Salogalaxies are shown in Sect. 5, and results are given in Sect. 6
2002). The most popular methods for determining thEhe discussion and conclusions are shown in Sects. 7 anel 8, re
bar strength are to measure the torques of the bar (egpectively. Throughout this paper we have used the cosmolog
Combes & Sandel'$ , 1981; Quillen et al. , 1994; Buta & BlockHo = 70 km Mpc?t s71, Q, = 0.3, andQ, = 0.7.

2001; Laurikainen et all , 2007; Salo etial. , 2010), bar edlity

Martinet & Friedlii (1997); LAguerri [(1999);| Whyte et al. ; ;

(2002); [Marinova & Jogee | (2007), _Aguerri etlal. (2009),2' Theoretical basis of the TW method

or Fourier decomposition of the galaxy light Ohta et alWe let (X, Y) be a Cartesian coordinate system in the sky plane
(1990); [Marquezetal. [(1996);| Aguerrietial. | _(2000)and take the origin at the centre of the galaxy, wiHaxis coin-
Athanassoula & Misiriotis | (2002);_Laurikainen etlal. (2005 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 diswof £.1. Fast and slow bars
galaxy. Assuming that the disc of the galaxy has a well-ddfin d galaxi v classified ding to th
pattern speef®;, and that the surface brightness of the measur%&me galaxies are commonly classified according to the

tracers follow the continuity equation, the TW method isdaas d'Stance-independent rat = Rcr/ap, whereRcr anda, are
on the equation: the corotation and bar radius, respectively. Theoreticadkes

based on stellar orbits in barred potential predict tRat=

- j:’ h(Y) fj:’ (X, Y) Vios(X. V) dXdY () 1.2 + 0.2 (see_Athanassoula . 1992). This parametrization per-
Qpsini = — — = —-, (1) mits a classification of bars into fast.Ql< R < 1.4) and slow
L7h(Y) [ XXX, Y)dXdY X) ones R > 1.4). Most observed bars have turned out to be fast

herei is th | inclinationV: a<(X.Y) is the i ¢ bars; nevertheless, there are few bars in the literaturgpatible
wherei is the galaxy inclinationVios(X,Y) is the line of being slow bars (see Rautiainen et al. , 2008).

sight (LOS) veIocity,Z(X_, Y) represents th_e surface brightness There are some hints in previous works that late-type galax-
of the galaxy, anch(Y) is a weight function. The numeratorieg o414 have higher mean values®fthan early-type ones

of the previous equation represents the mean velocity “ﬂgh(see Aguerri et al.|, 1998). More recent results based ondaydr
by _thhe I:jght of the galaxyé%»' The g(enovr\r/ungtor shor\]/vs thedynamical models and comparing the morphology of real galax
weighted mean position of the trace(X(). We denote the nu- joqyith models show that while early-type galaxies alwaaseh
merqt(,)’r_and denommator. of Eq. (1) as, Kinematic™ and "photg, bars, late-type galaxies host both slow and fast baes (s
metric” integrals, respectlvgaly. AII_prewops parametes be Rautiainen et al.|, 2008). Nevertheless, this result hadeeh
measured from photometric or kinematic observations. ’Th%nfirmed in a significant sample of gélaxies offelient mor-

i can be obtained from the elllp_t|C|ty of the outermost gala hological types by using the TW method. The sample of late-
|sophotesZ(X,_Y) can be determined from optical photometr type galaxies analyzed so far by the TW is very small in order
and the velocity field of the galaxy/(os(X,Y)) can be mea- yinfer some dependence betweRmnd the Hubble type. The
sure_d from long-slit or integral-field spectroscopy. INQHE.,  5ins here are to determine the pattern speed of a large sample
the integrals from Eq. (1) are calculated along severattors ¢ galaxies throughout the Hubble sequence by using the TW

oriented parallel to the LON butfiset by a distanc&j. The
slope of the straight line defined by tfié) versusX) computed [)n;t\r/]v?t?\ ?r?g ;'crjks)tt;,:ceigggdependence of the pattern speed of the

points represent@, sini (see_Tremaine & Weinberg , 1984). In

the case of long-slit spectroscopy, the weight functionivern

by h(Y) = 6(Y - Yo). Similar weight functions can be defined for3. The CALIFA sample of barred galaxies

integral-field spectroscopy. Formally, integrals in Eqré aver i i

—c0 < X, Y < +co. Nevertheless, they can be limited to a finitd he barred galaxies used in the present study were taken from

value ofX andY if the axisymmetric part of the disc is reachedh® Calar Alto Legacy Integral Field Area (CALIFA) Survey
(see Sect. 6.1). (Sanchez et al.l, 2012). CALIFA's mother sample is formed by

Stellar kinematics has been used to measyaising the 939 galaxies selected from the SDSS-DR7 photometric cata-

TW method for a large sample of early-type galaxies (e_dggue (A_bazauan et_al. . 2009). The main selection critergae
Kent /1987 Merrifield & Kuijken [ 1995; Gerssen etldl. , 199gangular isophotal diameter 45 D,s < 80 arcsec and redshift
Debattista et al. | 2002;_ Aguerri etall, 2003; Corsini et alfange 0005 < z < 0.03. These criteria ensure that the selected
2003: [ Debattista & Williams |_2004; Corsini etal., 2007). IPbiects fit well into the field of view (FOV) of the instrument.
contrast, few pattern speeds have been determined throu%];j@ﬁS survey aims to obtain spatially resolved spectroscopi
this method for late-type galaxies (e.g.. Gerssen et al0320 formation for a fraction of the mother-galaxy sampie 600
Treuthardt et al.[, 2007). See also Corsini (2011) for a vewie 92laxies), limited by available telescope time. For morite
the bar pattern speed measurements using the TW method. §Rgut the properties of the galaxies of the CALIFA mother-sam
lack of measurements of bar pattern speed in late-type iga|a>9|e1 see Walcher et al. (2014). This project has been theebtgg
by the TW method is basically due to théfets produced on &ffort with integral field spectroscopy so far.
the determination o€, by the uncertainties in the position an- 11€ CALIFA observations were carried out at the 3.5m tele-
gle (hereafter PA), andor the dfect of the presence of dust and®cOPe of the Calar Alto obseryatory with the Potsdam Multi
star formation in late-type discs. Debattista (2003) destraes APerture Spectrograph (PMAS;_Roth etial., 2005) in PPAK
that errors of a few degrees in determining the PA of gaIaxi&Ode-_ This instrumental mod_e consists of 382 fibres of 2/;-7 arc
can significantly change the measured valueDgfusing the SE€C diameter each. These fibres cover a FOV of x44”.
TW method. For this reason galaxies with small errors in PA dithering scheme of three pointings were adopted to cover
andor i should be selected. In addition, the measured value B¢ full FOV. This allows us to have a final resolution of 1
O, can also be fiected by dust aridr star formation in late- &rCS€c (see_Sanchez et al. , 410107; Pérez-Gallega et al(; 20
type galaxies, since in these cases the light does not traceR0sales-Ortegaetall, 2010; Sanchez etal., 12012). Bath th
mass distribution of these galaxies. Nevertheless, thiisete FOV and the spatial resolution of the observations make this
can be mitigated by computing the kinematic and photometf@taset ideal for studies of extended disc galaxies projfvse.
integrals of Eq. (1) using the mass distribution as weighe(s 1 he objects were observed using twéfelient setups. First,
Gerssen & Debattista , 2007). the grating called V500 shows a nominal resolutiompia =

In recent years, an extension of the TW method explain8§0 at 5000 A and covers from 3745 to 7300 A. The second setup
above has been applied to galaxies that show multiple p#as done using the V1200 grating with better spectral réisoiu
tern speeds (se2 Maciejewski, 2006; Corsini ét al., 200%/A1 = 1650 at 4500 A. This grating covers from 3400 to 4750
Meidt et al! [ 2009). The TW method was also applied to gds In the present work we used the observations througheut th
tracers, such as CQO_(Zimmer etlal. , 2004; Rand & Wallin\j1200 grating. It was selected in order to have reliable sigfo
2004) or Hr (Hernandezetal., 2005; Emsellem et al.dispersion curves of the galaxies needed for compuRig(see
2006; [Fathietal., | 2007;| Chemin & Hernandez|, 200%ect. 5.2). The galaxy sample of the present paper was sélect
Gabbasov et al., 2009; Fathi etlal. , 2009). among the 200 that were first observed and reduced objedts wit
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the V1200 grating. For more details about the observati@t-st
egy and the data reduction process, see Sanchez et al) @i 2
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 o e e e
CALIFA team (see Walcher et al., 2014). The total number of Morph type
galaxies showing strong bars (SB) on the CALIFA sample tdrne
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 angiad bar
orientation should be considered for its application. Irtipa-
lar, low and high inclined galaxies and those with bars nlear t
galaxy’s major or minor axis should be not taken into account = %0 —=——— "= S T
because the TW is not applicable to these objects. Therefere M, (mag) Oer (kpe)
excluded from our analysis all bars that show PA less than 10
with respect to the major or minor axis of the galaxies anueeit Fig. 1. Normalized distribution of morphological types (a), red-
those face-onl/a > 0.86) or edge-onk{/a < 0.34) galaxies. shift (b), absolute-band magnitudes (c), and bar radius (d) of
This restriction reduces the total number of barred gatatoe the CALIFA'S mother-sample barred galaxies (full blaclelims-

20. In addition, five more galaxies were excluded for othar retograms) and the barred galaxies selected in the presest pap
sons, such as the large number of field stars, the non-flaimota (dashed blue-line histograms).

curve at large radius, @nd the insfficient quality of the stellar

velocity maps.

The final selected sample of barred galaxies contains @bjeiral components of galaxies (see, e.g., Wozniak et al. 5199
that cover the morphological types: 1 SBO, 2 #80L SBa, 1 |Aguerrietall , [ 2000b). The galaxy inclination makes the
SBab, 6 SBb, and 4 SBbc. Similar to the CALIFA mother sanisophotes of the galaxies appear as ellipses in the planteeof t
ple, our galaxy sample is dominated by spirals (SBb-SBUuil T sky. We fitted the isophotes of our galaxies by ellipses uing
is appropriate for filling the gap of pattern speeds meashyed ELLIPSE routine from the IRAF packade (Jedrzejewski, 1987)
the TW method in late-type galaxies. The ellipticity and PA isophotal radial profiles obtainedrfr

Figure[1 shows the comparison of the distribution of mothese fits are shown in Figl 3.
phological types, redshift, absolutédoand magnitudes, and bar ~ The ellipticity radial profile of an unbarred spiral galaxy
radius between the barred galaxies in the CALIFA mother sagrows from almost zero values at the centre of the object up to
ple and the selected barred galaxies of the present work. Qugonstant value at large radii, which corresponds to thexgal
sample is a small subsample of the total bar population iklination. The PA isophotal radial profile also reache®a-c
the CALIFA mother sample. Nevertheless, the Kolmogorogtant value at large radii, which corresponds to the ortirta
Smirnov test indicates that our subsample does not have a gfithe LON of the galaxy. This behaviour can be observed in
tistically different distribution of morphological types, redshiftthe ellipticity and PA isophotal radial profiles shown in Fgy
and absolute magnitudes from the total sample of barredgalgve therefore computed ttieand PA of our barred galaxies by
ies. The actual sample loss bars have radii larger than 10 kggeraging their outer isophotes. The results are givenliteTh
The lack of large bars is due to: i) galaxy inclination, ii) loai-
entation, angbr iii) no observations using the V1200 grating. We o ]
never cut the bar sample according to bar size. It is alsohwort-2. Determination of the bar radius

noticing that the galaxies presented here are all brigld@2s 1, jetermination of the bar radius is not an easy task. Sever

(Mr > ~19.0). In this range of magnitudes, CALIFA is represen, o1ho4s have been proposed in the literature during thdgwast

tative of the local Universe. No dwarf galaxies have been cofjacades. We used three of the most
: . . . popular methadsap 2,
sidered in the present work. Thieband SDSS images of the nday3) for estimating the bar radiusy) of our galaxies.

final sample are shown in Figl 2 and the main parameters of the Two of the bar radius measuremerds{ anday) were ob-

galaxies are given in Tablé 1. tained by using the information of the ellipticity and PA fibm-

In summary, the sample presented in this work overcomgg - jia| profiles and the fierent methods proposed in the lit-
two major problems of other samples presented in the liteeat erature (see_Marquez etial., 1999; Athanassoula & Mistiot

First, integral-field observations such as those preséverziget 5555 vichel-Dansac & Wozniak 2006 Aauerri etldl 2009)

rid of maTy_oEjthe_pr(:bljetr)nsl Otf I(t)ng-slltlob.servtak\]non;. S&LONTHase methods are based on the peculiar features produced by

oursamplée IS dominated by 1ate-typ€ galaxies, th€ MISSEEEP o shape and orientation of the stellar orbits of barredgal

of information in the TW studies of bar pattern speeds. ies (Contopoulos,, 1930; Athanassadla , 1992). In partictiia
galaxy isophotes are almost circular at the galaxy centrelse

4. Photometric parameters of the barred galaxies of either seeing ffects or the presence of a spherical bulge. As

we get away from the centre, there is a general increase &l-the

lipticity up to a local maximum, and then it suddenly dece=sas

Analysis of the galaxy isophotes provides the inclinaflpnstowards a minimum at the location where the isophotes become

PA, and other important information about theteient struc-

Normalized Galaxies

Normalized Galaxies

1.2
1.0F

0.8
0.6
0.4
0.2

Normalized Galaxies
Normalized Galaxies

4.1. Inclinations and position angles

axis of the disc, and) represents its intrinsic thickness. In this paper
1 The inclination {) of a disc is given byb/a = (¢? + (1 - g)> x we have assumed the thin disc approximatign=(0). Thus, we have
cos(i))Y2, whereby/ais the ratio between the observed minor and majaomputed the inclination of the galaxies &ys(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 m
(hh:mm:ss) ) (degrees) (degrees) (arcsec) (mag)
NGC 0036  00:11:22.3 06:23:22 SBb 5227 23.4+1.3 14.9 12.7
NGC 1645  04:44:06.4 -05:27:56 SBOa 64066 84.7+0.4 9.2 12.7
NGC 3300 10:36:38.4 14:10:16 SBOa 5¥®@7 172.60.3 12.0 12.3
NGC 5205  13:30:03.6 62:30:42 SBbc 5607 170.%1.6 15.9 12.5
NGC 5378  13:56:51.0 37:47:50 SBb 3ZB1 86.5+5.4 19.9 12,5
NGC 5406  14:00:20.1 38:54:56 SBb 44®4 111.80.8 18.1 12.2
NGC 5947  15:30:36.6 42:43:02 SBbc 44164 72.5+£3.1 12.4 13.4
NGC 6497 17:51:18.0 59:28:15 SBab 607 112.604 10.7 13.0
NGC 6941  20:36:23.5 -04:37:07 SBb 428 127.52.7 14.3 13.1
NGC 6945  20:39:00.6 -04:58:21 SBO 5383 126.%1.3 9.3 12.4
NGC 7321  22:36:28.0 21:37:19 SBbc 48B5 13.4+1.3 12.0 12.9
NGC 7563  23:15:55.9 13:11:46 SBa 5684 149.81.3 8.1 12.4
NGC 7591  23:18:16.3 06:35:09 SBbc 5¥®B5 144.22.0 12.0 12.6
UGC 03253  05:19:41.9 84:03:09 SBb 56186 92.0+1.7 11.8 13.2
UGC 12185  22:47:25.0 31:22:25 SBb 6406 161.@¢1.0 8.8 13.5

— Note: Columns are: (1) NGC name of the galaxy; (2) galaxytragtension, (3) galaxy declination, (4) morphologicalety(b) galaxy
inclination measured from isophotal ellipticity profiles bband SDSS images, (6) galaxy PA measured from isophétaadal profiles on
i-band SDSS images, (7Jfective radius in r-band from SDSS-DR9, (8) model r-band ritada from SDSS-DR9

axisymmetric (disc region) in the face-on case. Typical meAthanassoula & Misiriotis | 2002). The values af3 for our
surements of the bar radius using the ellipticity profileolre sample are shown in Tallé 2.

measuring the position of this maximum and minimum. In fact, Aguerri et al. (2009) demonstrated that the best method for
they represent two extreme cases (Michel-Dansac & Wozniaietermining the bar radius depends on the shape of the sur-
2006), and therefore they can be understood as the lower &ace brightness profile of the bar (see their fig. 4). This bar
upper limits to the bar radius measurement. We adopted the pge is only available after accurate multi-componentazet
sition of the local maximum of the isophotal ellipticity otio brightness decomposition of photometrical images. Thep al
galaxies as one measurement of the bar radius of our galaxgsmonstrated tha,; < a,» < a, 3 independent of the bar type.
Table[2 shows the values of the bar radius for our galaaigs In addition, the real bar radius is always betwegn anday 3.
determined by this method. For these reasons, we considgras the mean ody, 1, a, 2, and

The second estimate of the bar radiag,j takes the infor- @3- Moreover, the upper and lower uncertainties of the bar ra-
mation provided by the isophotal radial PA profiles into aguto  dius are the dierences betweea, anday1. &2, andays, re-
The PA radial profile is also characteristic of barred galaxi SPectively.
since it is constant in the bar region and then changes tofit th
outer disc orientation (e.g., Wozniak etlal. , 1995; Aguetal., .
2000b). A typical bar length is measured at the radius wheze p- Stellar velocity maps

position angle changes WPA with respect to the value corre-The stellar kinematics of the galaxies was measured from the
sponding to the maximum ellipticity. UsuallyPA=5° is a good  gpectral datacubes observed with the V1200 grating. THe ful

value for the bar radius (see elg.. Aguerri et al. , 2009) vEiee  description of the procedure will be explained in Falcon#Bso
of the bar radius obtained with this method could be coreelatet a|. (in prep.). For the sake of clarity, we briefly summeatrse

to ay1. This is due to the behaviours inside the bar region @focess here.

the ellipticity, and PA profiles are similar among galaxiése In the first step, the spaxels of the datacube were Voronoi-
values ofap,» for our galaxies can be seen in Table 2. binned to achieve a limiting signal-to-noise ragN > 20
Fourier decomposition has been used extensively in charégee _Cappellari & Copinl, 2003), while spectra wgfiN < 3
terising structures, like bars, which represents a bisymmode- were not considered. The values of the LOS velocity and ve-
parture from axisymmetry. We used the method based on Foulizity dispersion were obtained by fitting the binned speas-
decomposition of the light distribution of the galaxiesposed ing the penalised pixel-fitting method (pPXF) from Cappéa
by Aguerri et al. (2000). Following this method, the bar tedis  Emsellem (2004). The fit takes the continuum and the galaxy ab
determined by the ratios of the intensities in the bar aretihar sorption features presented in the wavelength range ofpibe s
regions. The azimuthal surface brightness profiles of tipeade tra into account. Emission lines were masked where present i
jected galaxies were decomposed in a Fourier series. The thar spectra of the galaxies. A non-negative linear comiainat
intensity, I, is defined adp = lg + |2 + 14 + Ig (Wherelg, 12,14 of a subset of 328 stellar templates from the Indo-US library
andlg are them = 0, 2, 4, and 6 terms of the Fourier decompo<{Valdes et al. | 2004) were used for the fit of the spectra. This
sition, respectively). Similarly, the inter-bar intenysis defined subset was carefully selected in the parameter space défined
asliy = lg— I2 + 14 — lg. The bar region is defined as the regioithe stellar propertieSs ¢, 109(g), and [F¢H]. Errors in both ve-
wherely/lip, > 0.5 x [max(lp/lip) — min(ly/lip)] + min(ly/1i). locities and velocity dispersion were obtained via Montel@€a
The bar radiusdy3) is identified as the outer radius at whichsimulations.
Ip/lip > 0.5x[max(lp/lip) —min(lp/lip)] + min(lp/lip). Numerical The stellar velocity maps of the galaxies considered in the
simulations have shown that this method determines theabar present paper are shown in Fiy 4. In these maps, the systemic
dius within 8% accuracy except for very thin bars (see, e.gglocity of the galaxies was computed as the average vglotit
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Table 2.Bar de-projected radius measurements for the CALIFA This wavelength window was used because no prominent

barred galaxy sample emission lines are observed in this range. It is also impota
notice that the light distribution does not always tracertfess
Galaxy EW A2 A3 ap distribution of the galaxies. This is especially true ireldype
(arcsec) (arcsec) (arcsec) (arcsec) galaxies where star formation is common. To get rid of this, w
1) (2) (3) 4) (5) also computed the mass-weighted mean position of stars-by us

NGC 0036 20.8 24.7 15.1
NGC 1645 13.6 17.3 17.0
NGC 3300 13.4 17.6 17.4
NGC 5205 14.9 18.3 19.8
NGC 5378 25.3 34.4 234
NGC 5406 20.0 23.2 20.0
NGC 5947 9.6 125 10.7
NGC 6497 12.6 15.6 16.0
NGC 6941 14.6 18.0 15.0
NGC 6945 13.8 16.4 19.2
NGC 7321 10.4 14.1 11.7
NGC 7563 22.8 30.9 22.7
NGC 7591 11.0 15.0 14.5
UGC 03253 145 18.0 14.9
UGC 12185 12.0 24.3 24.5

ing the profiles extracted along the pseudo-slit positionthe
mass maps of the galaxies provided by Gonzalez 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 numeratoqof E
(1) using pseudo slits placed directly in the velocity mapihe
galaxies. The second approach consists in a weighted sume of t
raw spectra from the datacube along the pseudo slits. Téidtse
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 approackies,was
btained by also using light and mass as weights. In all cases
when the PA in the bar region changes more tharCsl. (4): bar ra- Monte Carlo (MC) simulations were used to compute the errors

dius measured from the Fourier fiaterbar intensities. Col. (5): mean of (V). . .
of the three bar-length estimations. Errors correspontigartaximum Formally, all the TW integrals shown in Eq. (1) are over
differences between the mean and the three measurements. —o0 < X < oo. But, they can be limited te-Xmax < X < Xmax
if Xmax reaches the axisymmetric part of the disc. We used the
maximum value ofXy,a« allowed by our velocity maps. In most
the stars in the central"®@perture and subtracted from the velocof the cases, this value waax = 20 — 30 arcsec (see Fifl 4).
ity maps. The stellar velocity obtained for our galaxies wssd For our galaxies we have a mean valuegfx/hgis=1.6, where
for computing the kinematic integrals of the TW method (s&. is the exponential scale length of the disc of the galaxies.
Eq. 1). Figurd b shows stellar-streaming mean velocitigh wiThe disc scale length was determined by fitting the outerneest
Vys subtracted, which were obtained along the galaxy’s photgions (outside of the bar region) of the r-band isophotéfbser
metric major axis. brightness profiles of the galaxies by an exponential lawe (se
Freeman|, 1970).
The pattern speed of the galaxies was determined by the
6. Results slope of the straight line fitted to th¥) vs (X) points. The un-
6.1. The bar pattern speed _certainties inQb_ were obtained by using_ MC simulations tak-
ing the uncertainties in theA of the galaxies into account. The
The bar pattern speed of the galaxies was measured by agplya uncertainties were distributed according to Gaussiamidist
the TW method as described in Eqg. (1). This method requires dritions. We have four fierent determinations of the pattern
termining the mean weighted positio{X¢) and velocity (V)) speedQy to Qy4) of the galaxies depending on both the weight
of stars in several slits oriented along anfiset with respect used for computing the TW integrals and the method used for
to the LON of the galaxies. We refer to these slits definedén tithe kinematic integrals. The TW kinematic integrals were ob
integral-field datacubes as pseudo slits. Depending oreth@b tained by computing the integrals shown in the numeratoicpf E
dius and its orientation with the LON, we have used three er fi{1), using the velocities provided by the galaxy velocitypma
pseudo slits of 1 arcsec width each and a minimum separdtiorafbng pseudo-slit positions fay,; (light-weighted) andQy, 3
2 arcsec between them to avoid repeated information. Ligtht a(mass-weighted). The sum of the spectra from the galaxy dat-
mass were used as twdfgirent weights for computingk) and acube along the pseudo-slit position was used for computing
(V) for each pseudo silit. the kinematic integrals ify» (light-weighted) and);, 4 (mass-
The highS/N ratio of the broad-band photometric imagesveighted). Figurglé shows t®) vs (X) line fits for the sample
has led in the past to their being broadly used for computinglaxies. The linear fits shown in F{d. 6 do not take the uncer-
the photometric integrals of the TW method. Nevertheldss, ttainties of the photometrical integrals into account. Th®ns
trace of diferent stellar populations between the photometrif the photometric integrals are in all cases smaller thareg-
and spectroscopic data, caused Wyedent wavelength coveragecept for one pseudo slit in the case NGC0036, which is 0.14.
and problems with the positioning of the pseudo slits in the-p Table[3 shows the values 6, for the CALIFA barred galaxies
tometric images, canfi@ect the computation of the photometriqoresented here.
integrals. These problems can be solved by using integria-fi  Figure[J shows the comparison of the value€gsini ob-
data. In particular, we computed the mean position of stargja tained by dfferent methods. In general, no systematigansig-
the pseudo slits by using the surface brightness distabuib- nificant diferences in the value &®sini can be seen. Only
tained directly from the CALIFA datacubes of the galaxigseT three galaxies (NGC5406, NGC5947, and NGC6497) present
surface brightness map of each galaxy was obtained by susome value oK), that does not agree, within the errors, with
ming up all the flux from each spectrum of the datacube inthe others. It is not clear to us which is the main reason fisr th
wavelength window of 150 A width, and centred at 4575 A.  difference, since these galaxies do not present irregularésatu

maxima of the ellipticity radial profile. Col. (3): bar radiumeasured
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Fig. 2. SDSSr-band images of the CALIFA barred galaxies presented irstiidy. In all images, north is up and east is left. The full
and dashed lines represent the considered slits for magdhe kinematic and photometric integrals. The full lingoalepresents
the line of nodes of the galaxy.

in their rotation velocity maps (see Fig. 4) dgodvelocity curves some modelling to recover the rotation curve from the obegrv
(see Fig[h). In addition, they are galaxies aofelient morpho- stellar streaming velocities.

logical types, which seems to indicate that thestedinces are
not related to dferent amounts of dust, gas, or star formation in
their discs. These fferences could simply reflect the observa-

: SIO= o The corotation radius is derived from the circular velocity
tional uncertainties in the determination@j.

of the galaxy. To obtain the circular velocityd) from the ob-

served stellar streaming velocity.(), the asymmetric drift cor-

6.2. Determination of R = Rcr/ap rection is needed. One of the aims of the present work has been
to compare our pattern speeds for SBb and SBbhc galaxies with

The dimensionless quantify = Rcr/ay, is defined as the ratio those from early-type systems from the literature.To kedep t

between the corotation radiuBdr) of the galaxy and the bar homogeneity in this comparison, we followed the same approx

radius @y,). Unlike the bar pattern speed, meas@®eequires imation for the asymmetric drift correction as in previousrits
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Fig. 3.1sophotal ellipticity and PA radial profiles from ellipsetifig of the barred galaxies of the sample. The horizomadishow
the measured ellipticity and PA corresponding to the disc.

Table 3. Pattern speed and corotation radius of the CALIFA barredges

Galaxy Qp1 Reri1 Qp2 Rer2 Qb3 Rer3 Q4 Rera
(kms?arcsec!) (arcsec) (km< arcsec!) (arcsec) (km< arcsec!) (arcsec) (km< arcsec!) (arcsec)
NGC 0036 13.23.7 16.36:6 17.4+5.2 12.63‘4 19.3:4.3 14.232 19.5+4.3 11.]§3:9
NGC 1645 -10.211.6 18.9‘5@ -22.4:9.4 12. :79 -13.7+12.4 19.%22 -20.11.7 13.%_%8
NGC 3300 -9.83.1 ZS.ZF?9 -9.0+2.4 24, :g '
NGC 5205 17.24.3 10,232 15.1+2.8 11.30 11.5:2.8 1133 13.8:1.7 12.37
NGC 5378 -11.26.1 16.31%‘0 -9.8+4.5 18.(17go -9.3:4.5 17.5 S0 -9.0£3.9 19.7 ?4
NGC 5406 16.29.3 15.52{: 22.8:8.0 11,043 7.245.6 14.7% 9.1+ 38 27'4%7
NGC 5947 -16.47.3 11.653 -31.7+4.2 5.82% -18.5+4.9 10.744 -16.4+5.6 11.288
NGC 6497 -32.45.5 7.428 -42.7+7.4 5.5:52 -21.4:3.6 8.763 -26.6:2.7 8.8:3:(’
NGC 6941 12.810.4 14.6%24 18.4+9.5 10.'{;]7‘4 9.4+9.3 14.17%'9 21.9+6.2 9.2:%%1
NGC 6945 -10.23.6 20.2:58?39 -15.5+:2.1 13.(15:9 -9.7+2.4 20.36’?32 -13.6£1.6 14.77"2:":0
NGC 7321 -16.23.8 15.657 -21.6+6.5 11.85 -18.7+4.0 14,63 -16.7+4.3 15.362
NGC 7563 7.63.3 33.2184 45627 45.41% 8.0+3.0 32.21%% 3.9+2.1 51.3160
NGC 7591 9.84.6 18.3%825 -13.9:5.0 13.2}2;;8 -10.5:3.5 18.32%’ 7.7:4.4 20.@%5
UGC 03253 -10.53.1 18.0% -15.5:3.1 1195 -12.8:2.4 16.22 -12.6:2.3 14.638
UGC 12185 13.317 16.788 10.0:2.0 21.6% 12.8:1.6 16,652 11.6:1.7 18,4101

— Note: NGC 3300 has no values @f, ; andQy, 4 because the mass distribution of this galaxy is not availabl

(see Debattista et al. , 2002; Aguerri et al. , 2003; Cordial.e

2003). Thus, the asymmetric drift equation becomes

V2 =V2 4

2
O—ObS

1 2

* o sirfi(l+ 202 coBi)

of the galaxy, respectively. Parameteiis defined as the ratio

(g m)1

(2)

have used the values given by Gerssen & Shapiro (2012) for the

different morphological types of galaxies. In particular, weeha
useda = 0.85+ 0.15 for SBO-SB@a, @ = 0.86+ 0.24 for SBa-

SBab, andr = 0.62 + 0.2 for SBb-SBbc. In additiorR; andR,
are the scale lengths of the surface brightness and veldisity

persion profiles, assuming an exponential law for the digg (e
whereR, V., ando s are the distance to the galaxy centreireeman!, 1970).
the LOS velocity, and velocity dispersion along the majasax

This correction was applied to the velocity data along the

between the perpendicular and radial disc velocity dispess major axis of the galaxy discs and beyond to the bar region.
The value ofa can vary from early- to late-type galaxies. WeThe value ofV g4 for the galaxies was obtained by averag-
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Fig. 4. Binned version of the stellar velocity maps of the barrecgals in our sample. The orientation of the maps is as in Fig.
[2. Blue colours represent approaching velocities, whiteares show receding velocities. The full and dashed lingesent the
considered slits for measuring the kinematic and photdmietegrals. The full line also represent the line of nodithe galaxy.

ing V¢ outside of the bar region. The Tully-Fisher relation (TFes (seel_Theureauetal., 1998). In all cases, this HI rota-
Tully & Fisherl,[1977) shows that there is a correlation betwe tion velocity agrees within the errors with our values of
the circular velocity of the galaxies at large radii and tladiso- V¢ 14. For these five galaxies, the ratios between the maxi-
lute magnitudes. We located our galaxies in the TF relatpn Imum circular HI rotation velocity \{c i) and ourVe i are
using theV; g Obtained from the asymmetric drift correctionVepy /Ve s = 1.12,1.14,0.99,0.88, and 105 for NGC0036,
Figure[8 shows the TF relation for our galaxies and other s]dGC6941, NGC7321, NGC7563, and UGC03253. This indi-
ral galaxies obtained from the literature (see Reyes ePfll1). cates a maximun uncertainty of 14% in our flat rotation deter-
We notice that our galaxies are located within the noise@fith minations.

relation. This indicates that thé. s, we obtained is consistent The value of the corotation radius is then givenRys =

with what is proposed by the TF relation for spiral galaxies. Vesiat/ Q. This assumes that the rotation curve of the galaxies
In addition, we found in the literature the maximum ciris flat. The values oRcg for our galaxies are given in Tadlé 3.
cular velocity measured from HI data for five of our galaxWe finally measureR asRcr/ay. The values ofR are given in
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Fig. 5. LOS-streaming velocities of the galaxies along their majas.

Tabl€4. Errors in Tabldd 3 ahH 4 were computed by Monte-Caitdo account. We cannot rule out a fast bar in any of our gakxi
simulations. (at 95% probability).

We have also determined the mean valukdbr the total
sample of 32 galaxies witf, determined by the TW method.
Taking our four diferent measurements &f into account, we
The galaxy sample presented in this work complemented Bjtained< Ry >= 1.254, < Rp >= 10737, < Rg >= 1.2,
those available in the literature (see Table 1 from Corsdiily and< R4 >= 1.1*3. Table 4 shows that some of our values
make a total of 32 galaxies with bar pattern speed measureddhyR have large errors. We selected a subsample of galaxies
the TW method. This represents an appropriate sample fer-infwith small uncertainties i®R. In particular, we considered those
ring strong observational constraints on the valu®r bright ~galaxies from the literature and from our measurementsuvith
barred galaxies. Tabl@ 4 shows that all bars have valugg ofcertainties smaller than 30% in determiniRgFor this subsam-
within the errors, compatible with being fast baRs< 1.4). We Ple of galaxies, we have Ry >= 1.0733, < R, >= 0.9'33,
computed the probability of having > 1.4 in the whole sam- < Rz >= 1.0"33, and< R4 >= 0.9*33. In all cases, the mean
ple by using Monte Carlo simulations that take the quotedrsrr values indicate that bars finish near corotation in agre&migm

6.3. Fast or slow bars

10
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Fig. 6. Values of(V) vs(X) for the galaxies of the sample. Thefdrent colours represent thefgrent techniques used for computing
the kinematic and photometric integrals of the TW methodcBland green lines represent light-weighted photomettegials,
with kinematic integrals computed using velocity maps ensung spectra along pseudo slits, respectively (corredipgrio Qp 1
andQy,»). Red and blue lines represent mass-weighted photometeigrials with kinematic integrals computed using velogigps
or summing spectra along pseudo slits, respectively (spoeding ta, 3 andQp 4).

numerical simulations of barred galaxies (see AthanaasouBb shows these mean values. The mean valugsof SBb-SBhc
1992). galaxies are always lower than for early-type ones. Neetatis,
this trend is not significant when considering the errors.

As previously noted, the errors showed in Tdlle 5 are large.
We investigated whether these large error®iare masking a
trend with Hubble type. To analyse this possibility, we hais®
Figurd® shows the variation R with the Hubble morphological studied the trend iR with the Hubble type for the subsample of
type for the 32 galaxies witf, determined by the TW method.galaxies with uncertainties smaller than 30% in the deteimgi
We also computed the mean valuesfofor galaxies in three R. In this case, we have only compared SBO-&Bé&nd SBb-
Hubble-type bins SB0-SBA, SBa-SBab, and SBb-SBbc. Tabl&SBbc Hubble types, because we have no galaxies in the morpho-

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

11
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Fig. 7. Comparison of the bar pattern speeds of the galaxies usffegetit methods.
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tained from the asymmetric drift correction applied in thtigdy.
The full line represent the fit of the TF relation for the gagex
from Reyes et al. (2011).
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Table 4. Dimensionless quantityR for the CALIFA barred
galaxies
Galaxy Ri Ro R Ra
NGC0036 0977 067 0607 067
NGC1645 13 084 11y, 085
NGC3300 150 160
NGC5205 0.2 078 0903 070
NGC 5378  0.83 o.ejg;g o.sjg;g 0.7:%3
NGC5406 078 0541 L1 134
NGC 5047  1.09¢ 0.5 o.gjg;g L07g¢
NGC6497 043 03] 060, 059
NGC6941 090 062 11y 06y
NGC 6945 1208 0g02 1304 gl
NGC7321 1308 1084 1181 158
NGC7563 1287 19i 188 5308
NGC 7591 1.49:8 1.0f8;% 1.383 1.71*9;g
UGC 03253 1.1 o.tg;z o.9j§:§ o.gig;g
UGC 12185 0.9% 1208 g0 1005

differences are again compatible within the uncertainties.aive c
therefore conclude that no significant trend is observetérmRt
values of early and late-type galaxies.

For the sake of comparison in F[d. 9, we have also included
the mean values dR in three diferent morphological ranges

logical bin SBa-SBab. Tablg 6 shows these values. In this,caéSBO+SB(Qa, SBa-SBab, and SBbSBbc) obtained through hy-
the errors are considerably smaller. Although the meanegaludrodynamical simulations by Rautiainen et al. (2008). Intcast

of R are also systematically smaller for late-type galaxiess¢h

12
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Table 5.Mean values oR for different Hubble types.

350
Hubble type R1 Ro Ra Ra Ngal L |
SB0-SBQa 1308 1.2’:0:6 1.3708 1.2’:0:6 17 300 - ]
SBa-SBab ngfg 1.4’:%2 1.2j§f§ 1.3j§;§ 3 —~ i e ; ]
SBO-SBbc  1'gf 0882 1078 09703 12 " ; %+ ]
Alltypes 1207 1007 1207 1107 32 g 250 ;/f i .
e L 4
— Note: Ngy represents the number of galaxies for each morphologi- r ‘ ¢ ) | ]
cal type bin. 2200 — :
=L -
Table 6. Mean values ofR for different Hubble types for the 150 — ]
subsample of galaxies with smaller uncertainties in therdeit i 1
nation ofR. 10007 o o ]
100 150 200 250 300 350
Hubble type R1 Ro Rs Ry Ngal Vc,flat,stellar (km Sil)

SBO-SBga 1277 1078 127%% 1198 13
SBb-SBbc  ®*3 0877 0977 087 10 ; : : o
All types 10t§:§ 0.9f§1§ 1.0i§'§ 0.9t§é >3 Fig. 10.Comparison oV, Obtained from stellar and gas kine

matics for 11 galaxies of our sample

of the TW method does not result in any late-type galaxy wi

h . L
slow bars as predicted by Rautiainen et al. (2008). tthe present work. In particular, we deriveg in a Monte Carlo

fashion by varying the PA in the range PAPA, whereAPA is
the uncertainty of the PA given in Talilé 1. The valuggfsini

7. Discussion reported in Tabl€]3 corresponds to the mean and dispersion of
S o the values obtained for theftérent PA values.
7.1. Uncertainties in determiningf the bar pattern speed. Another uncertainty in determinir® could be related to the

The pattern-speed measurements using the TW method are ggﬁ@rmination oMe a1, which was obtained after a correction
(0]

sitive to the determination of the PA of the galaxies. Dabtaitt f"asymmetric drift to the observed stellar velocitiesisTis

(2002) st s dependnce using N-body rumerical a0 0 1 1 S n e sc of e g o ot ok
tions. He found that, for PA errors of about, 8he scatter in . : y D

R is ~0.44. The PA of our galaxies was measured by averafl->cCt: 6-2 assumes that the galaxies have thin stells. dises
proximation could be unreliable for some of the galaxies.

ing the PA of the outermost isophotes fitted on SD€%nd ) . O 94
contrast to stars, the gas is almost in circular orbits irrxgal

images. The CALIFA values dfand PA are consistent within discs. We have the gas velocity curve alona the maior axia for
the errors with those reported in the literature. In patticithe : gas y curve along (né ma
total of 11 of our galaxies (see details in Garcia-Lorertzale

median value of the absolutefidirence between the inclina- : . ,
tion of the galaxies reported by LEDA (Paturel et al. |, 2003) (2015). Figuré 10 ShOWS the comparison bem}é@ﬁbl obtained
from gas and stellar kinematics. For all galaxies except, one

and our values i\l = JiLepa — icaural = 2.6°. There is a It
galaxy (NGC 6945) with a large fllerence between RAL A Ngﬁgfrt’rraer: g_lfﬁiesmggxbest\rl]vg@? the t\;v\c; quantltleNS |134W|thm
and PAepa. For this galaxy the value of the PA reported by, &~ 5% thisg ala}(/ Wouldfgtég?; thcglﬁasrt]dlarg; 1E
LEDA is 32 + 66°, which is 94 different from our value. A . galaxy we 9 :

if we useV 115 from gas kinematics.

simple visual inspection of theband galaxy image showed in : .

Fig.[2 ruled out the LEDA PA value. The median value is, ex- The convergence of the kinematic integrals could also be an-

cluding NGC 6945APA = [PA o — PAcairal = 4.0°. ' “other source of uncertainty in the determination of theepatt
Late-type galaxies have strong structures in the outeonsgi speed. Th_|s is especially true for computing the kinematic i

of the disc (spiral arms, rings, etc.). These structuresafiact  [£9'alS using Methods 1 and 3. In these methods we obtained

the orientation of the outer isophotes and subsequentlyshe these_lntegrals_by computing the mtegra_ls in Eq. (1) nucadiyi

value of the galaxy. Thus, it could be that the real PA of thY USing the binned velocity maps derived from the CALIFA

discs of our galaxies could befttirent (more thand) to what oatacubes. We estimated the uncertainties of these ifgdgya

is obtained from averaging the outermost isophotes. Wekeltec computing the dispersion of the_rad|al kinematic integitls .

large radius (beyond the bar radius). For most of our gagaxie

this possibility by comparing our photometric PA with theeon o s
- A : (10/15), these new uncertainties will increase by less than 25%
obtained from the symmetrisation of the stellar veIoutypmathe reported uncertainties in Table 4. Exceptions are thi

(see for more details Falcon-Barroso et al., 2014, in padjm).
The photometric and kinematic PA of the galaxies agree withEGC5406’ NGC6497, NGC6945, UGC03253, and UGC12185.

the 3 errors for all cases where the velocity map extends to t gg/these galaxies the variation on the errors is betweends b
outermost regions of the galaxies where we computed their PR 7
One of the advantages of integral-field spectroscopy over

standard long-slit is that the uncertainties in the PA ofgalax- 7.2, Ultrafast bars

ies can be taken into account by computidgalong diferent . o

directions according to the errors in PA. This is what we did iTheoretically, the bar cannot end beyond the corotatiofusad

of the galaxies (see Contopoulos , 1980; Athanassoula /)1992
2 We acknowledge the usage of the HyperLeda databaBecause the main family of orbits constituting the bar (the

(httpy/leda.univ-lyonZ.fr) orbits) is unstable beyond CR. This implies thkatannot take
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Fig. 9. R value as a function of the Hubble type for all galaxies witltgra speed measured by the TW method. The grey points
represent galaxies from the literature compiled by Cor&6il1), which excludes the sample of Rautiainen et al. (R08Bich

we indicate by the blue rectangles. The red symbols reptéise® values of our CALIFA sample. The green stars represent the
mean values oR for SBO-SB@a, SBa-SBab, and SBb-SBbc galaxies vidhdetermined by the TW method. The blue rectangles
represent the mean and dispersion (width of the rectanglags ofR from Rautiainen et al. (2008). For clarity reasoRsjalues
have been slightly shifted with respect to its Hubble type.

values that are less than unity. One of our galaxies (NGC p4®ars (NGC0036 Theureau etlal. , 1998). For this galaxy, we hav
showsR < 1 within the errors (&) for our four diferent mea- Vou/Vea = 1.14. This means that if assumiyy, the coro-
surements. In addition, NGC 0036 and NGC 5205 sHowal- tation radius an®R would be 14% greater than the values given
ues less than unity within the errors for three of the methAds in TabledB anfl4. Thus, if using. 4 we would haveR; = 1.0,
visual inspection of these galaxies in Hig. 2 reveals noigpecR, = 0.7, Rz = 0.7, andR, = 0.7. Assuming the same errors as
features. There are several ways to explain tifese 1 val- givenin Tablé#, this galaxy would only be ultrafast for twean
ues: i) uncertainties associated to the bayandorotation radii surements. This means that the reason that this galaxyasast
determination; ii) multiple pattern speeds present in thlaxy; could be related to uncertainties associated to the covoted-
iii) some other reasons for the TW not being applicable te¢hedius determination.
galaxies. However, we cannot rule out the possibility thatyt We have not found in the literature any HI velocity mea-
might really be ultrafast bars. surements for the two other ultrafast bars (NGC5205 and
The parameteR is a ratio between the corotation radius antlGC6497). However, we did recompute tRer for NGC5205
the bar radius. ThusR can be less than one because the band NGC6497 using the angular velocity curve obtained from
radius is overestimated afod the corotation radius is underesthe gas velocity curve along the major axis of these two gedax
timated. We discarded the case of large bars after a carieful (gee for details Garcia-Lorenzo et/al. , 2015). In thesecases,
sual inspection of the images. Moreover, these three gaaxihe new values oR were the same as those obtained from the
show values ofR below one even if we use the lowest valuestellar kinematics. Thus we cannot discard that these thaxga
of their bar radius given in Tablg 2. We comput@gr using iesR might be smaller than one within the errors.
the asymptotic flat rotation velocity obtained from the asyat The observed distribution oR values is given byRops =
ric drift correction to the LOS velocities of the galaxiehiT  Rint (X) Rerr, WhereRoss, Rint, andRe are the observed, intrin-
was obtained after some assumptions on the velocity curvesid, and error distributions, respectively. To avoid dist bars,
the galaxies (see Sect. 5.2). We have found the maximum cire can assume th&; is always larger than 1.0. We can ask
cular velocity measured from HI data for one of the ultrafasthether the observed ultrafast bars are only caused by tie co
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volution of the intrinsicR distribution, where the observational7.3. Astrophysical implications of fast bars

errors or additional errors in the TW method are indeed miaed?\l . . .
. , ) umerical simulations have shown that the bar-patterndspee
The distribution ofR, values in our sample of galaxies peakgepends on the bar formation and evolution. If a bar forms

atR = 1.3 with 37% of the galaxies wittR; < 1. We assume by a global bar instability, then it tends to be a fast
thatRin is centred at 1.3 with dispersienn = 0.1, in orderto 5, (e g. Sellwood | 1981). Nevertheless, some simulation

avoid galaxies withRis < 1. The convolu_tion ofRine With the  have shown that bars formed by a gradual bar growth
observational errors produces a distribution where 0.3 and (Lynden-Bell, [1979), by interactions with other galaxies

15% of the galaxies sho® < 1. Thus, the full fraction of ob- (Miwa & Noguchi,[1998), or when the initial bulge-to-disc ra
served ultrafast bars cannot be explained by the convalatio 4y, s jow (Combes & Elmegreen , 1993) can form as slow bars.
Rint With the observational errors. We have to convalye with | narticular, Combes & Elmegreen (1993) show that latetyp
a distributionRe, Wlth o= .O.5 in order to obtaln_thg 37.% of galaxies have a low-mass concentratio®at «/2 (with « the
ultrafast bars. The dispersion of the new error distributias  gpciclic frequency) so that at the beginning of bar formathe
obtained by adding the dispersion of the observationaf®im cR js far out in the disc, beyond the disc scale length. In con-
quadrature plus the dispersion of anoth(_ar dlstnbuthndn‘la trast, the bar length is determined by the disc scale leffgitn,
tional errors in the TW _metho_d. The a_ddltlonal errorsinthg T the bar starts out as slow. This does not happen for early-typ
turned out to have a dispersion that is 1.3 greater than 8% Qa|axies where the CR is shorter and determines the baiiengt
persion of the distribution of the observed ones. The larg@e gq that the bar is fast from the beginning. According to these
errors that are needed make it unlikely that ultrafast bafust iy lations, and assuming no change in the pattern speed aft
a consequence of new errors not being taken into accoungin i formation, we should expect that the bar pattern speeds o
TW method. Similar results were obtained #®%,R3, andRa  garly- and late-type barred galaxies should kigedént, because
distributions. they are slower for late-type ones.

The presence of dust lanes within the bar region déect Previous observational works show contradictory results.
the value of the pattern speed of bars determined by the TAguerri et al. (1998) used a sample of ten barred galaxies to
method (see_Gerssen & Debattista, 2007). This variation dimd a hint of variation in the bar-pattern speed with the mor-
pends on the angle that the slits of the TW method cut to théological type. In the same direction, Rautiainen et 006)
bar (APAua). Thus, dust lanes on the leading edges of a bar teodnclude that late-type galaxies have slow bars, whileyegde
to increase the TW-derived value @f, whenAPA > 0, and de- galaxies do not. In contrast, Buta & Zhang (2009) find thatehe
crease it whenPAy; < 0. In addition, this variation depends onis no dependence &® on the morphological type. Before the
the amount of extinction. Thus, the variation in the TW-ded present work, only the pattern speed of three late-typexgala
pattern speed of the bar is about 8 % to 25 % for galaxies wits was obtained by the TW method (e.g., Gerssen et al. | 2003;
Ay =~ 3in the bar dust lines. This variation increases to 20 Freuthardt et al. |, 2007). These three galaxies turned obeto
40 % for Ay ~ 8. Two of the ultrafast bars, NGC0036 andtompatible with fast rotators. Our result confirms the prasi
NGC5205, showAPA < 0. This means that for these two galaxfindings, and we clearly show no trend ®fwith the Hubble
ies, the presence of dust lanes within the bar radius sheatt | type. Bars located in early- and late-type galaxies are e@imp
to lower TW values of, than would the real one. Therefore théble with being fast bars. This result conflicts with thé&elient
TW-derived value ofR would be greater than the real ones owerigins of early and late-type bars proposed in the Combes &
ing to the presence of dust lanes. We can conclude that the IBitnegreen (1993) simulations.
values ofR obtained for these galaxies are not due to the strong The pattern speed of the bars not only depends on their ini-
dust lanes within the bar regions. In contrasBAny > O for tial values, but the subsequent bar evolution also can liarge
NGC6497. Thus, according to Gerssen & Debattista (200&), tbhange the initial pattern speed. In this sense, severakrum
TW method will show higher values 61, and lower values 0k  cal simulations have shown that the interaction betweedne
than the real ones owing to dust lanes within the bar region. Fand the dark matter halo of the galaxy produce an exchange of
this galaxy we obtained the extinction map from the fit ofited-s angular momentum at the galaxy resonances that can change
lar population (see_Pérez etlal. , 2013; Gonzalez Delgadb/e the bar-pattern speed (see Debattista & Sellwaod ,|1998];200
2014 Cid Fernandes et al. , 2013). The mean and maxifum|Athanassoula et al. . 2003; Martinez-Valpuesta et al. , [P006
values within the bar region of NGC6947 are 0.16 and 0.66, reur measurements of fast bars across the Hubble sequence in-
spectively. Thus, we expect maximum uncertainties of 25% éficate that if bars are initially fast, they interchange famgu-
the value ofR (see Debattista & Gerssen 2007). These uncéar momentum with the dark matter halo independently of the
tainties are not enough to give> 1 within the errors (see Table Hubble type. Therefore bars are fast during their lifetir(eese
4). also Pérez et all, 2012).

Ultra-fast bars have also been observed in other studies of Bar formation and evolution are complex and multiparamet-
barred galaxies. In particular, some of the barred galamigge ric problems involving several galaxy parameters, suchaass g
sample by Buta & Zhang (2009) sho® < 1. These authors Mass fraction, triaxiality of dark matter haloes, and disiouity
argue that some of them could be true ultrafast bars and test aflispersion (see Athanassoula et al., 2003, 2013). Our wdser
facts due to wrong measurements. Other TW measurementd@pal results are important for constraining théetient forma-
bar pattern speed have also shoRn< 1 (se€_Corsinietdl. , tion and evolution scenarios proposed by future numerioa s
2007). The results for the mean valuefand the dependenceulations.
of R on Hubble type presented here do not change if we exclude
these two galaxies. .

8. Conclusions

We cannot discard that the TW method cannot be applied
for the two ultrafast bars owing to these galaxies not foilmyv We have used integral field spectroscopy data for 15 CALIFA
some of the assumptions of the method. Further researchn tharred galaxies to determine their bar-pattern speed uking
direction is therefore needed. model-independent TW method. Both the FOV and the spatial
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resolution of the CALIFA data make this dataset appropii@te

Aguerri, J. A. L., Méndez-Abreu, J., & Corsini, E. M. 2009&A, 495, 491

studies of extended disc galaxies, as proposed here. ahfig/d Aguerri, J. A. L., Debattista, V. P., & Corsini, E. M. 2003, NRAS, 338, 465

data have the advange of solving problems such as the agnt

IA"querri, J. A. L., Elias-Rosa, N., Corsini, E. M., & Mufozsiton, C. 2005,

A&A, 434, 109

and the disc PA uncertainties that cdfeat the measured value g eri’ 3 A L., Hunter, J. H., Prieto, M., et al. 2001, A&373, 786
of the bar-pattern speed by the TW method when long-slit-speguerri, J. A. L., Mufioz-Tufion, C., Varela, A. M., & Pr&tM. 2000, A&A,

troscopic observations are used.

361, 841

The sample of galaxies selected for this study spans a Wi’élél‘e”g J.A.L., varela, A. M., Prieto, M., & Mufioz-Tui C. 2000, AJ, 119,
range of morphological types from SBO to SBbc with most ogguem' J.A L 1999, AGA, 351, 43

them being spiral galaxies (SBb-SBbc). This sample fillsjiye  aguerri, J. A. L., Beckman, J. E., & Prieto, M. 1998, AJ, 11638

present in the literature around spiral galaxies for whighTwW
has not been extensively applied.
For each galaxy we determined their bar pattern speed

Athanassoula, E., & Misiriotis, A. 2002, MNRAS, 330, 35
Athanassoula, E. 2003, MNRAS, 341, 1179
ﬁg'n_anassoula, E., Machado, R. E. G., & Rodionov, S. A. 201BIRAS, 429,

ing four different approaches to the TW method. The kinematig,anassoula, E. 1092, MNRAS, 259, 345

integrals of the TW were obtained directly from the stellar v Barazza, F. D., Jogee, S., & Marinova, 1. 2008, ApJ, 675, 1194
locity maps, after summing up the spectra along the correpoBarway, S., Wadadekar, Y., & Kembhavi, A. K. 2011, MNRAS, 4108
ing pseudo slits and then measuring the velocity. In aduitioButa, R., Laurikainen, E., Salo, H., & Knapen, J. H. 2010, AfzlL, 259

we used light and mass as weights of the kinematic and pho ﬁ

ta, R. J., & Zhang, X. 2009, ApJS, 182, 559
ta, R., & Block, D. L. 2001, ApJ, 550, 243

metric TW integrals. We also obtained the distance-inddpet pgyta, R., van Driel, W., Braine, J., et al. 1995, ApJ, 450, 593
quantityR = Rcr/ay for each galaxy. The corotation radius oButa, R. 1986, ApJS, 61, 609

the galaxies was approximated Byr = V¢ fiat/ Qb, WhereVe fiat
is the asymptotic circular velocity of the galaxies deriadtr
the asymmetric drift correction was applied to the LOS viyoc
along the galaxy’s major axis.

Binney, J., & Tremaine, S. 1987, Princeton, NJ, Princetoivéisity Press, 1987
Canzian, B. 1993, ApJ, 414, 487

Canzian, B., & Allen, R. J. 1997, ApJ, 479, 723

Cappellari, M., & Emsellem, E. 2004, PASP, 116, 138

Cappellari, M., & Copin, Y. 2003, MNRAS, 342, 345

Our CALIFA sample and those galaxies available in the liGepa, J., & Beckman, J. E. 1990, A&A, 239, 85
erature with bar pattern-speed measurements by the TW thetffemin, L., & Hernandez, O. 2009, A&A, 499, L25

make a full sample of 32 galaxies from SBO to SBbc morpholoé—

ical types. This full sample is appropriate to studying tbegi-

id Fernandes, R., Pérez, E., Garcia Benito, R., et aB,28&A, 557, A86
ombes, F., & Elmegreen, B. G. 1993, A&A, 271, 391
Combes, F., & Sanders, R. H. 1981, A&A, 96, 164

ble dependence of the bar pattern speed on the morpholog@atopoulos, G. 1980, A&A, 81, 198

type.
We found that the mean value & for all galaxies of the
sample is in the interval 1.0-1.1. We computed, through o

Corsini, E. M. 2011, Memorie della Societa Astronomicaidtad Supplementi,
18, 23

r‘k‘%orsini, E. M., Aguerri, J. A. L., Debattista, V. P., et al.aQ ApJ, 659, L121

orsini, E. M., Debattista, V. P., & Aguerri, J. A. L. 2003, A599, L29

Carlo simulations, that we cannot rule out (at 95% level) thespattista, V. P., & Williams, T. B. 2004, ApJ, 605, 714
presence of a fast baR(< 1.4) in any of our galaxies. The meanDebattista, V. P. 2003, MNRAS, 342, 1194
value ofR found for our sample agrees with hydrodynamical njebattista, V. P., Corsini, E. M., & Aguerri, J. A. L. 2002, NS, 332, 65

merical simulations of bar galaxies that predtcin the interval
[1.0,1.4]. We did not find any trend oR with the Hubble type,

Debattista, V. P., & Sellwood, J. A. 2000, ApJ, 543, 704
Debattista, V. P., & Sellwood, J. A. 1998, ApJ, 493, L5
Elmegreen, B. G., & EImegreen, D. M. 1985, ApJ, 288, 438

so early and late types are both compatible with being fast baemsellem, E., Fathi, K., Wozniak, H., et al. 2006, MNRAS, 3867
In the near future, we will increase the number of patterfengland, M. N., Gottesman, S. T., & Hunter, J. H., Jr. 1990] /348, 456

speed measurements by the TW method using more bar

galaxies observed in the CALIFA sample. This will be usedul f
enlarging the sample of late-type galaxies, decreasingriber-

aland, M. N., Gottesman, S. T., & Hunter, J. H., Jr. 1990] /848, 456
rwin, P. 2005, MNRAS, 364, 283
Eskridge, P. B., Frogel, J. A., Pogge, R. W., et al. 2000, A9, 536
Fathi, K., Toonen, S., Falcon-Barroso, J., et al. 2007, 867, L137

tainties in the mean values &, and analysing eventual trendsrathi, K., Beckman, J. E., Pifiol-Ferrer, N., et al. 2009) Af04, 1657

in the bar-pattern speed with other galaxy parameters.

Font, J., Beckman, J. E., Epinat, B., etal. 2011, ApJ, 744, L1
Font, J., Beckman, J. E., Querejeta, M., et al. 2014, ApJ&,21
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