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1 INTRODUCTION

ABSTRACT

We study a sample of 28 SO galaxies extracted from the integral field spectroscopic (IFS)
survey Calar Alto Legacy Integral Field Area. We combine an accurate two-dimensional
(2D) multicomponent photometric decomposition with the IFS kinematic properties of their
bulges to understand their formation scenario. Our final sample is representative of SOs with
high stellar masses (M,/Mg > 10'°). They lay mainly on the red sequence and live in
relatively isolated environments similar to that of the field and loose groups. We use our 2D
photometric decomposition to define the size and photometric properties of the bulges, as well
as their location within the galaxies. We perform mock spectroscopic simulations mimicking
our observed galaxies to quantify the impact of the underlying disc on our bulge kinematic
measurements (A and v/o’). We compare our bulge corrected kinematic measurements with the
results from Schwarzschild dynamical modelling. The good agreement confirms the robustness
of our results and allows us to use bulge deprojected values of A and v/o. We find that the
photometric (n and B/T) and kinematic (v/o and X) properties of our field SO bulges are not
correlated. We demonstrate that this morpho-kinematic decoupling is intrinsic to the bulges
and it is not due to projection effects. We conclude that photometric diagnostics to separate
different types of bulges (disc-like versus classical) might not be useful for SO galaxies. The
morpho-kinematics properties of SO bulges derived in this paper suggest that they are mainly
formed by dissipational processes happening at high redshift, but dedicated high-resolution
simulations are necessary to better identify their origin.

Key words: galaxies: bulges — galaxies: evolution — galaxies: formation — galaxies: kinematics
and dynamics — galaxies: photometry — galaxies: structure.

the intersection between ellipticals and spirals, implying that they
formed a homogeneous class of galaxies. Since the early works by

The Hubble tuning fork diagram (Hubble 1936) has provided for
decades the benchmark to study galaxy evolution. In recent years,
the Hubble diagram has been revisited a number of times in or-
der to accommodate new photometric and kinematic properties of
the galaxies (Cappellari et al. 2011; Kormendy & Bender 2012).
Most of the proposed modifications affect the position of lenticular
galaxies (SOs) in the diagram. SO galaxies were initially placed at
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van den Bergh (1976) this homogeneity has been discarded, but
only now it is commonly accepted that they encompass a complete
family of galaxies representing a distinct branch of the Hubble di-
agram. Therefore, understanding the origin of lenticular galaxies
and whether they are related to spiral or elliptical galaxies is still a
challenge for contemporary astrophysics (see Aguerri 2012, for a
review).

The bulge prominence, or relative size with respect to the galaxy,
has been one of the primary features used to classify galaxies in dif-
ferent Hubble types. However, defining what a bulge is not straight-
forward. Historically, a bulge was defined as a bright central concen-
tration due to stellar light with relatively few features due to dust
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and star formation (Hubble 1936). This morphological definition
was extensively used to produce a variety of visual classification
schemes for galaxies (see Buta 2013, and references therein). With
the advent of photometric decompositions, a more quantitative def-
inition naturally arose. This photometric definition considers the
bulge as the extra light in the central region of the disc, above
the inwards extrapolation of an exponential disc (Freeman 1970).
Nowadays, the photometric definition of a bulge is widely used,
and it has been generalized to the central bright structure, usually
described with a Sérsic profile (Sérsic 1968), prevailing amongst
other structures such as discs, bars, lenses, etc., in multicomponent
photometric decompositions (Gadotti 2009; Laurikainen et al. 2010;
Meéndez-Abreu et al. 2014). Throughout this paper we use the pho-
tometric definition of a bulge in order to compare with the literature.

The structure of SO galaxies is an example of their complex-
ity. Despite initially being classified as systems with only a bulge
dominating the light at the galaxy centre and an outer disc without
indication of spiral arms, recent works have provided a wealth of
evidence for multiple structures: bars, lenses, rings, etc. (e.g. Lau-
rikainen et al. 2013). Still, the bulge prominence, usually character-
ized by its luminosity ratio with respect to the whole galaxy light
(B/T), is considered the main parameter to morphologically clas-
sify different SO galaxies (i.e. Kormendy & Bender 2012). There
is ample observational evidence that bulges in SO galaxies cover
a wide range of physical properties such as B/T, Sérsic index (n),
rotational support, and even stellar populations. This supports a sce-
nario in which different types of bulges can be present at the centre
of SO galaxies (de Lorenzo-Ciceres et al. 2012; Méndez-Abreu
et al. 2014; Erwin et al. 2015).

The current observational picture of galactic bulges divides these
systems into two broad classes: classical and disc-like bulges (Ko-
rmendy & Kennicutt 2004; Athanassoula 2005). An updated list
of the observational criteria to separate both types of bulges is
given in Fisher & Drory (2016). In short, disc-like bulges are usu-
ally oblate ellipsoids (Méndez-Abreu et al. 2010a) with apparent
flattening similar to their outer discs, with surface-brightness dis-
tributions (SBDs) well fitted with a Sérsic profile of index n < 2
(Fisher & Drory 2008), and B/T < 0.35. Their kinematics are dom-
inated by rotation in diagrams such as the v/o versus € (Kormendy
& Kennicutt 2004) and thus they are also low-o outliers of the
Faber—Jackson relation (Faber & Jackson 1976). Disc-like bulges
are also usually dominated by young stars, with the presence of
gas and possible recent star formation (Fisher & Drory 2016). On
the other hand, classical bulges are thought to follow SBDs with
a Sérsic index n > 2 and B/T > 0.5, they appear rounder than
their associated discs and their stellar kinematics are dominated
by random motions that generally satisfy the Fundamental Plane
(FP) correlation (Bender, Burstein & Faber 1992; Falcn-Barroso,
Peletier & Balcells 2002; Aguerri et al. 2005). The stellar popula-
tions of classical bulges show similarities with those of ellipticals of
the same mass. In general, they are old and metal-rich with a short
formation time-scale (see Sanchez-Blazquez 2016, for a review on
their stellar populations). Nevertheless, this dichotomy of the ob-
served properties is still controversial since recent studies claim the
different properties of bulges can be just driven by the bulge mass
(Costantin et al. 2017).

Different formation scenarios have been proposed to explain the
observational differences between classical and disc-like bulges.
The former can be created via dissipative collapse of protogalactic
gas clouds (Eggen, Lynden-Bell & Sandage 1962) or by the coales-
cence of giant clumps in primordial discs (Noguchi 1999; Bournaud,
Elmegreen & Elmegreen 2007). Moreover, they could also grow out
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of disc material externally triggered by satellite accretion during
minor merging events (Aguerri, Balcells & Peletier 2001; Eliche-
Moral et al. 2006) or by galaxy mergers (Kauffmann 1996) with
different merger histories (Hopkins et al. 2009). Disc-like bulges
are thought to be the products of secular processes driven by bars
(Kormendy & Kennicutt 2004). Bars are ubiquitous in disc galaxies
(e.g. Eskridge et al. 2000; Aguerri, Méndez-Abreu & Corsini 2009).
They are efficient mechanisms for driving gas inward to the galac-
tic centre triggering central star formation generally associated with
disc-like bulges. Nevertheless, Eliche-Moral et al. (2011) have re-
cently proposed that disc-like bulges might also be created by the
secular accretion of low-density satellites into the main galaxy, thus
providing an alternative to the bar-driven growth of disc-like bulges.
Understanding the nature of bulges of SOs in the nearby Universe
would set important constraints on models of SO formation and
evolution.

The non-homogeneity of the SO family of galaxies has also raised
anumber of new formation theories to explain their variety of prop-
erties. One of the most commonly proposed formation scenarios for
S0 galaxies suggests that they are descendants from spiral galaxies
that happen to quench their star formation (Bekki & Couch 2011).
The mechanism responsible for this transformation has to stop the
star formation in the disc and enhance the spheroidal component.
Several physical processes have been invoked to produce these two
effects, most of them directly related to the presence of the galaxy
in a high-density environment. To enhance the spheroidal compo-
nent, the harassment scenario proposes that the cumulative effects
of fast tidal encounters between galaxies and with the cluster gravi-
tational potential can produce dramatic morphological transforma-
tions in galaxies (Bekki 1998; Moore, Lake & Katz 1998; Moore
et al. 1999; Governato et al. 2009). Galaxy harassment in clusters
(Moore et al. 1996) is able to remove a large amount of mass from
both the disc and halo, but not from the bulge where the stars are
more gravitational bound (Aguerri & Gonzalez-Garcia 2009). Stop-
ping the star formation of the disc involves either the direct stripping
of cold gas from the disc of the galaxy (e.g. ram pressure, Gunn
& Gott 1972; Quilis, Moore & Bower 2000) or the removal of its
hot halo gas reservoir over a long period of strangulation (Larson,
Tinsley & Caldwell 1980; Balogh, Navarro & Morris 2000). These
mechanisms act preferentially on gas, causing little or no disruption
to the galaxy’s stellar disc, but they need different time-scales.

Interestingly, SO galaxies are found in all environments, from
high-density clusters to the field, allowing for a variety of evo-
lutionary paths that are not related with high-density environments
(Wilman et al. 2009; Bekki & Couch 2011). Galaxy mergers are one
of the most widely studied mechanisms which show the potential
to form SOs. Recently, Querejeta et al. (2015) used the Calar Alto
Legacy Integral Field Area (CALIFA, Séanchez et al. 2012) survey
data to prove that the stellar angular momentum and concentration
of late-type spiral galaxies are incompatible with those of SOs, there-
fore suggesting a merger origin for SO galaxies. However, stellar
discs of galaxies are typically disrupted by these processes, requir-
ing specific environmental conditions for disc survival (Hopkins
et al. 2009) or a long period of disc regrowth from the surrounding
gas (Kannappan, Guie & Baker 2009). In the merger paradigm, the
central bulge of disc galaxies forms prior to the disc as a result of
early merging. Despite this inside-out formation scenario is com-
patible with recent observations (Gonzalez Delgado et al. 2015), the
amount of gas available in the progenitor galaxies has been shown to
be a clue for the bulge evolution, with dissipative processes driving
the consequent bulge growth rather than the redistribution of stars
(see Brooks & Christensen 2016, and references therein). At lower
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redshift, minor mergers might have a higher incidence in galaxy
evolution than major ones. The final remnant disc is usually com-
patible with that of SO galaxies, and multiple merging with small
satellites can produce bulge growth mimicking the properties of
SOs (Aguerri et al. 2001; Eliche-Moral et al. 2006). Galaxy fading
can also occur through internal secular processes. One of the in-
ternal processes that could regulate the star formation in galaxies
is feedback processes, due to supernovae or active galactic nuclei
(AGNs), heating the cold gas in galaxies and stopping their star
formation. This process would transform early-type spiral galaxies
located in the blue cloud into galaxies located close to or in the red
sequence (Schawinski et al. 2006). These transformed early-type
galaxies could be the progenitors of later SO galaxies.

In this paper, we have studied the photometric and kinematic
properties of a well-defined sample of 28 SO galaxies extracted from
the CALIFA survey (Sdnchez et al. 2012). The accurate photometric
decomposition carried out by Méndez-Abreu et al. (2017) using
the g, r, and i bands provided by the Sloan Digital Sky Survey
(SDSS) combined with the high-quality integral field spectroscopy
(IFS) obtained from CALIFA have allowed us to characterize these
bulges to an unprecedented level of detail. Our main emphasis is to
characterize the morpho-kinematics properties of SO bulges to shed
light on their possible formation scenarios.

The careful selection of a sample of bona-fide lenticular galax-
ies is key in this work. Therefore, we have developed a detailed
methodology that allows us to deal with the well-known difficul-
ties of separating early-type galaxies into ellipticals and lenticulars
using only photometric data. Our final aim is to find a sample of
galaxies that can be photometrically well described by, at least, a
two-component model (bulge and disc) in the canonical way. These
galaxies have therefore an inner photometric bulge that dominates
only the central parts of the SBD and a disc dominating the light
in the galaxy outskirts. Further structural components such as bars
or truncated outer profiles, not expected in elliptical galaxies, are
also signatures of a photometric lenticular galaxy. The process de-
scribed in this paper implies that some lenticular galaxies will be
erroneously removed from the analysis, but we prefer to work with
a safe and well-defined sample of photometric SO galaxies.

The paper is organized as follows: Section 2 describes the initial
sample of early-type galaxies used in this work. Section 3 details the
analysis of the early-type galaxies SBD. In particular, Section 3.3
presents the methodology followed to separate elliptical and lenticu-
lar galaxies from our initial early-type galaxy sample. This analysis
will be used for the final selection of photometrically defined lentic-
ular galaxies and their structural analysis. Section 4 describes the
general properties of our bona-fide sample of lenticular galaxies.
The kinematic measurements using the CALIFA data base, as well
as the correction due to disc contamination, are described in Sec-
tion 5. Section 6 presents the main results of this paper that will be
discussed in the context of bulge formation in Section 7. The con-
clusions are given in Section 8. Throughout the paper we assume a
flat cosmology with ©,, = 0.3, 2, = 0.7, and a Hubble constant
Hy=70km s~! Mpc~'.

2 CALIFA SAMPLE OF EARLY-TYPE
GALAXIES

This work is based on the observations taken as part of the CAL-
IFA survey (Sénchez et al. 2012). The CALIFA final data release
(DR3, Séanchez et al. 2016) is composed by two different set of
galaxies: (i) galaxies extracted from the CALIFA mother sample
and the CALIFA extended sample. The former was drawn from the
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SDSS Data Release 7 (SDSS-DR7) photometric catalogue (Abaza-
jianetal. 2009). It is composed by 939 galaxies with angular isopho-
tal diameter 45 arcsec < D,5 < 80 arcsec in r band and within a
redshift range 0.005 < z < 0.03. The detailed properties of the
mother sample are extensively discussed in Walcher et al. (2014).
The extended sample is a compendium of galaxies observed with
the same CALIFA setup as ancillary science projects. As part
of the CALIFA sample characterization, every galaxy in both sam-
ples was visually classified into its corresponding Hubble type inde-
pendently by five members of the collaboration. The initial sample
of early-type galaxies used in this paper was based on the mean
value of the morphological type derived in this classification (see
Walcher et al. 2014, for details). In particular, we selected only those
galaxies with Hubble type ranging from ellipticals to SO galaxies.

The CALIFA observational strategy includes observing every
galaxy using two different setups. The V500 grating has a nominal
resolution of R = 850 at 5000 A and covers from 3745 to 7300 A.
This grating is particularly suitable for stellar population studies
and it has been extensively used within the CALIFA collabora-
tion (i.e. Cid Fernandes et al. 2013; Pérez et al. 2013; Gonzélez
Delgado et al. 2014a,b; Sdnchez-Blazquez et al. 2014; Gonzalez
Delgado et al. 2015, 2016; Martin-Navarro et al. 2015; Sénchez
et al. 2016) and for studies of the physical properties of the ionized
gas (i.e. Kehrig et al. 2012; Marino et al. 2013; Papaderos et al. 2013;
Sanchez et al. 2013; Singh et al. 2013; Galbany et al. 2014; Sanchez
et al. 2014; Wild et al. 2014; Barrera-Ballesteros et al. 2015;
Catalan-Torrecilla et al. 2015; Garcia-Lorenzo et al. 2015; Holmes
et al. 2015; Sanchez et al. 2015; Marino et al. 2016; Sanchez-
Menguiano et al. 2016). The second setup is based on the V1200
grating with better spectral resolution R = 1650 at 4500 A . This
grating covers from 3400 to 4750 A and is perfectly suited to
kinematic studies using stellar absorption features (examples of its
use within the CALIFA collaboration includes Barrera-Ballesteros
et al. 2014; Aguerri et al. 2015). In this work, we are interested
in the kinematic properties of the bulges in SO galaxies, therefore
our initial sample is constrained to those galaxies observed with the
V1200 grating. After removing those systems undergoing an inter-
action, with strongly disturbed morphologies, or highly inclined,
we end up with an initial sample of 81 early-type galaxies. The
photometric properties of these galaxies were analysed in detail in
Méndez-Abreu et al. (2017).

3 SURFACE PHOTOMETRY AND S0
SELECTION

The accurate analysis of the SBD of our SO galaxies is a critical
step in our study. First, it is used to properly define a sample of
bona-fide photometric SO galaxies (Section 3.3); secondly, the bulge
size provides the galaxy region from which the stellar kinematics
are extracted (Section 5.2); and finally, the structural parameters,
combined with the galaxy kinematics, are used to constrain the
formation scenarios of SO galaxies (Section 7).

The CALIFA DR3 sample is based on the SDSS-DR7 data
base and therefore high-quality, homogeneous and multiwavelength
imaging of the galaxy sample is assured. We used the imaging
frames in the g, r and i bands provided in the SDSS-DR7 to perform
our surface brightness analysis (see Méndez-Abreu et al. 2017).
These images are pre-reduced but they still contain information
about the local sky background. To guarantee an accurate analy-
sis, we used our own procedures to remove the sky background
instead of using the tabulated values in the SDSS-DR7 data base
(Section 3.1).
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Figure 1. Radial distribution of the zero-point count rate (f/fp) and surface-
brightness profile for SDSS i band using our methodology on the DR7
and that provided by the DR10 for the galaxy NGC0001. The vertical
lines represent the region where the sky level was computed. Note the
improvement of ~60 per cent in the sky level comparing our sky subtraction
scheme with the DR10 implemented one.

3.1 SDSS images sky subtraction

Although SDSS-DR7 provides a measurement of the sky level (as
the median value of every pixel after a sigma-clipping is applied),
this estimate has proven insufficient, specially to study the faintest
parts of spiral galaxies (Pohlen & Trujillo 2006). Therefore, we
apply our own sky subtraction procedure to the SDSS-DR7 fully
calibrated frames. We automatically mask out foreground stars in
every frame using the code SOURCE EXTRACTOR (SEXTRACTOR, Bertin
& Arnouts 1996) as well as visually inspect and manually mask
small features that SEXTRACTOR might have missed. This mask will
also be provided as input to the 2D photometric decomposition
algorithm at a later stage (see Section 3.2). We follow the sky
subtraction procedure proposed by Pohlen & Trujillo (2006): first,
we use the ellipse IRAF' task to obtain the one-dimensional (1D)
surface-brightness profile using a fixed ellipticity (¢) and position
angle (PA) matching the disc outermost isophotes. Fig. 1 shows an
example of this methodology where f; is the zero-point count rate
necessary to calibrate the SDSS data.> We compute the sky level
by averaging such distribution in a region with no influence from
either the studied galaxy or other distant sources, where a flat radial
count profile is displayed (region between vertical lines in Fig. 1).
Then, the obtained value is subtracted from each science frame.

To test the accuracy of this sky subtraction procedure, we com-
pared with the SDSS-DR10 data release (Ahn et al. 2014) that
provides sky subtracted and fully calibrated frames. In Fig. 1, we
compare the surface-brightness profiles and the f/f; i-band profiles
for an example galaxy (NGC 0001) using both approaches, i.e. our
sky subtraction scheme and the automated procedure performed by
the SDSS-DR10 pipeline. In an ideal scenario, the value of f/f;

! 1RAF is distributed by the National Optical Astronomy Observatory, which

is operated by the Association of Universities for Research in Astronomy
(AURA) under cooperative agreement with the National Science Founda-
tion.

2 Check http://www.sdss2.org/dr7/algorithms/fluxcal.html and
https://www.sdss3.org/dr10/algorithms/magnitudes.php for further in-
formation.
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should be 0. With our sky subtraction procedure we improve the
sky level determination by a factor of 60 per cent in the case of
the i band (54.1 per cent for g band and 53.8 per cent for r band),
allowing us to reach ~1 mag deeper (see Fig. 1).

Using the sky-subtracted images, we run ellipse again allowing
the isophotes to change the values of € and PA to detect changes
in the morphology. These €, PA and 1D surface-brightness profiles
along with the previously created masks are then provided to the
2D photometric decomposition.

3.2 Photometric decomposition

The structural parameters of the galaxy sample were taken from
the two-dimensional (2D) photometric decomposition described in
Meéndez-Abreu et al. (2017). To this aim, we applied the Gasp2p
algorithm described in Méndez-Abreu et al. (2008, 2014). We refer
the reader to these papers for details about the actual implementation
of the code. In the following we will only describe the specific
developments introduced in this work.

The galaxy SBD is assumed to be the sum of multiple photo-
metric structures (i.e. bulge, disc or bar component) depending on
its specific morphology. The inclusion of the bar SBD in the pho-
tometric decomposition has been proved to be critical in order to
recover accurate bulge parameters (e.g. Aguerri et al. 2005; Lau-
rikainen, Salo & Buta 2005). Several studies have shown that both
the Sérsic index (n) and the bulge-to-total luminosity ratio (B/T)
can artificially increase if the bar is not properly accounted for in the
fit (Gadotti 2008; Salo et al. 2015). In addition, we allowed the disc
component to depart from its purely exponential profile in the outer
regions (Erwin, Beckman & Pohlen 2005; Pohlen & Trujillo 2006).
Nowadays, it is commonly accepted that galaxy discs can be clas-
sified into three general categories: (i) Type I profiles that follow
a single exponential profile along all the optical extension of the
galaxy, (ii) Type II profiles that present a double exponential law
with a down-bending beyond the so-called break radius and (iii)
Type 111 profiles that exhibit an up-bending in the outer parts of the
disc.

To account for these possibilities we adopted the following func-
tional parametrization of the disc component:

~Idisc “rbr out=h)  —7dise

Laise (rgise) = Io[e ™" 0 + e Foul o (1 —0)], M
where

6=0 if Fdisc > Tbr

0 =1 if Tdise < Tbr 2)

and rygj 1s the radius measured in the Cartesian coordinates describ-
ing the reference system of the disc. /y, &, hy, and ry, are the central
surface brightness, inner scalelength, outer scalelength and break
radius of the disc, respectively.

Fig. 2 shows an example of the photometric fit used to separate
the stellar structures present in NGC 0842. Upper panels show the
2D SBD for the galaxy, model and residuals, and the lower panels
represent the 1D radial profiles of the surface brightness, ellipticity
and position angle. In this particular case, the best fit is achieved
using a three-component model with a bulge, a bar and a Type 11
disc. The photometric bulge, described by a Sérsic profile, is shown
with a red dashed line.

The errors on individual parameters have been computed using
extensive Monte Carlo simulations. Mock galaxies were generated
with a variety of SBD combinations to estimate reliable uncertain-
ties. Further details are presented in Méndez-Abreu et al. (2017)
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Figure 2. Example of the photometric decomposition used to determine the number of stellar components in a galaxy. The plot represents the best fit using
three components (bulge, bar, and Type II disc) for the -band image of NGC 0842. Similar plots were created for the g and i band. Upper left panel: galaxy
image. Upper middle panel: best-fitting model of the galaxy image obtained by adding a bulge, a bar and a disc component. Upper right panel: residual
image obtained by subtracting the best-fitting model from the galaxy image. Bottom left panel: ellipse-averaged surface brightness radial profile of the galaxy
(black dots) and best-fitting model (cyan solid line). The light contributions of the bulge (dashed red line), Type II disc (dotted blue line) and bar (dot—dashed
green line) are shown. The upper inset shows a zoom of the surface-brightness data and fitted with a logarithmic scale for the distance to the centre of the
galaxy. 1D surface brightness residuals (in mag arcsec™2 units) are shown in the bottom sub-panel. Bottom middle panel: ellipse-averaged radial profile of
ellipticity of the galaxy (black dots) and best-fitting model (cyan solid line). 1D residuals (in percentage) are shown in the bottom sub-panel. Bottom right
panel: ellipse-averaged radial profile of position angle of the galaxy (black dots) and best-fitting model (cyan solid line). 1D residuals (in percentage) are shown
in the bottom sub-panel. The grey shaded areas in the bottom panels represent the measurement errors derived from the ellipse 1RAF task when applied to the

galaxy image.

where the photometric decomposition of the entire CALIFA sam-
ple is described.

Tables Al, A2 and A3 show the structural parameters derived
for our final sample of bona-fide lenticular galaxies described in
Section 3.3. The surface-brightness of the different components
has been corrected for both inclination using the disc axis ratio
and Galactic extinction (Schlegel, Finkbeiner & Davis 1998). No
internal dust correction has been attempted.

3.3 SO versus E separation based on the photometric
decomposition

The initial sample of 81 early-type (ellipticals and lenticulars) galax-
ies selected from the CALIFA sample, and described in Section 2,
represents the outcome of a visual classification. Despite its un-
deniable importance, in this work we aim to provide an accurate

quantitative description of the photometric bulges in SO galaxies.
Spiral and early-type galaxies are relatively easy to separate based
only on a visual classification; however, a more thorough analy-
sis, based on quantitative photometric decompositions is needed
to isolate the different galaxy components in early-type galaxies
and to distinguish between SO and elliptical galaxies. The problem
of model selection, i.e. of selecting the most appropriate model
that represents your data among a set of possibilities, is a well-
studied topic in statistics (i.e. MacKay 2003). In astronomy, a clear
example is provided by the well-known difficulties in separating el-
lipticals from SOs using only photometric information. We develop
our own procedure to approach this problem based exclusively on
the photometric properties of the galaxies. The final aim was to
obtain a bona-fide sample of SO galaxies defined in the canonical
way, i.e. composed of a photometric bulge dominating the central
galaxy regions and an outer disc dominating the light in the galaxy
outskirts.
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Figure 3. Logical filter applied to our complete sample of early-type galax-
ies. Depending on the answer to each question galaxies were accepted as
two-component structures (lenticulars) or classified as ellipticals. The term
crossing point is referred to the number of times the bulge profile (Sérsic)
intersects the disc profile (exponential) within the maximum radius used for
the fit. reross indicates the radius at which this crossing point occurs.

The process depicted in this section was applied to the 81 galaxies
visually classified as either elliptical or SO, and it is based on two
steps: (i) a logical filtering and (ii) a statistical criteria to select the
best model.

We assume that elliptical galaxies are photometrically well de-
scribed by a single component with a Sérsic profile. The simplest
description of a SO galaxy consists of a two-component model,
i.e. a Sérsic profile describing the SBD of the bulge and a single
exponential representing the outer disc. The appropriateness of the
two-component model to describe the SBD of our visually classified
elliptical and SO galaxies was evaluated through a logical filter (e.g.
Allen et al. 2006). The idea behind this step is to provide the best
mathematical fit with a physical meaning. The logical filter used in
this paper is shown in Fig. 3. It is worth noting that most of the con-
ditions are set to assure that the final two-component fit is reliable
and follow the canonical view of SO galaxies, i.e. an inner dominant
bulge with an outer disc. The filter will discard intermediate cases
with embedded discs in larger elliptical galaxies.

Those galaxies accepted by the logical filtering as possibly host-
ing two components, i.e. lenticulars, are then compared to the single
Sérsic fit of the whole galaxy using the Bayesian Information Cri-
terion (BIC; Schwarz 1978). This model selection criterion adds a
penalization to the standard x? accounting for the number of free
parameters included in the fit. Thus, this parameter can be applied to
determine whether or not adding an extra component (i.e. an outer
disc) would statistically improve the best fit. Under the hypothesis
of normal errors the BIC statistic can be written as

BIC = x2 + k In(m), 3)

MNRAS 474, 1307-1334 (2018)

where k is the number of free parameters and m is the number
of independent data points. Since in a galaxy image not all the
pixels are independent, we followed the prescriptions of Simard
et al. (2011) and substitute the number of pixels by the number
of resolution elements m.; = m/Ays, where Ay is the size area
of the point spread function (PSF) at full width at half-maximum
(FWHM). Then equation (3) can be rewritten as

L)
BIC = +kIn . @
psf Apst

Fig. 4 (left-hand panels) shows the values of ABIC, i.e.
BIC(Sérsic) — BIC(Sérsic + Exp), for our visually classified sam-
ple of ellipticals and lenticular galaxies that passed the logical filter.
In this scheme, models with lower values of BIC are considered
the preferred models. Then, ABIC < 0 would imply that single-
component Sérsic models are preferred against two components
Sérsic 4+ Exponential. Visually classified elliptical galaxies are in
good agreement with this BIC model selection criterium except for
four galaxies (~8 per cent). However, visually classified lenticular
galaxies span a wider range of BIC values. The actual line of de-
marcation for strong evidence against one of the models is however
not clear. Some studies have proposed a value of ABIC > 10 as
division for a very strong preference against higher BIC models
(Kass & Raftery 1995), but in complex cases such as the one pre-
sented here a calibration of the ABIC parameter using mock galaxy
simulations is preferred.

Mock galaxies were created as in Section 3.2 (photometric er-
ror computation) and therefore they provide a good representation
of the real galaxies with the same observational SDSS setup. We
used a sample of ~250 single Sérsic component galaxies and ~350
two-component Sérsic + Exponential galaxies. Both samples were
fitted again as if they were real galaxies using both a single Sérsic
component and a two-component Sérsic + Exponential model, and
the BIC statistics was computed as for real galaxies. Fig. 4 (right-
hand panels) shows the results obtained for the simulated mock
galaxies. As for real galaxies, mock elliptical galaxies show a nar-
row distribution of the ABIC statistics with all galaxies showing
ABIC < —18. The distribution of lenticular galaxies is also similar
to the real galaxies, strongly overlapping with the region defined by
ellipticals. These results highlight the intrinsic difficulties of sep-
arating ellipticals from SO galaxies using photometric data, but it
also provides us with a method to define bona-fide SO galaxies as
those with ABIC > —18, since no ellipticals lie in this BIC range
of values. It is worth noting that another model selection statistics
such as the Akaike Information Criteria (AIC; Akaike 1974) was
also used in this study obtaining similar results. Nevertheless, the
AIC penalizes the number of parameters less strongly than the BIC
does and therefore we restrict our further analysis to the BIC se-
lected sample to minimize the number of false-positive detections
due to overfitting.

Summarizing, all galaxies with additional structural components
(i.e. bars or non-single exponential discs) were directly classified
as lenticular galaxies. For the remaining galaxies, those classi-
fied by the logical filter as elliptical and with a ABIC < —18
were photometrically classified as ellipticals. On the other hand,
those accepted by the logical filter as two-component and with
ABIC > —18 represent our final sample of bona-fide photometric
lenticular galaxies. Finally, those galaxies accepted by the logical
filter as two-component and with ABIC < —18 cannot be safely
classified and they were labelled in our sample as unknown. This
latter group has not been used in any further analysis in this paper.
There are no galaxies classified as elliptical by the logical filter and
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Figure 4. Distribution of ABIC values, BIC(Sérsic) — BIC(Sérsic+Exp), for our observed galaxy sample (left) and a set of simulated galaxies (right). The
upper and lower panels for our galaxy sample represent galaxies visually classified as elliptical (E) and lenticular (S0O), respectively. The upper and lower panels
for the simulated galaxies represent the single-component Sérsic galaxies and the two-component Sérsic + Exponential galaxies, respectively. The vertical
dashed lines in all panels show the limiting ABIC = —18 for a galaxy considered to be a SO.

Table 1. Schematic of the sample selection process. E — el-
liptical, SO —lenticular, U —unknown. (1) Number of galaxies
using the CALIFA visual classification; (2) number of galax-
ies after the logical filtering; (3) number of galaxies after the
logical filtering and BIC classification; (4) final sample used
in this study.

CALIFA visual LF LF + ABIC Final
(1) 2 3) 4)
48 E 21E 21E
27 S0 150
12 SO 26 E
33 S0 SE 5E 210
28 SO 6U 34 S0
22 S0

with ABIC > —18. Table 1 shows a compendium of the number
of galaxies in each sample. The final sample studied in this work is
composed by 34 SO galaxies. Fig. 5 shows a mosaic with the thumb-
nail images for our SO galaxies. The effective radius of the whole
galaxy (black dashed), as computed from the growth curves (see
Walcher et al. 2014), is shown and the image size has been rescaled
accordingly. The bulge effective radius (7, red) is also shown. This
parameter was obtained from the photometric decomposition de-
scribed in this section.

4 GLOBAL PROPERTIES OF THE GALAXY
SAMPLE

Fig. 6 shows the range of stellar masses, local galaxy densities and
colours probed by our final sample of SO galaxies. For comparison,
we have also included the values for the CALIFA mother sample and
the elliptical sample that will be used for comparison in Section 6.3.

From Fig. 6 (left-hand panel) it is clear that our SO sample covers
a narrow range of stellar masses, M,/M@ > 10'°. Compared to
the elliptical sample they show slightly lower masses but they both
represent the high mass end of the whole CALIFA mother sample
(e.g. Gonzélez Delgado et al. 2015). Although the tight stellar mass
range covered by our sample is not representative of the wide range

of masses encompassed by the whole population of SO galaxies,
it allows us to characterize a well-defined sample of high-mass SO
galaxies.

The environment where our SO galaxies live is presented in
Fig. 6 (middle panel). The local galaxy densities were extracted
from Walcher et al. (2014) and they were computed as in Aguerri
et al. (2009). Despite SO galaxies being found in a wide range of
local densities, our sample is mainly composed of galaxies living
in low-density environments (X5 < 1 gal Mpc~2). Therefore, we
are not probing SO in galaxy clusters. We have further checked this
by studying the membership of our SO sample within well-known
galaxy structures. We found that none of our galaxies belong to a
high-density structure (see Walcher et al. 2014, for details on the
membership definition).

The SO galaxy colours shown in Fig. 6 (right-hand panel) show
that they lie on the red-sequence. Their colours are similar to the
reddest galaxies in the CALIFA mother sample and comparable
with those of the elliptical galaxies.

To summarize, our galaxy sample represents a well-characterized
sample of high mass, red and relatively isolated SO galaxies.

5 STELLAR KINEMATIC MEASUREMENTS

5.1 Stellar kinematics maps

The stellar kinematics of the galaxy sample were measured from the
spectral data cubes observed with the V1200 grating. An extensive
description of the methodology is explained in Falcén-Barroso et al.
(2017). We briefly describe in the following the main characteristics
of the process.

The spaxels of the data cube were binned using a Voronoi tes-
sellation method (Cappellari & Copin 2003) in order to achieve
a signal-to-noise (S/N) ratio > 20. Spaxels with S/N < 3 were
removed from the analysis. The first two moments of the line-of-
sight velocity distribution (LOSVD) were then measured for each
Voronoi bin using the penalized pixel-fitting method (pPXF) from
Cappellari & Emsellem (2004). The possibility of fitting higher or-
der moments of the LOSVD was turned off during the fit due to the
limited S/N of the spectra. A non-negative linear combination of
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Figure 5. SDSS r-band images of the 34 CALIFA SO galaxies presented in this study. In all images, north is up and east is left. The black dashed ellipses show
the galaxy effective radius as computed from the light growth curves (see Walcher et al. 2014). The red solid ellipse shows the effective radius and geometry
of the photometric bulges obtained in this paper. The upper bar in each panel represents 10 arcsec.

a subset of 328 stellar templates from the Indo-US library (Valdes
et al. 2004) was used to fit the spectra. The final errors in both
velocity and velocity dispersion were obtained via Monte Carlo
simulations.

5.2 Stellar kinematic properties

Historically, most of the studies in galaxy bulge kinematics were
based on long-slit spectroscopy, therefore most of these studies fo-
cus on edge-on disc galaxies in order to avoid as much as possible

MNRAS 474, 1307-1334 (2018)

contamination from the disc component. Then, slits were placed at
different heights over the disc plane to compute the maximum rota-
tion velocity. With the advent of IFS spectroscopy, a re-formulation
of the v/o versus € diagram was done by Binney (2005). The up-
dated formulae to compute the v/o relation using 2D spectroscopy
can be defined as

o

= &)

(v)2 ) SN F?
k(o) Z,N FiUiZ,
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Figure 6. Left-hand panel: Distribution of the galaxy stellar masses. Middle panel: Distribution of local galaxy densities. Right-hand panel: Colour-magnitude
diagram. In all panels grey colours represent the whole CALIFA mother sample, black and red show the sample of SO and elliptical galaxies selected in this
work, respectively. The quantities shown in the panels have been extracted from Walcher et al. (2014).

where F; is the flux contained inside the ith Voronoi bin and v;
and o; are the corresponding measured mean velocity and velocity
dispersion.

According to this new formulation, and in their quest for a bet-
ter representation of the dynamical support of galaxies, Emsellem
et al. (2007) defined a new kinematic parameter, X, as a function
of surface brightness weighted averages of v and o. Furthermore,
they included a factor depending on the galactocentric distance in
order to capture the spatial information provided by the IFS, thus
converting A into a proxy for the specific angular momentum. The
equation to measure A takes the form

SN F R vl
Z,{VFiRi \/vi2+0—i2’

where F; is the flux inside the ith bin, R; is the distance to the galaxy
centre, and v; and o; the corresponding mean stellar velocity and
velocity dispersion.

Ag is by definition a function of the radius, thus its integrated
value will depend on the radial extension over which it is measured.
Previous works carried out by the SAURON and ATLAS3D teams
(Emsellem et al. 2007, 2011) have used the half light radius (r.)
of the whole galaxy. This quantity is relatively easy to measure
(using the curve of growth obtained from ellipse fitting to the galaxy
isophotes) and provides a single parametrization of the rotational
support of the galaxy independently of morphology. However, in
this work we are interested in the kinematics of the galaxy bulges and
therefore we computed the values of both v/o and A over 1 effective
radius of the photometric bulge component (see Section 3.2). A
complete analysis on the v/o and X properties of the whole galaxy,
and the comparison with previous surveys, will be given in Falcon-
Barroso et al. (in preparation)

The final errors in our integrated kinematic properties (v/o and A)
come from three main sources: the measurement errors of the stellar
kinematic maps (see Falcon-Barroso et al. 2017), the effects of pix-
elization and PSF associated with measuring integrated properties
in small apertures, and the errors corresponding to the correction
for the disc kinematics. All errors were added in quadrature. The
measurement errors were propagated to the integrated quantities by
using Monte Carlo simulations of the velocity and velocity disper-

A= Q)

sion maps, i.e. varying randomly the values in each spaxel within
their error. The pixelation and PSF effects were estimated using
mock data cube spectroscopic simulations. The methodology is ex-
plained in detail in Appendix B. The impact of the disc kinematics
in the bulge measurements are also estimated using mock spectro-
scopic simulations as described in Section 6.2.1 and compared with
the results from Schwarzschild dynamical modelling of the galaxies
(see Section 6.2.2). The final corrected values of A and v/co, their
edge-on deprojections, and their corresponding errors are shown in
Table 2.

6 RESULTS

6.1 Structural components and photometric properties
of the sample

In this section we dissect the structural components present in our
sample of 34 SO galaxies. A comparison with previous results from
the literature using similar methodologies, but larger samples, al-
lows us to place our photometric components in a more general
context.

6.1.1 Bulge properties

Fig. 7 shows the i-band distribution of the B/T luminosity ratio,
Sérsic index and their correlation for the bulges of our galaxy sam-
ple. The B/T distribution is compared with the sample of SO galax-
ies from Laurikainen et al. (2010) which uses the same photometric
definitions for the different galaxy components. The distributions
are in good agreement showing a wide range of values from small
bulges (B/T ~ 0.1) to galaxies with large bulges (B/T ~ 0.6). The
Sérsic index distribution also shows a large range of values and a
similar distribution to that of Laurikainen et al. (2010). These two
parameters are commonly used to describe bulges and occasionally
they are used interchangeably. Fig. 7 shows the correlation between
B/T and n. Despite the fact that high n bulges show larger values of
B/T, the correlation is weak (Pearson coefficient p ~ 0.5) and there
is large scatter in the relation, with highly concentrated bulges (n >
3) can be found in galaxies with either large or small B/T ratios.
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Table 2. Kinematic values measured for our sample of 34 SO galaxies. (1) Galaxy name; (2) A measured within 1 7, of the bulge (m); (3) Aep measured
within 1 r¢, of the bulge, corrected for pixelation and resolution effects (p+r); (4) Aep measured within 1 ., of the bulge, corrected for pixelation, resolution
and disc contamination (these values are used throughout the paper, p+r+d); (5) edge-on deprojected value of A. (p+r+d); (6) v/oep measured within 1
Te,p of the bulge (m); (7) v/o ¢, measured within 1 7}, of the bulge, corrected for pixelation and resolution effect (p+r1); (8) v/oep measured within 1 re}, of
the bulge, corrected for pixelation, resolution and disc contamination (these values are used throughout the paper, p+r+d); (9) edge-on deprojected value of
v/oep (p+r+d); (10) intrinsic ellipticity of the bulge obtained assuming that both the bulge and the disc are oblate ellipsoids.

GalaXy )‘e,b )te,b )\e,b )\e, b, 0 U/Ge,b U/Ue,b U/Ue,b U/Ue, b, 0 €intr, e, b
(m) (p+1) (p+r+d) (edge-on) (m) (p+r) (ptr+d) (edge-on)
(1 (2) 3) 4) (5) (6) (7 ®) ©)) (10
1C2341 0.30 &£ 0.04 044 £0.04 038 +£0.07 041007 030=£0.04 0424004 033£0.06 0.35=%0.07 0.69
MCG-01-52-012  0.22 £0.02 032 +0.02 029 £0.06 0.37+0.10 021 +£0.02 029 +0.02 0254003 033+0.11 0.28
NGC0364 0.19 £ 0.04 034 +£004 033+0.04 038+£009 020=£0.03 0.32+003 031=£0.03 0.38=+0.10 0.26
NGCO0515 0.12 £ 0.05 0224+005 021 +£0.06 027+0.10 0.13+£0.04 026+ 0.04 0.20+0.04 0.26 £0.10 0.44
NGC0528 0.26 £ 0.07 046 £0.07 039 +£0.07 039 +£0.07 028 £0.07 041 +007 034=£0.07 0.34+0.10 0.19
NGC0677 0.10 £ 0.01  0.14 £ 0.01 - - 0.11 £0.01 0.14 + 0.01 - - 0.24
NGC0842 0.26 £ 0.05 044 £005 042+0.05 044 +007 026=+0.04 040+004 038=£0.04 041=+0.07 0.50
NGC0924 039 +£0.05 0.62+£005 059=+0.05 0.61=+008 042=+0.05 0.59 005 0.55=£0.06 0.60=+0.10 0.52
NGCI1211 0.19 £ 0.01  0.27 £ 0.01 - - 0.20 = 0.01  0.26 £ 0.01 - - 0.35
NGC1349 0.12 £+ 0.01 0.19 £0.02 0.16 £0.05 025+0.15 0.13+£002 0.19+0.02 0.17+£0.02 0.27 £0.12 0.23
NGC1645 0.20 £ 0.06 035+ 0.06 033 +0.06 034+008 021 £0.06 0.34+006 032=£0.06 0.33+0.08 0.48
NGC1665 0.12 £+ 0.01 0.23 £0.01 022+0.01 023+£003 0.13+£001 021 +0.01 0.20+£0.01 0.22+0.03 0.28
NGC2476 0.19 £0.06 033 £006 030+0.06 032+0.11 020=£0.06 0.31+006 028=+0.06 0.32+0.11 0.57
NGC2592 032 +£0.02 049 +002 045+0.05 054+£0.12 031+002 044 +0.02 036+0.04 048 £0.14 0.75
NGC2880 0.37 £ 0.02  0.49 £ 0.02 - - 0.38 +£0.02 0.46 £ 0.02 - - 0.30
NGC3158 0.21 £+ 0.01 0.28 + 0.01 - - 0.25 £ 0.01  0.30 £ 0.01 - - 0.76
NGC3300 0.11 £0.05 0.19+ 005 0.18+0.12 0.20+0.07 0.11 £0.05 0.18 +£0.05 0.17 £0.14 0.19 = 0.06 0.36
NGC4003 030 £0.06 048 £0.06 044 +0.05 049 +0.11 031 =£0.07 045=+0.07 039=+0.05 0.46=+0.16 0.76
NGC5473 0.124+0.03 0.18£0.03 0.14+0.06 0.19+0.11 0.12+£0.03 0.18+0.03 0.14 £0.08 0.19 +0.12 0.20
NGC5481 0.09 £0.02 0.17£0.02 0.14+£0.03 0.18 £0.07 0.10£0.02 0.15+0.02 0.13 £0.03 0.16 = 0.07 0.15
NGC5784 0.22 £ 0.02 0.32 £ 0.02 - - 0.23 +£0.02 0.30 £ 0.02 - - 0.64
NGC5794 0.17 £0.02 030+ 0.02 027 +0.05 042=+0.17 0.18=£0.02 0.28+0.02 0.26 £0.03 0.46 + 0.22 0.11
NGC5876 0.17 £ 0.04 0.25 £ 0.04 024 +£0.04 0.25 £ 0.05 0.17 £ 0.04 024 +£0.04 023 £0.04 0.23 £0.04 0.38
NGC6278 0.17 £0.03 027 £0.03 026 +£0.03 028005 0.17=+0.03 0.24+0.03 024 £0.03 0.25 +0.05 0.25
NGC6427 0.24 £+ 0.05 0.38 £ 0.05 0.36 £ 0.10  0.36 &+ 0.05 0.24 £ 0.04 035+ 0.04 0.34 £0.13 0.34 £+ 0.04 0.32
NGC6945 0.17 £0.03 029 £0.03 028 +£0.03 031 +£006 0.18=+0.03 0.26+0.03 0.25=£0.03 0.29 = 0.06 0.60
NGC7611 0.13 £ 0.05 0.25 £ 0.05 0.25 £0.04 0.26 £ 0.06 0.15 £ 0.03 0.27 £ 0.03 0.26 + 0.04 0.28 £+ 0.04 0.29
NGC7619 0.11 £0.01  0.13 £ 0.01 - - 0.12 £ 0.01  0.14 £ 0.01 - - 0.71
NGC7623 0.14 £ 0.02 0.21 £ 0.02 0.16 £ 0.05 0.20 £ 0.10  0.14 £+ 0.01 0.19 £ 0.01 0.17 £ 0.04 0.21 £ 0.07 0.58
NGC7671 0.16 £ 0.02 031 £0.02 030+0.02 033+£005 0.16+0.03 0.27+0.03 0.26=+0.02 0.29 + 0.06 0.26
UGC01271 0.20 £0.03 035+003 034 +0.03 037+£007 020+003 032+0.04 031+£0.04 0.35=£0.07 0.46
UGC02222 028 £0.03 044 £0.03 040+ 0.04 040+0.04 029=£0.04 041004 040=£0.04 0.40=+0.04 0.36
UGC09629 021 £0.03 036+ 0.04 035+0.04 036+005 021=+0.04 032+004 031=+0.04 0.32+0.05 0.28
UGC11228 0.12+0.02 020+ 0.02 0.18£0.04 021005 0.12£0.02 0.18+0.02 0.17 £0.04 0.20 = 0.05 0.79

Fig. 8 shows the relation between the mean effective surface 6.1.2 Disc properties
brightness within the effective radius ({(iep)) against the effective
radius for the SO bulges in our sample. This relation is also known
as the Kormendy relation (Kormendy 1977) and it represents a pro-
jection of the FP (Djorgovski & Davis 1987; Dressler et al. 1987).
Gadotti (2009) used the Kormendy relation to separate classical
from disc-like bulges based on the sensible assumption that they
should be photometrically and structurally different. He suggested
that disc-like bulges must be faint (u.p,) outliers of the relation
defined by ellipticals and classical bulges. Thus, he introduced the
empirical line shown in Fig. 8 as a division between the two types
of bulges. According only to this photometric criterium, and since
all our SO bulges lie in the region of classical bulges of the
diagram, none of them would be compatible with a disc-like
structure. Nevertheless, the Kormendy relation shows a strong
dependence with the spheroid magnitude/mass (Nigoche-Netro,
Ruelas-Mayorga & Franco-Balderas 2008) and therefore bulges
below the separation line might only represent the less lumi-
nous/massive systems (Costantin et al. 2017).

Galaxy discs in our sample were fitted using either a single ex-
ponential profile, or a double exponential with a down-bending
or up-bending outer slope (see Section 3.2). We found that 17
(68 per cent), 6 (24 per cent) and 2 (8 per cent) SO galaxies
were best fitted with a Type I, Type II or Type III profile, re-
spectively. These values are significantly different from those pro-
vided by Erwin, Pohlen & Beckman (2008) for early-type barred
galaxies (27 per cent, 42 per cent and 24 per cent for Types I, II
and III, respectively) and Gutiérrez et al. (2011) for a larger sam-
ple of early-type discs (30 per cent, 25 per cent and 45 per cent
for types L, II and III, respectively). An obvious source for these
differences might be in the different sample selections and sizes.
However, other differences such as either the accurate selection
of a well-defined sample of SO galaxies done in this work or the
application of a 2D decomposition algorithm to understand the
disc structure instead of relying on 1D azimuthally averaged pro-
files can also contribute to these differences. The latter issues are
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Figure 8. Mean effective surface brightness within the effective radius
(te,p) versus the logarithm of the effective radius (7. ) for the SO bulges in
our sample (black points). Small grey points show the results from Gadotti
(2009) for a galaxy sample including spiral and elliptical galaxies. The
dotted line represents the line dividing classical bulges (above) from disc-
like bulges (below) following the prescription of Gadotti (2009). The dash—
dotted short line represents the position of galaxies with constant mass, with
the arrow indicating the direction of increasing mass.

discussed in detail in Méndez-Abreu et al. (2017) and Ruiz-Lara
et al. (2017).

6.1.3 Bar properties

The study of bar properties is not the main scope of this paper,
but their inclusion in the 2D photometric decomposition method
is mandatory to obtain an accurate description of the remain-
ing galaxy components. We found that 21 galaxies in our sam-
ple are barred, representing ~62 per cent of the sample. This
value is higher than those found in the literature for this range of
galaxy masses (Méndez-Abreu, Sdnchez-Janssen & Aguerri 2010b;
Meéndez-Abreu et al. 2012) and for SO galaxies in general (Aguerri
etal. 2009; Barazza et al. 2009), but see Méndez-Abreu et al. (2017).
Recently, Laurikainen et al. (2013) presented a detailed inventory
of photometric structures in SO galaxies finding a strong variation

of the bar fraction with the bulge prominence. They found a bar
fraction of ~64 per cent, ~64.5 per cent and ~32 per cent for B/T
values between 0-0.2, 0.2-0.4 and 0.4-1, respectively. A similar
trend has been recently reported by Buta et al. (2015). These strong
variations can explain our high fraction of bars once the B/T dis-
tribution of our sample is taken into account (22 out of 34 galaxies
in our sample have B/T < 0.4). Moreover, our SO versus elliptical
separation methodology is biased towards barred systems. Barred
galaxies are automatically classified as SO whereas non-barred SO
could still be misclassified as ellipticals, thus increasing the bar
fraction.

Even if not included in the fit as an independent component,
we also perform a visual search for the presence of ‘barlenses’. A
barlens refers to the inner part of a galaxy bar, different from the
bulge, and they were first recognized by Laurikainen et al. (2010).
Recently, Laurikainen et al. (2014) and Athanassoula et al. (2015)
use both observations and numerical simulations to show that bar-
lenses are likely to be the more face-on view of the boxy/peanut
shape of the bar where seen edge-on. According to the prescrip-
tions given in those papers we found signatures of barlenses in five
barred galaxies in our sample (UGC01271, NGC1211, NGC1645,
NGC3300 and NGC5876) as well as tentative hints in other three
galaxies (NGC0364, NGC4003 and NGC6945).

6.1.4 Bulge and disc interplay

Fig. 9 shows the relation between the effective radius of the bulge
and the scalelength of the disc for our SO sample. The clear cor-
relation, quantified using the Spearman correlation test (o ~ 0.7,
statistically significant at >30), indicates that larger bulges reside
in galaxies with larger discs. This relation was already observed
by Courteau, de Jong & Broeils (1996) and later confirmed in
the optical (Aguerri et al. 2005) and the near-infrared by several
authors (Mollenhoff & Heidt 2001; MacArthur, Courteau & Holtz-
man 2003; Méndez-Abreu et al. 2008). The values obtained from the
multicomponent photometric decomposition of Laurikainen et al.
(2013) are also shown. The good agreement between the differ-
ent samples indicates that despite the small number statistics our
sample reproduces the expected photometric scaling relation for SO
galaxies.
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Figure 9. Effective radius of the bulge versus scalelength of the disc in our
SO sample (black). Results from Laurikainen et al. (2013) are also shown
(grey).

6.2 Stellar kinematics of SO bulges

In this section we analyse the kinematic properties of our sample
of SO bulges. As already stated throughout the paper, our definition
of bulge is entirely photometric and based on our 2D photometric
decomposition. We use the value of the photometric effective radius
to define the aperture where the kinematic parameters are measured
(see Section 5.2), and we study our SO bulges as if they were an
independent structure within the galaxy. This assumption has been
widely adopted in the literature regarding either photometric, kine-
matic or combined studies. An important example is the comparison
of bulges and other spheroidal systems in scaling relations related to
the virial theorem such as the Kormendy relation (Kormendy 1985),
Faber—Jackson relation (Faber & Jackson 1976) and the FP (Djor-
govski & Davis 1987). We refer the reader to Falcon-Barroso (2016)
for a recent review on the kinematic properties of bulges.

6.2.1 Disc contamination in our SO bulges

A common caveat associated with the study of the stellar kinematics
of galaxy bulges is how the contamination from the underlying stars
in the disc is affecting the measurements.

From a photometric point of view, we can quantify the ratio
of the radial extension where the kinematic measurements were
performed, i.e. the r.p of the bulges, with respect to the radius
where the light of another component (usually the disc) has the
same contribution to the SB distribution (r,q). Fig. 10 (upper panel)
shows the distribution of r.},/r,q values. It is clear that for most of
our galaxies we are measuring the bulge stellar kinematics within
the region dominated by light coming from the bulge. Similarly,
Fig. 10 (bottom panel) shows the B/T ratio computed at one bulge
rep- This allows us to quantify the integrated amount of light coming
from the bulge with respect to other structures present in the galaxy
centre (i.e. disc and/or bar). In all cases, more than 70 per cent of the
light in the region where we are measuring the stellar kinematics is
coming from the central bulge.

From the spectroscopic point of view, quantifying the impact of
the disc stellar light on our bulge velocity and velocity dispersion
measurements is not straightforward. We approach this issue by
performing simulations on mock data cubes in a similar manner as
explained in Appendix B, but including the photometric and kine-
matic presence of an underlying disc. A set of 90 tailor-made mock
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Figure 10. Upper panel: Distribution of ey, /rpq for our SO galaxies. rpq
represents the radius where the bulge light dominates the SB distribution
over any other structural component. Bottom panel: Distribution of B/T
ratio computed at one ., of the bulge.

data cubes are created for each observed galaxy in our sample. We
used the measured values of the bulge and disc SBD (see Tables A1
and A2) to reproduce realistic spaxel to spaxel intensity variation
within the data cube. The photometric properties of the data cubes
are kept fixed for all the 90 simulated cubes for each galaxy, allow-
ing us to produce realistic B/T ratios in the region where the stellar
kinematics are measured (i.e. 7. ). The velocity and velocity disper-
sion distributions were assumed to follow the analytical descriptions
by Salucci et al. (2007) and an exponential profile, respectively (see
Appendix B for details on the actual implementation). The same
parametrization was used for the bulge and disc components. These
functional forms involve the choice of a maximum rotational ve-
locity (vimax), a spatial scale of the velocity profile (r,), a maximum
central velocity dispersion (o ,x) and a scalelength of the velocity
dispersion distribution (r,). The analysis of the rotational velocity
and velocity dispersion distributions for our observed galaxies was
carried out using the kinemetry code (Krajnovi¢ et al. 2006). We
create mock data cubes within the limits of our observed galaxies
(Appendix B). Thus, our mock data cubes were created with the fol-
lowing kinematic characteristics: [Vmax.p» Vmaxa] = [50, 150], [50,
3001, [150, 150], [200, 300] and [300, 300] in km s~', [r, 5, 7. 4]
=[5, 5], [10, 10] and [15, 15] in arcsec, [0 maxb> Omaxd] = [150,
100] and [250, 200] in km s~!, and [7, ., 7. 4] = [10, 10], [20, 20]
and [30, 30] in arcsec. The different combinations of these pairs
of values for the bulge and disc components produce our 90 mock
data cubes for each galaxy. Our set of kinematic models covers ex-
treme cases in terms of Vyax, #v, O max and r, for both components.
Nevertheless, we check that both the rotation curve and velocity
dispersion profiles obtained from this analysis represent typical ob-
served profiles for real galaxies. Then, for each galaxy we create a
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Figure 11. Left-hand panel: Distribution of measured A(re ) in the mock data cubes including a bulge + disc photometric and kinematic models against the
same measurement on mocks including only the bulge model. The different colours and symbols show the mock data cubes with the five pairs of maximum
rotational velocity (in km s~!) used in this study. The lower panel shows the relative differences for each model and the histogram of the differences for the
five different pairs of maximum rotational velocities. Right-hand panel: Distribution of measured A(r.) including a bulge 4+ disc photometric and kinematic
models for each galaxy. Colours and symbols as in the left-hand panel. The size of the symbol depends on the relative error between the bulge + disc and
the only bulge models. Three different symbol sizes from small to large represent relative differences from 0-20 per cent, 20-50 per cent and >50 per cent,
respectively. The large black star shows the actual measured value of A(r. ) for each observed galaxy.

similar set of mock data cubes but removing the disc component.
The differences between these two sets of simulations in terms of
the v/o and A values measured within r.}, for each galaxy tell us
about the contamination from the disc component.

Fig. 11 shows the results of our simulations. The left-hand panel
shows the distribution of measured A(r.},) in the mock data cubes in-
cluding a bulge + disc photometric and kinematic model versus the
same measurement on simulations including only the bulge model.
We separate different pairs of maximum rotational velocities for the
bulge and the disc in different colours and symbols. Three different
behaviours can be seen based on these separations apart from the ex-
pected larger values of A(r.,) when the disc component is included
in the modelling. First, data cubes with low maximum rotational
of the bulge (Vinaxp = S0km s~1) show the largest deviations, with
the maximum difference depending on the maximum rotational ve-
locity of the disc. Departures from the actual values of A(r.;) can
be as high as 100 per cent, but most of the measured values have
A(rep) < 0.1. Therefore, bulges with low vy, are heavily contam-
inated by the underlying disc, but even in the extreme case of discs
with vipaxa =300 km s~ they still show A(7.}) values unrealistically
low compared with our measurements. The second trend is shown
by data cubes with similar maximum rotational velocities for the
bulge and the disc. They show almost no differences (<10 per cent)
in the measured A(r.p), and this is independent of the maximum
rotational velocity value. The third possibility involves cases where
the bulge and disc maximum rotational velocity are different,
but the bulge shows some rotation (Vmaxp = 200 km s~1). In this
case, the differences (~20 per cent) with respect to the actual A(r. )
are larger than in the second case, but much smaller than in the first
case. We conclude that high contamination from the underlying
disc is not strongly dependent on the different maximum rotational
velocity of bulge and disc, but mostly on the rotation of the bulge
component.

We use these mock data cube simulations to quantify the disc
contamination in our measured v/o and XA values. The process is

exemplified in the right-hand panel of Fig. 11. It shows the distri-
bution of measured A(r.p), including a bulge + disc photometric
and kinematic model, for each galaxy, with the symbol sizes rep-
resenting the deviation from the input value. Using those models
with comparable values of A(r.},) with respect to the real measure-
ments (i.e. [6A(rep)| < 0.05), we computed the mean difference and
its standard deviation for each galaxy. A similar approach was fol-
lowed for the v/o measurements. The mean value of the difference
is then used as a correction factor for our measured values of A(r.)
and v/o(r.p) and the standard deviation was added in quadrature
to the errors (see Section 5.2). From this analysis, we found that
six of our sample bulges were strongly contaminated by the disc
(large mean value) and the correction was also highly uncertain
(large standard deviation value), therefore we decided to remove
these bulges from any further analysis of the bulge dynamics. They
are NGC0677, NGC1211, NGC2880, NGC3158, NGC5784 and
NGC7619. For the sake of completeness their kinematic values are
included in Table 2 but not used in the following study.

6.2.2 Schwarzschild dynamical modelling of our galaxy sample

Schwarzschild modelling of galaxies (Schwarzschild 1979) has
been demonstrated to be a very powerful technique to study the
dynamics of stellar systems (van de Ven et al. 2006; van den Bosch
et al. 2008). Due to its orbit-superposition methodology, where
galaxies are build up by weighting the orbits generated in a grav-
itational potential, its application to the modelling of real galaxies
has been used to identify different dynamical components (van den
Bosch et al. 2008; Breddels & Helmi 2014).

In this paper, we have used the Schwarzschild modelling of the
CALIFA galaxies carried out by Zhu et al. (2018). We refer the
reader to the paper for a full description of the method. In short,
the Schwarzschild model requires an adequate model of the galaxy
gravitational potential (generally derived from the luminosity dis-
tribution of the galaxy image). Then, a set of representative orbits is
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Figure 12. Comparison between the A(r.p) values obtained from the
Schwarzschild dynamical modelling (Sch.) and from our measurements us-
ing the disc correction using mock data cubes (Obs.). Only the 17 galaxies
with available Schwarzschild modelling are shown.

explored under the effect of this triaxial gravitational potential and
finally, the combination of orbits that best reproduces our galaxy is
found by fitting the observed luminosity and kinematic distribution.
We find that 20 out of 34 galaxies in our sample were analysed
using the Schwarzschild modelling by Zhu et al. (in preparation).
From these, we discard three of them because the disc contamina-
tion is strongly affecting the bulge kinematics, so we remain with
17 galaxies for this analysis. We use these galaxies to check our
disc contamination correction (Section 6.2.1), and to understand
our ability to deproject our kinematic measurements.

The Schwarzschild dynamical modelling of each galaxy provides
us with a set of orbits, each one contributing differently to the SBD
and stellar kinematics. For the sake of comparison with our previous
analysis of the real galaxies, we also looked for orbits building both
our disc and bulge component using their luminosity profiles. We
first determined the region of the galaxy where the disc dominates
the SBD of the galaxy according to our photometric decomposition
(i.e. r > rpq). Then, we ranked the orbits by their relative contribution
to the disc total luminosity (computed between rpq and 7,,x, Where
Fmax 1 the maximum radius used in the Schwarzschild modelling).
Finally, the most luminous orbits contributing up to an 80 per cent
of the total luminosity of the disc are tagged as belonging to the
disc component. The remaining orbits were considered to build the
bulge component.

Using the previously defined bulge orbits, we reconstructed the
maps of SBD, v and o, and measured the (v/o ).}, and A}, as if they
were real galaxies (see Section 5.2). Fig. 12 shows the comparison
of A, computed using the Schwarzschild modelling with respect to
our empirical corrected values using mock data cubes. The agree-
ment between both measurements is remarkable with most of the
differences being within the estimated errors (no errors were es-
timated for the Schwarzschild modelling). The standard deviation
of the differences is o sch.—ops. ~ 0.08. This is reassuring by taking
into account the completely different methodologies used to remove
the disc component. Still, there are two galaxies with differences
larger than their errors, that correspond to the lowest values of A},
in our sample. After a careful check of the orbits derived from the
Schwarzschild modelling, we find that the SBD of the disc orbits do
not present a single exponential profile, but they are more peaked
at the galaxy centre. The different slope in the SBD of the discs is
not taken into account in our mock data cubes, and therefore our
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Figure 14. Comparison between the edge-on A(r¢ b, 0) values obtained from
the Schwarzschild modelling (Sch.) and from our disc correction using mock
data cubes (Obs.). The Schwarzschild values are directly measured on the
edge-on view of the bulge model. The observed values are deprojected in a
statistical way (see the text for details).

disc correction is underestimated with respect to orbital modelling
for these galaxies.

Another advantage of the Schwarzschild modelling is that we
have now the possibility of measuring the values of (v/0 ), and A
using the edge-on projection of the bulge model. Observationally,
the measured values of (v/o )., and A., depend on three parameters
of the bulge: the orbital anisotropy, the intrinsic shape and the incli-
nation with respect to the line of sight (see Emsellem et al. 2011).
Observations do not provide access to the orbital anisotropy. There-
fore, we considered that the vertical anisotropy of our bulges can
take any value from 0 < 8 < 1, and we added this uncertainty
to the error bars. Regarding the intrinsic flattening, we considered
that both the bulge and disc are oblate ellipsoids sharing the same
inclination. Despite this being a strong assumption (see Méndez-
Abreu 2016), it provides a first-order estimation that helped us to
deproject the bulge kinematics. The distribution of intrinsic flatten-
ing of our bulges is shown in Fig. 13. Finally, we derived the galaxy
inclination assuming that discs have an intrinsic flattening given by
anormal distribution with mean flattening (C/A) = 0.267 and stan-
dard deviation o /4 = 0.102 (see Rodriguez & Padilla 2013). Fig. 14
shows the comparison of the edge-on A, o values derived from the
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Schwarzschild modelling and our deprojected measurements based
on the observations. Despite the larger errors, the standard deviation
of the differences is o scn.o—obs.0 ~ 0.09, showing a good agreement.
Similarly as for the projected values, the two galaxies with lower
Ae. b, 0 also show the largest differences.

A similar analysis was performed for (v/o).p obtaining
a standard deviation of the differences osen_ons. ~ 0.1 and
0 sch.0—obs.0 ~ 0.12 for the projected and deprojected values, respec-
tively. The good agreement between the results from our empirical
correction and the Schwarzschild modelling confirms our ability
to recover the bulge stellar kinematics. In the following, we will
consider only the deprojected values obtained from our statistical
analysis unless otherwise stated. Using our own estimation allows
us to use the whole sample of 28 bulges with good kinematics de-
scribed throughout the paper. The final deprojected values are listed
in Table 2.

6.3 Photometry versus kinematics in SO bulges

Fig. 15 shows the distribution of deprojected values of A.p,o and
(v/0)epo for our SO bulges sorted by their photometric properties:
Sérsic index (upper panels) and B/T (bottom panels). We do not find
any clear trend between the photometric and kinematic properties of
our bulges. We compute the Spearman correlation test (o) in order
to understand the statistical significance of a possible correlation
between the proposed measurements. This test assesses how well
the relationship between two variables can be described using a
monotonic (not necessary linear) function. We find low values of
the p correlation coefficient in all cases: 0.2, 0.4, 0.2 and 0.4 for the
Aep0 VEISUS 1, Aepo versus B/T, (v/o)epo versus n, and (v/0)epo
versus B/T relations, respectively. In addition, we computed the
statistical significance of the possible correlation with respect to
the null hypothesis (no correlation). We find that we cannot reject
the null hypothesis at more than 1o in any of the cases; therefore,
we can conclude that there is no statistical correlation between
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the photometric (n and B/T) and kinematic [Aepo and (v/0)ebol
properties of our bulges.

Due to the relatively large uncertainties of the kinematic measure-
ments for some of our bulges, we decided to perform a further test
to understand the statistical significance of our results. Therefore,
we carried out the Spearman test using Monte Carlo simulations
taking into account the errors in both variables for each case [i.e.
Aepo OF (V/0)epo and n or B/T]. We performed 1000 simulations
allowing each bulge to take a possible value confined within its
error, and computed the Spearman correlation coefficient for each
simulation of the sample. As a result of this exercise we obtained
a distribution of both the correlation coefficients (o) and statistical
significance. We found that, for correlations including the Sérsic
index, only in 3 per cent of the trials the null hypothesis could be
rejected at 20. This number increases up to a 10 per cent regard-
ing the correlations with B/T. These percentages are low and they
confirm that there is no correlation between the photometry and
kinematics of our bulges independently of the uncertainties in the
measurements.

In Sections 6.2.1 and 6.2.2 we discussed how the disc contami-
nation was removed from the bulge kinematics. We make use of the
kinematics results obtained from the Schwarzschild reconstructed
bulge maps to study the possible correlation with their photometric
properties. Despite the lower number statistics (17 galaxies), we
confirm results obtained with the whole sample about the lack of a
statistically significant correlation between the morpho-kinematic
properties of SO bulges.

Fig. 16 shows the relation between the apparent bulge effective
radii (r.) and the deprojected values of A.o and (v/0 )epo for our
SO bulges. A possible caveat to our analysis might be the small
apparent size of our bulges. We checked whether the kinematic
measurements are correlated with the aperture where they were
measured (7.). We carried out the same statistical analysis, based
on Monte Carlo simulations, as performed with the n and B/T
parameters. We find that we can only reject the lack of correlation
at 20 level in less than 10 per cent of the realizations, showing the
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Figure 15. Upper panels: The left- and right-hand panels show the distribution of the bulge Sérsic index n with respect to the deprojected values of A(7ep,0)
and (v/0)e b0, respectively. Bottom panels: The left- and right-hand panels show the distribution of the bulge-to-total luminosity ratio (B/7) with respect to

the deprojected values of A(7ep0) and (v/0)ep,0, respectively.
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radius (7 ), respectively.

lack of correlation between our kinematic measurements and bulge
apparent size.

The relation between the kinematic and photometric properties
of bulges has been greatly debated in the literature, but it is poorly
constrained by observations. Previous observational results sug-
gested that bulges with low Sérsic index and low B/T should present
more disc-like characteristics (Fisher & Drory 2016); therefore, they
should show larger rotational support than bulges with either higher
Sérsic index or B/T. We have demonstrated that there is no such
trend in our sample of SO bulges.

Another commonly used diagram to separate bulges with disc-
like properties from bulges with features similar to ellipticals (clas-
sical bulges) is presented in Fig. 17. It shows the relation between
the Sérsic index and the effective radius of the bulge. In general,
bulges with both low » and low r. are considered disc-like whereas
bulges with large n and large r. are considered as classical (Fisher
& Drory 2010). In order to add information about their kinematic
properties we have included a colour code where blue, green and
red circles represent bulges with A0 < 0.2,0.2 < Aepp < 0.4 and
debo > 0.4, respectively. We also included a subsample of elliptical
galaxies (see Section 4) with measured kinematics at 1 r. of the
galaxy. We do not find any trend between the stellar kinematics
and the position of the bulges in this diagram. Previous works re-
ported the presence of a break (knee) separating both kind of bulges
(Fisher & Drory 2016), we find that for our sample bulges there is
no such break, but this is only present whenever we add the elliptical
galaxies to the sample.

Therefore, we suggest that pure photometric diagrams, such as a
Sérsic index based separation or the r, versus n relation, might not
be useful to separate disc-like from classical bulges in SO galaxies.

7 DISCUSSION

7.1 Morpho-kinematic properties of SO bulges

The photometric properties of our SO bulges (eftective radius, Sérsic
index and B/T ratio) span a wide range of values (see Fig. 7). This
lack of homogeneity in the photometric properties of SO bulges
has raised the idea that different formation scenarios, or at least
different initial conditions, are needed to explain their observational
properties.
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From the kinematics point of view, we find that our bulges show
a large range of angular momentum and (v/o) values. We demon-
strate that this result is robust despite the difficulties inherent to
separate the bulge kinematics from the total galaxy, and the uncer-
tainties inherent to deprojection issues.

Fig. 15 shows our attempt to understand the possible connection
between bulge photometry and kinematics. We demonstrate that
regardless of projection effects, there is no statistically significant
relation between either the Sérsic index, or the B/T luminosity
ratio, and the stellar angular momentum, or the v/o, of our SO
bulges. A similar lack of correlation was found in Falc6n-Barroso
et al. (2003). They showed that the central gradient of the velocity
dispersion was not related to the Sérsic index for a sample of 19
early-type disc galaxies. On the other hand, Fabricius et al. (2012)
claimed that purely kinematic diagnostics of bulge dichotomy agree
with those based on Sérsic index, i.e. low Sérsic index bulges have
increased rotational support. This morpho-kinematic approach has
barely been explored in the literature, and the results of Fabricius
et al. (2012) show a significant degree of overlap between different
bulge types. Nevertheless, we suggest that a possible explanation of
the results is the different morphological mixing in Fabricius et al.
(2012) sample (~70 per cent spiral, ~30 per cent SOs), suggesting
a diverse origin of their bulges, possibly with a larger fraction of
disc-like bulges in later Hubble types, with respect to our pure
sample of SOs. Recently, Tabor et al. (2017) performed the spectro-
photometric bulge to disc decomposition of three galaxies from the
CALIFA survey. They found that all their bulges are photometrically
described by a Sérsic index n ~ 1. However, despite the stellar
kinematics of the bulges show some rotation, they are considered as
dispersion dominated systems due to their high-velocity dispersion
values.

7.2 Bulge formation scenarios

Different formation scenarios are expected to leave distinct finger-
prints on the photometric and kinematic properties of bulges (Kor-
mendy & Kennicutt 2004; Athanassoula 2005). These scenarios are
generally divided into two main types depending on whether their
final outcome could be classified as a classical or disc-like bulge.
The major merger scenario has commonly been invoked as the
main channel for the formation of classical-like bulges (Hopkins
et al. 2009, but see Keselman & Nusser 2012). Recent merger
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Figure 17. Distribution of the bulge effective radius (re) versus Sérsic index
(n) for our sample bulges (circles). Elliptical galaxies are shown with stars.
The colour code represents bulges/ellipticals with different values of Aep:
blue, green and red colours describe bulges/ellipticals with Aepo < 0.2,
0.2 < Aepo < 0.4 and Aepo > 0.4, respectively.

simulations in a cosmological context have demonstrated that only
the right combination of major and minor, wet and dry mergers
can reproduce the current population of galaxies (Oser et al. 2012).
In particular, the amount of gas available in the merger has been
found to be critical for the bulge growth. Hopkins et al. (2009)
showed that dissipative processes are the main driver of bulge
growth after a merger, whereas stellar redistribution plays a mi-
nor role (Brooks & Christensen 2016). These mechanisms have
been explored in high-resolution cosmological simulations where
the properties of the bulge regions are better resolved (Guedes
et al. 2013; Okamoto 2013; Christensen et al. 2014). If bulges are
formed by mergers, like elliptical galaxies, then they should show a
variety of photometric and kinematic properties depending mainly
on the amount of dissipation involved in the merger and, eventually,
merger-built bulges might show the decoupled morpho-kinematics
found in Fig. 15 (Hopkins et al. 2010; Naab et al. 2014).

At high redshift, disc-like star-forming galaxies have irregular
optical morphologies dominated by giant clumps of star forma-
tion (Abraham et al. 1996; van den Bergh et al. 1996; Elmegreen
etal. 2007; Hinojosa-Gofii, Mufioz-Tuiién & Méndez-Abreu 2016).
These clumpy galaxies might be the early progenitors of the SO
galaxies observed in the nearby Universe. The observed proper-
ties of the bulges resulting from this process are still a matter of
debate. However, some numerical simulations have already pro-
vided some ideas about the final outcome of the clump merging
process. If the clumps are short-lived, and efficiently destroyed
by stellar feedback before their inward migration time-scale, there
could still be a diffuse inflow of inter-clump gas driven by the insta-
bility (Bournaud et al. 2011; Hopkins et al. 2012). This will create
a low-concentration bulge if no other relaxation process affects
the central region. On the other hand, the models with long-lived
clumps, the repeated clump coalescence (Elmegreen, Bournaud &
Elmegreen 2008) and the relatively short star-formation time-scales
(Immeli et al. 2004) would produce bulges with low rotational sup-
port and high Sérsic indices. While we are far from a definitive
answer about the observational properties of clump-driven bulges
and their evolution until z ~ 0, the variety of morphological and
kinematic properties predicted from recent models might also be in
agreement with the results shown in this paper.
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The minor merger (mass ratios lower than 1:4) mechanism is also
known to induce gentle transformations to the prominence of the
remnant bulge (Aguerri et al. 2001; Eliche-Moral et al. 2006, 2011),
producing in all cases an increase of the Sérsic index. The stellar
kinematics of the bulge remnants after dry minor merger accretion of
galaxy satellites was studied by Tapia et al. (2014). They found that
the net effect of multiple minor mergers is to increase (or keep) the
v /o ratio of the bulges. Therefore, the combination of the kinematic
and photometric evolution of bulges due to minor mergers leads to
a scenario where there might be a lack of correlation between the
morpho-kinematics of the remnant bulges, and in extreme cases to
a scenario where high Sérsic index bulges might have large angular
momentum values.

Internal secular evolution processes, such as those induced by the
presence of a bar or spiral arms in an unstable disc, are thought to
produce disc-like bulges (Kormendy & Kennicutt 2004). In this pic-
ture, non-axisymmetric galaxy structures such as bars redistribute
the angular momentum of disc material and thereby they are re-
sponsible for an efficient transport of gas into the central bulge
region (Pfenniger & Norman 1990; Friedli & Benz 1995). The stel-
lar kinematics of these disc-like bulges is expected to be dominated
by rotation with a structure similar to an oblate ellipsoid. Most of
the galaxies in our sample host a stellar bar (72 per cent) and we
find some low-Sérsic index bulges with relatively large values of
Aepo and (v/o)epo in our sample that might be considered com-
patible with an internal secular evolution origin. We investigated a
possible relation between the presence of a bar and the rotational
support [Aepo and (v/0)ep 0] Of our bulges but none was found. The
lack of relation could be explained if bar-induced secular evolution
is not efficient in building new central structures in SO galaxies.
This scenario needs either a deficit of gas in the outer disc (see
Masters et al. 2010) or an inefficient gas inflow and posterior star
formation. de Lorenzo-Caceres, Falcon-Barroso & Vazdekis (2013)
already suggested a minor role of bar-induced secular evolution in
the formation of new central structures. In addition, recent results
by Seidel et al. (2015) confirmed that more than 50 per cent of
the bulge mass was created at high redshift and not due to secular
evolution.

Based on the morpho-kinematic properties derived for our
sample of SO bulges it seems unlikely that they were mainly
formed through secular processes induced by bars. On the
other hand, dissipational processes taking place at high redshift
such as major galaxy mergers or coalescence of star-forming
clumps are favoured. The relative influence of these two mech-
anisms and the role of minor mergers on the observed prop-
erties of our bulges is difficult to evaluate, and further high-
resolution cosmological simulations are necessary to address this
problem.

7.3 Implications on SO formation

In Section 4 we discussed the local and global environment where
the SO galaxies in our sample live. We found that none of the SOs
belong to a known cluster structure, and that the majority of our
SO galaxies live in a low-density local environment similar to that
of the field or loose groups. Most of the proposed mechanisms
able to transform a star-forming spiral galaxy into a passive SO are
related to high-density environments: galaxy harassment (Moore
et al. 1996, 1999; Aguerri & Gonzdlez-Garcia 2009), ram pres-
sure stripping (Gunn & Gott 1972; Quilis et al. 2000; Bekki 2009),
starvation (Bekki, Couch & Shioya 2002) or gravitational heating
(Khochfar & Ostriker 2008). Therefore, a suggested path of SO
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formation invoking a quenching of star formation through any of
these mechanisms, and a later fading of spiral galaxies into SOs is
unlikely to be happening in our galaxies. In the fading scenario due
to high-density environments, most of the previous processes only
affect either the gas-phase of the galaxy (i.e. ram pressure stripping,
starvation; Abadi, Moore & Bower 1999) or the outer stellar discs
(i.e. harassment; Aguerri & Gonzélez-Garcia 2009), therefore leav-
ing unchanged the stellar angular momentum of the galaxy. Bulges
of late-type spirals have been found to be well represented by expo-
nential surface-brightness (Laurikainen et al. 2010) and with stellar
kinematics typical of a disc-like structure (Ganda et al. 2006). As
previously shown, we found that the morphology and kinematics
of our bulges are not correlated, with photometrically exponential
bulges not showing the largest rotational support, pointing against
a simple transition from spirals to SO in our sample. A similar ar-
gument in terms of the global galaxy properties has recently been
proposed by Querejeta et al. (2015). They claim that the stellar
angular momentum and concentration of late-type spiral galaxies
are incompatible with those of SOs, thus concluding that fading
alone cannot satisfactorily explain the evolution from spirals into
SOs.

The star-formation quenching of spiral galaxies is a process as-
sociated not only to high-density environments, but could also be
related to galaxy internal processes (see Aguerri 2012, and refer-
ences therein). AGN feedback has been suggested to be efficient
in transforming early-type spiral galaxies located in the blue cloud
into galaxies located close to or on the red sequence (Schawinski
etal. 2006). However, stellar angular momentum studies are usually
not compatible with a simple quenching mechanism, and dynamical
evolution of the system is needed to explain the observations (Quere-
jetaetal. 2015). Another internal mechanism able to modify the star
formation and dynamics of the galaxy centre is related to bar struc-
tures. If gas is efficiently driven by bars to the galaxy centre, it could
accelerate the depletion of the gas supply from the outer disc. If this
process is not balanced by an increased inflow of cosmological
gas, this would ultimately produce a quiescent red barred galaxy as
those studied in this paper (Masters et al. 2011; Cheung et al. 2013).
Nevertheless the likely massive disc-like bulges resulting from this
process (Kormendy & Kennicutt 2004) are not the main popula-
tion in our sample. Still, unresolved inner rotating structures could
still be present in our galaxies and this scenario cannot be ruled
out.

We have discussed the most likely formation scenarios for our
sample of field SO galaxies. We suggest that the global properties
of our SO galaxies also point towards a formation mechanism based
on dissipational processes at high redshift, either major mergers or
gas accretion on to gravitationally unstable disc galaxies, with a
possible later evolution due to minor merger accretion. This picture
is also consistent with a mass-related evolution of SOs (van den
Bergh 2009; Barway et al. 2013) and the general picture for the
evolution of early-type galaxies proposed in Cappellari et al. (2013).
According to this view, massive SO galaxies have likely formed at
an early epoch through major mergers, as it is believed to be the case
with elliptical galaxies. On the other hand, faint SO galaxies have
likely formed through secular processes. We cannot discard that
faint SOs would have been originated from spiral galaxies which in
the process of their interaction with dense environments had their
star formation quenched due to stripping of gas (Aragén-Salamanca,
Bedregal & Merrifield 2006; Barr et al. 2007). Our sample of SO
galaxies target only the high-mass end of the SO family (see Fig. 6)
and therefore would be compatible with this mass-dependent idea
of SO formation.
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8 CONCLUSIONS

We have studied the photometric and kinematic properties of a sam-
ple of 34 SO bulges drawn from the IFS CALIFA survey. Extensive
work has been devoted to select our final sample of bona-fide SO
galaxies. We developed a two-step method to identify SO galaxies.
First, all visually classified elliptical and SO galaxies in the CAL-
IFA sample pass through a logical filtering in order to provide the
best-fitting model with a physical meaning. Then, the final model
selection was done using the BIC statistical criteria. The aim was
to obtain a well-defined sample of canonical SO galaxies, i.e. com-
posed by a central bulge and an outer disc dominating the light in
the galaxy outskirts.

Our final sample was found to be representative of a particular
type of SOs. All galaxies have high stellar masses (M, /Mg > 10'7),
they lie on the red sequence, and they live in relatively isolated
environments with a local density similar to that of the field and
loose groups.

A careful multicomponent photometric decomposition of the
sample was performed to derive the bulge parameters using the
Gasp2D code. The structural parameters of the SO bulges were used
to both provide the galaxy region from which the stellar kinematics
were extracted and, combined with the galaxy dynamics, to con-
strain the formation scenarios of SO bulges.

Using the CALIFA IFS data we have explored the stellar kine-
matics of our SO bulges measuring the v/ versus € and A versus €
diagrams within 1 ., of the bulge. We quantified the impact of the
underlying large-scale disc in the bulge kinematic measurements
using both mock spectroscopic data cubes and Schwarzschild dy-
namical modelling of the galaxies. We found that six bulges in the
sample were heavily contaminated and they were removed from the
analysis. The remaining bulges (28 galaxies) were corrected from
disc contamination and deprojected to the edge-on line of sight
using the statistical approach.

We found that our SO bulges show a large range of values for
the deprojected Aepo and (v/o)epo Values. We also found a lack
of correlation between the photometric (n and B/T) and kinematic
(v/o and \) properties of the SO bulges. This behaviour might be
puzzling in the current picture of bulge formation where classi-
cal bulges are expected to be photometrically modelled with high
Sérsic index n > 2 and a kinematics dominated by random mo-
tions, whereas secularly built bulges are expected to be disc-like
in both their light distribution (n ~ 1) and kinematics (dominated
by rotation). We have found that purely photometric diagnostics
separating disc-like from classical bulges might not be applica-
ble to SO bulges. We discuss that the observed photometric and
stellar kinematic properties of the majority of our SO bulges are
hard to reconcile with the predictions of numerical simulations
for an internal secular evolution scenario driven by bars or spiral
arms.

In summary, we suggest that the morpho-kinematic properties of
our SO bulges might be explained if field SO galaxies were mainly
formed through dissipational processes happening at an early stage
of their evolution, either through wet major mergers or coalescence
of giant star-forming clumps. Then, a possible later evolution might
imply that galaxies evolved secularly through both external accre-
tion of satellite galaxies (inducing changes in the bulge properties)
and internal bar-induced mechanisms in gas-devoided discs (with
little effect in the formation of new central structures). These re-
sults seem to also be supported by the global properties of our
SO galaxies, i.e. their high masses and relatively isolated environ-
ment. However, a proper understanding of the dominant formation
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process of SO galaxies will not be achieved until high-resolution
cosmological simulations resolving the bulge structure and kine-
matics will be studied.
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APPENDIX A: STRUCTURAL PARAMETERS OF THE GALAXY SAMPLE

Table Al. Structural parameters of the bulge structures in our sample galaxies.

Galaxy Band e Te Te n Gbulge PApuige
(mag arcsec™2) (arcsec) (kpc) ©)

(1 2 3) 4) 5) (6) ) (3)

1C2341 g 19.6 + 0.2 29 + 03 1.0 £ 0.1 1.3 £ 0.1 0.52 £ 0.03 7+ 4
1C2341 r 189 £ 0.2 3.0 £03 1.0 £ 0.1 1.4 £ 0.1 0.55 + 0.03 5+4
1C2341 i 18.5 £ 0.2 3.0 £+ 03 1.0 £ 0.1 1.5 £ 0.1 0.54 + 0.03 5+4
MCG-01-52-012 g 19.2 £ 0.2 35+ 04 09 £ 0.1 1.6 £ 0.1 0.48 + 0.01 86 + 3
MCG-01-52-012 r 19.4 4+ 0.2 33+ 04 0.8 + 0.1 1.6 £ 0.1 0.46 £+ 0.01 85 £+ 3
MCG-01-52-012 i 18.6 = 0.2 35+ 04 09 £ 0.1 1.7 £ 0.1 0.46 + 0.01 86 + 3
NGC0364 g 19.0 £ 0.3 1.5+ 03 0.5 + 0.1 14 +£ 0.2 0.85 £ 0.05 42 + 6
NGC0364 r 18.3 £ 0.3 1.7 £ 0.3 0.5 £ 0.1 14 £ 0.2 0.90 4+ 0.05 41 £ 6
NGC0364 i 179 £ 0.3 1.7 £ 04 0.5 + 0.1 1.6 £ 0.2 0.87 £ 0.05 45 + 6
NGCO0515 g 18.6 = 0.3 1.7 £ 03 0.5 £ 0.1 1.5 £ 0.2 0.84 4+ 0.05 118 £ 5
NGCO0515 r 189 + 0.3 1.7 £ 03 0.5 £ 0.1 1.5 £ 0.2 0.84 £+ 0.05 118 £ 6
NGCO0515 i 17.7 £ 0.3 1.6 £ 0.3 0.5 £ 0.1 1.8 £ 0.3 0.82 4+ 0.05 116 £ 6
NGC0528 g 199 4+ 0.2 40 £ 04 1.2 £ 0.1 43 £ 04 0.85 £ 0.03 90 + 4
NGC0528 r 19.6 + 0.2 34 £ 04 1.0 £ 0.1 39 £ 04 0.85 + 0.03 80 + 4
NGC0528 i 19.4 + 0.2 42 £ 0.5 1.2 £ 0.1 4.1 £ 04 0.83 £ 0.03 71 £ 4
NGC0677 g 20.3 + 0.1 47 + 0.3 1.5 £ 0.1 2.1 £ 0.1 0.90 + 0.01 33 £2
NGC0677 r 19.5 + 0.1 5.0+ 03 1.6 + 0.1 24 + 0.1 0.91 £+ 0.01 20 £2
NGC0677 i 19.0 £ 0.1 50 £ 04 1.6 £ 0.1 23 £+ 0.1 0.92 + 0.01 32 +£2
NGC0842 g 18.7 £ 0.1 2.1 £ 0.1 0.5 £ 0.1 2.1 £ 0.1 0.66 + 0.02 138 £ 3
NGC0842 r 18.2 + 0.1 24 £ 0.1 0.6 £ 0.1 2.5 £ 0.1 0.66 + 0.02 139 + 3
NGC0842 i 17.7 £ 0.1 22 £ 0.1 0.5 £ 0.1 2.6 £ 0.1 0.64 + 0.02 138 £ 3
NGC0924 g 20.2 + 0.3 3.1 £ 0.6 09 £+ 0.2 4.0 + 0.6 0.72 + 0.05 51 +6
NGC0924 r 20.0 + 0.3 4.8 + 0.6 1.3 £03 4.8 + 0.7 0.65 + 0.05 56 + 6
NGC0924 i 19.1 + 0.3 3.7 £ 0.8 1.0 £ 0.2 5.5 £+ 0.8 0.64 + 0.05 58 + 6
NGCI1211 g 20.6 £+ 0.1 6.3 + 04 1.2 £ 0.1 24 £+ 0.1 091 + 0.02 169 + 3
NGCI1211 r 19.5 + 0.1 48 + 04 1.0 £ 0.1 22 £+ 0.1 0.99 + 0.02 175 £ 3
NGCI1211 i 19.3 £ 0.1 6.1 + 04 1.2 £ 0.1 2.5 £ 0.1 0.94 + 0.02 164 £ 3
NGC1349 g 20.5 + 0.2 22 £+ 02 09 £ 0.1 1.5 £ 0.1 0.94 + 0.01 98 + 3
NGC1349 r 20.3 £ 0.2 3.6 £ 0.2 14 £ 02 3.0 £02 0.95 + 0.01 98 + 3
NGC1349 i 19.4 + 0.2 32 + 04 1.3 £ 0.1 24 £+ 0.1 0.94 + 0.01 98 + 3
NGC1645 g 18.5 £ 0.3 19 £ 04 0.6 £ 0.1 0.8 £ 0.1 0.67 + 0.05 89 +£ 6
NGC1645 r 18.1 + 0.3 1.8 £ 04 0.6 £ 0.1 0.9 £+ 0.1 0.63 &+ 0.05 89 + 6
NGC1645 i 17.6 £ 0.3 1.8 £ 04 0.6 £ 0.1 0.9 £+ 0.1 0.62 + 0.05 88 +£ 6
NGC1665 g 19.5 £ 0.1 2.1 £ 0.2 04 £ 0.1 2.8 £ 0.1 0.77 + 0.01 52 +2
NGC1665 r 18.9 £+ 0.1 23 +£02 04 £ 0.1 3.0 £ 0.1 0.79 + 0.01 56 + 2
NGC1665 i 18.7 £ 0.1 2.5+ 02 04 £ 0.1 34 £+ 0.1 0.79 + 0.01 54 + 2
NGC2476 g 19.0 £ 0.1 24 £ 0.2 0.6 £ 0.1 2.3 £ 0.1 0.70 + 0.02 145 + 4
NGC2476 r 18.0 = 0.1 23 £ 02 0.6 £ 0.1 23 £ 0.1 0.70 + 0.02 142 + 4
NGC2476 i 17.7 £ 0.1 25 £ 02 0.6 £ 0.1 2.3 £ 0.1 0.70 £ 0.02 144 + 4
NGC2592 g 19.4 £ 0.1 34+ 03 0.5 + 0.1 23 + 0.1 0.82 + 0.01 58 + 2
NGC2592 r 18.8 £+ 0.1 4.0 + 0.3 0.6 £ 0.1 33 £ 0.1 0.78 4+ 0.01 58 +2
NGC2592 i 18.1 £ 0.1 35+ 03 0.5 + 0.1 2.6 + 0.1 0.79 £+ 0.01 58 £2
NGC2830 g 20.6 £+ 0.1 9.1 £ 0.5 1.2 £ 0.1 3.1 £ 0.1 0.75 + 0.01 132 £ 3
NGC2880 r 19.8 £ 0.1 89 +£ 0.5 1.1 £ 0.1 3.2 + 0.1 0.78 £+ 0.01 131 £ 3
NGC2830 i 19.2 £+ 0.1 7.8 £ 04 1.0 £ 0.1 29 £+ 0.1 0.79 £+ 0.01 129 £ 3
NGC3158 g 20.7 £ 0.1 84 £+ 0.6 39 + 03 24 + 0.1 0.77 £ 0.01 71 £2
NGC3158 r 19.8 £ 0.1 79 £ 0.6 3.6 £ 0.3 22 £+ 0.1 0.78 + 0.01 71 £ 2
NGC3158 i 19.4 £+ 0.1 8.0 £ 0.6 3.7+ 03 23 £ 0.1 0.78 £ 0.01 71 + 2
NGC3300 g 19.0 +£ 0.2 1.6 £ 0.2 04 £+ 0.1 1.1 £ 0.1 0.76 + 0.03 180 + 3
NGC3300 r 18.2 + 0.2 1.6 +£ 0.2 04 + 0.1 1.1 £ 0.1 0.73 £ 0.03 177 £ 3
NGC3300 i 179 £ 0.2 1.7 £ 0.2 04 £ 0.1 1.2 £ 0.1 0.74 + 0.03 176 + 3
NGC4003 g 20.1 + 0.3 2.7 £ 0.6 1.2 £ 0.2 1.3 £ 0.2 0.65 + 0.05 166 + 6
NGC4003 r 19.2 £ 0.3 2.8 £ 0.6 1.2 £ 03 1.6 £ 0.2 0.63 4+ 0.05 166 + 6
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Table A1 — continued

Galaxy Band e Te re n Goulge PApulge
(mag//r*) (1) (kpc) ©)

(1 (2) 3) 4) 5) 6) @) ()]

NGC4003 i 19.1 £ 0.3 32+ 07 1.4 £ 0.3 14 +£ 02 0.68 £+ 0.05 166 + 6
NGC5473 g 18.7 £ 0.1 29 £+ 0.1 0.5 £ 0.1 1.5 £ 0.1 0.91 4+ 0.01 138 £ 2
NGC5473 r 17.8 £ 0.1 29 + 0.1 0.5 £ 0.1 1.6 + 0.1 0.92 £+ 0.01 136 + 2
NGC5473 i 17.5 £ 0.1 29 £+ 0.1 0.5 £ 0.1 1.6 £ 0.1 0.92 + 0.01 137 £ 2
NGC5481 g 19.1 £ 0.1 2.6 + 0.2 0.3 £ 0.1 3.1 +£02 0.93 £ 0.02 114 + 4
NGC5481 r 19.0 £ 0.1 25 +£02 0.3 £ 0.1 2.8 £ 0.1 0.94 4+ 0.02 115 £ 4
NGC5481 i 18.3 £ 0.1 2.5 + 02 0.3 £ 0.1 3.0 +£ 0.2 0.92 £+ 0.02 114 + 4
NGC5784 g 20.7 £+ 0.1 73 £ 0.5 2.7 £ 02 3.1 £ 0.1 0.67 + 0.01 75 + 2
NGC5784 r 193 + 0.1 52+ 05 1.9 £ 0.1 2.6 + 0.1 0.69 £+ 0.01 T4 £ 2
NGC5784 i 18.7 £ 0.1 47 + 0.3 1.7 £ 0.1 2.5 £ 0.1 0.71 4+ 0.01 75 + 2
NGC5794 g 18.7 £ 0.3 20 £ 04 0.5 £ 0.1 1.9 £ 03 0.87 + 0.05 2+5
NGC5794 r 19.2 £ 0.3 22 +£04 0.6 + 0.1 2.0 £ 03 0.95 + 0.05 345
NGC5794 i 184 + 0.3 23 £ 0.5 0.6 £ 0.1 22 £03 0.98 + 0.05 176 £ 5
NGC5876 g 19.3 £ 0.1 29 £02 0.7 £ 0.1 14 £ 0.1 0.69 + 0.02 52 +£3
NGC5876 r 184 + 0.1 2.8 £ 0.2 0.7 £ 0.1 1.5 £ 0.1 0.68 + 0.02 50 +3
NGC5876 i 17.9 £ 0.1 2.8 £02 0.7 £ 0.1 1.6 £ 0.1 0.67 + 0.02 51 £3
NGC6278 g 193 £ 0.1 29 £ 0.2 0.6 + 0.1 24 £ 0.1 0.81 + 0.02 123 +£ 3
NGC6278 r 18.2 £ 0.1 2.7 £02 0.6 + 0.1 24 £+ 0.1 0.81 + 0.02 122 £ 3
NGC6278 i 17.8 £ 0.1 2.8 £0.2 0.6 =+ 0.1 2.3 £ 0.1 0.80 + 0.02 123 £ 3
NGC6427 g 19.8 + 0.3 3.6 £ 0.7 0.9 £+ 0.2 29 +£ 04 0.71 + 0.05 38+ 6
NGC6427 r 184 + 0.3 2.7 £ 0.7 0.6 + 0.1 23 +£03 0.70 + 0.05 36 £ 6
NGC6427 i 18.2 + 0.3 3.0 £ 0.6 0.7 £ 0.1 24 £ 03 0.70 + 0.05 34 +6
NGC6945 g 194 +£ 0.2 25 +03 0.6 + 0.1 24 £ 0.2 0.72 + 0.03 113 £ 3
NGC6945 r 19.1 £ 0.2 32 £+ 03 0.8 + 0.1 3.7 £03 0.68 + 0.03 116 £ 3
NGC6945 i 19.0 £ 0.2 39 £ 0.5 1.0 £ 0.1 3.7 £03 0.68 + 0.03 118 £ 3
NGC7611 g 17.8 &£ 0.2 1.2 £ 0.1 0.2 + 0.1 1.6 £ 0.1 0.77 + 0.03 137 £ 3
NGC7611 r 17.1 £ 0.2 1.3 £ 0.1 0.3 £ 0.1 1.5 £ 0.1 0.79 + 0.03 143 £ 3
NGC7611 i 16.6 = 0.2 1.2 £ 0.2 0.3 £ 0.1 1.7 £ 0.1 0.76 + 0.03 142 £ 3
NGC7619 g 20.6 £+ 0.1 10.8 £ 0.3 2.6 £ 0.1 3.0 £ 0.1 0.74 + 0.00 90 + 1
NGC7619 r 19.6 £+ 0.1 10.5 £ 0.3 2.5 + 0.1 3.0 £ 0.1 0.73 4+ 0.00 90 + 1
NGC7619 i 19.6 £+ 0.1 13.0 £ 04 3.1 £0.1 3.5 £ 0.1 0.73 4+ 0.00 90 + 1
NGC7623 g 19.7 £ 0.2 39 + 0.5 0.9 £ 0.1 1.9 £ 0.2 0.75 £ 0.03 173 £ 5
NGC7623 r 19.0 £ 0.2 4.0 + 0.5 1.0 £ 0.1 2.0 £ 0.2 0.76 + 0.03 173 £ 5
NGC7623 i 18.5 £ 0.2 4.0 + 0.5 0.9 + 0.1 1.9 £ 0.2 0.75 + 0.03 173 £ 5
NGC7671 g 18.8 £ 0.1 1.8 £ 0.1 0.5 £ 0.1 2.0 £ 0.1 0.87 + 0.02 147 £ 3
NGC7671 r 17.8 £ 0.1 1.7 £ 0.1 0.5 £ 0.1 2.1 £ 0.1 0.82 + 0.02 142 £ 3
NGC7671 i 17.3 £ 0.1 1.7 £ 0.1 0.5 £ 0.1 1.8 £ 0.1 0.82 £+ 0.02 142 + 3
UGCO01271 g 19.5 £ 0.3 1.9 +£ 04 0.6 £ 0.1 1.7 £ 0.2 0.72 £ 0.05 90 £ 6
UGCO01271 r 184 +£ 0.3 1.7 £ 04 0.5 +£ 0.1 1.3 £02 0.70 4+ 0.05 90 + 6
UGCO01271 i 18.3 £ 0.3 2.0 + 04 0.6 £ 0.1 1.7 £ 0.2 0.73 £ 0.05 922 £ 6
UGC02222 g 21.0 £ 0.3 47 + 0.9 1.5£03 32 £+ 05 0.67 + 0.05 93 +6
UGC02222 r 19.8 £ 0.3 3.9 + 09 1.2 +£ 02 3.1 +£ 04 0.69 £ 0.05 94 + 6
UGC02222 i 19.6 + 0.3 49 + 1.0 1.5£03 35+ 05 0.68 + 0.05 922 + 6
UGC09629 g 19.8 + 0.2 23+ 03 1.2 £ 0.1 1.8 £ 0.1 0.73 + 0.01 125 £ 3
UGC09629 r 18.9 £ 0.2 23 +03 1.2 £ 0.1 2.0 £ 0.1 0.71 + 0.01 124 £ 3
UGC09629 i 18.7 &£ 0.2 2.6 +£03 1.3 £ 0.1 23 + 0.1 0.73 + 0.01 124 £ 3
UGC11228 g 19.5 £ 0.3 24 £+ 0.5 1.0 £ 02 1.6 £ 0.2 0.67 + 0.05 172 £ 6
UGC11228 r 185 £ 0.3 24 + 05 09 £ 0.2 1.6 +£ 0.2 0.65 £ 0.05 171 £ 6
UGC11228 i 184 £ 0.3 2.7 £ 0.6 1.1 £02 25+ 04 0.62 4+ 0.05 172 £ 6

Note. (1) Galaxy name; (2) SDSS band, (3), (4), (5), (6), (7), and (8) effective surface brightness, effective radius (arcsec), effective radius (kpc), shape
parameter, axis ratio, and position angle of the bulge, respectively.
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Table A2. Structural parameters of the disc structures in our sample galaxies.
Galaxy Band Ko h h Tbreak Tbreak ho ho qdisc PAgise

(mag arcsec™2) (arcsec) (kpc) (arcsec) (kpc) (arcsec) (kpc) ©)

(1 (2) (3) (C)) ) (6) @ ®) ) (10 (11)
MCG-01-52-012 g 20.5 + 0.2 8.1+ 05 2.0 + 0.1 - - - - 0.79 £ 0.03 44 £+ 4
MCG-01-52-012 r 20.7 £ 0.2 8.0 £ 05 2.0 £ 0.1 - - - - 0.79 £ 0.03 47 +£ 4
MCG-01-52-012 i 19.8 £ 0.2 7.8 £ 0.5 1.9 £ 0.1 - - - - 0.80 £ 0.03 43 + 4
1C2341 g 20.6 + 0.1 9.7 £ 04 33+£01 324+£2 11.1+£06 14+2 49+06 052+001 2+2
1C2341 r 199 + 0.1 99 £ 04 34 + 0.1 33+£2 112+£06 15+£2 544+07 0.52+£0.01 2+£2
1C2341 i 19.6 + 0.1 10.0 £ 0.4 344+£01 324+£2 110+£06 15+£2 52407 0.53+0.01 242
NGC0364 g 21.1 £ 0.2 12.6 £ 0.5 4.0 £ 0.2 - - - - 0.72 £ 0.02 33 +£2
NGC0364 r 20.3 £ 0.2 126 £ 0.5 40 £ 0.2 - - - - 0.72 + 0.02 33+2
NGC0364 i 199 £ 0.2 12.8 £ 0.5 4.1 £ 0.2 - - - - 0.72 £ 0.02 33 +£2
NGCO0515 g 20.6 + 0.2 114 £ 0.5 37 +£02 - - - - 0.75 £ 0.02 103 £ 2
NGCO0515 r 209 £ 0.2 11.2 £ 0.5 36 £02 - - - - 0.74 £ 002 105 £ 2
NGCO0515 i 199 + 0.2 11.7 £ 0.5 38 £ 0.2 - - - - 0.76 £ 0.02 104 + 2
NGC0528 g 18.8 + 0.1 8.6 £ 04 2601 29+2 89 +£05 16+2 50=£06 042+ 0.01 57 £1
NGC0528 r 19.0 + 0.1 89 + 04 26+ 0.1 31 +2 95+05 172 544+07 041 £0.01 57 £1
NGC0528 i 18.8 £ 0.1 93 + 04 28+ 01 3+2 100£05 18+2 56+07 040+ 0.01 57 £ 1
NGC0677 g 224 + 0.1 249 + 0.7 7.8 £ 0.2 - - - - 0.80 £ 0.01 173 £ 1
NGC0677 r 21.7 £ 0.1 272 £ 0.8 8.5 + 0.2 - - — - 0.82 £ 0.01 171 £ 1
NGC0677 i 21.1 £ 0.1 26.6 + 0.7 8.4 + 0.2 - - - - 0.82 £ 0.01 171 £ 1
NGC0842 g 20.8 £+ 0.1 16.0 + 0.4 38+ 0.1 38+2 90+04 124+1 29401 051+£001 145+1
NGC0842 r 20.2 + 0.1 16.6 £ 0.4 39 £ 0.1 40+ 2 95+04 12+1 30401 051+£001 145+1
NGC0842 i 19.7 £ 0.1 163 + 0.4 39+£01 37+2 89 +£04 1341 31+£01 0524000 145+ 1
NGC0924 g 21.2 £ 0.2 17.0 £ 0.7 47 £ 0.2 - - - - 0.50 + 0.02 50 £ 2
NGC0924 r 20.6 + 0.2 17.8 £ 0.8 49 £ 0.2 - - - - 0.51 + 0.02 47 £ 2
NGC0924 i 20.0 + 0.2 16.3 + 0.7 45+ 02 - - - - 0.54 + 0.02 48 + 2
NGCI1211 g 23.1 + 0.1 392 + 1.0 77 +£02 19+1 39 £ 0.2 6+1 12401 090+ 0.01 37 £ 1
NGCI1211 r 21.8 + 0.1 29.3 + 0.8 58+02 19+1 39 + 02 8§+1 15+01 0.88 £ 0.01 37 £ 1
NGCI1211 i 21.6 £ 0.1 32.0 £ 0.8 63+02 19+1 39+£02 101 19+01 090+ 0.01 37 £ 1
NGC1349 g 214 + 0.2 124 + 0.8 50+ 03 - - - - 0.87 £+ 0.01 98 + 4
NGC1349 r 20.7 £ 0.2 13.5 £ 09 55+ 04 - - - - 0.87 + 0.01 98 + 4
NGC1349 i 20.2 + 0.2 13.6 £ 0.9 55+ 04 - - - - 0.88 + 0.01 98 + 4
NGC1645 g 20.5 +£ 0.2 179 + 0.8 54 +£02 - - - - 0.46 + 0.01 86 + 2
NGC1645 r 20.1 + 0.2 15.8 £ 0.7 48 £ 0.2 - - - - 0.46 + 0.01 87 £ 2
NGC1645 i 19.6 + 0.2 15.0 £ 0.6 4.6 £ 0.2 - - - - 0.47 + 0.01 86 + 2
NGC1665 g 20.7 £ 0.1 17.6 £ 0.5 3.1 £ 0.1 - - - - 0.56 £+ 0.01 48 + 1
NGC1665 r 20.0 £ 0.1 18.0 &+ 0.5 32 £ 0.1 - - - - 0.55 + 0.01 48 + 1
NGC1665 i 19.6 + 0.1 182 £ 0.5 32 +£ 0.1 - - - - 0.55 £ 0.01 48 + 2
NGC2476 g 20.2 £+ 0.1 10.1 £ 0.2 25+£01 31 %1 80+02 14 +1 36=£02 065+001 149 £ 1
NGC2476 r 19.4 + 0.1 9.9 £ 0.2 25+01 31 %1 79+02 13+£1 354+02 065+£001 149 +1
NGC2476 i 19.1 £ 0.1 103 £ 0.2 26 £0.1 33 +1 83 +02 14 +1 36=+£02 066+001 149 £ 1
NGC2592 g 20.5 + 0.1 109 £ 0.3 1.6 + 0.1 - - - - 0.79 £+ 0.01 58 £ 2
NGC2592 r 19.9 £+ 0.1 11.1 £ 0.3 1.6 £ 0.1 - - - - 0.80 + 0.01 58 +2
NGC2592 i 19.3 + 0.1 11.3 £ 03 1.7 £ 0.1 - - - - 0.80 + 0.01 58 £ 2
NGC2880 g 21.2 £ 0.1 23.7 £ 0.3 3.0 £ 0.1 - - - - 0.56 = 0.01 146 £ 1
NGC2880 r 204 + 0.1 232 + 0.3 29 £+ 0.1 - - - - 054 £ 0.01 143 +£1
NGC2880 i 19.8 + 0.1 224 +£ 0.2 28 £ 0.1 - - - - 0.57 £ 0.01 143 £1
NGC3158 g 223 + 0.1 325+09 150 £ 04 - - - - 0.85 + 0.01 72 £ 2
NGC3158 r 214 + 0.1 314 £ 09 145 £ 04 - - - - 0.86 £+ 0.01 71 £ 2
NGC3158 i 20.9 £ 0.1 306 £ 09 141 £ 04 - - — - 0.86 £+ 0.01 71 £ 2
NGC3300 g 20.2 + 0.1 134 £ 04 3.0 £ 0.1 - - - - 054 £ 001 174 £ 1
NGC3300 r 19.4 + 0.1 135 £ 04 3.0 £ 0.1 - - - - 0.54 £+ 0.01 174 £ 1
NGC3300 i 19.0 + 0.1 13.6 £ 0.4 3.1 £ 0.1 - - - - 055+ 001 174 £1
NGC4003 g 219 £ 0.2 14.6 £+ 0.6 6.5 £ 0.3 - - - - 0.68 &£ 0.02 169 + 2
NGC4003 r 21.1 £ 0.2 14.6 £ 0.6 6.5+ 0.3 - - - - 0.70 £ 0.02 173 £ 2
NGC4003 i 20.8 +£ 0.2 155 £ 0.7 6.9 + 0.3 - - - - 0.69 + 0.02 175 £ 2
NGC5473 g 20.2 +£ 0.1 17.1 £ 0.3 28 £01 29 +1 48+01 25+£1 41+£01 078 +£001 156 +£1
NGC5473 r 194 £+ 0.1 17.1 £ 0.3 2.8 £ 0.1 30 £ 1 50£01 26+1 43+01 0.78 £ 0.01 155 £ 1
NGC5473 i 19.0 + 0.1 17.0 £ 0.3 28 £ 01 31 +1 50+01 24+1 404+01 078+£001 155+1
NGC5481 g 20.3 £ 0.1 13.7 £ 0.2 1.8 £ 0.1 84 +£2 109+£02 502 654+03 0.73 £0.01 114 £ 1
NGC5481 r 20.2 + 0.1 134 £ 0.2 1.7+01 794+2 1024+02 44+2 574+03 073+£001 115+1
NGC5481 i 195 £ 0.1 13.7 £ 0.2 1.8 £ 0.1 85 +£2 11.0+£02 49+2 64+03 0.73 ££0.01 115 £ 1
NGC5784 g 21.9 + 0.1 20.7 + 0.6 7.7 £ 0.2 - - - - 0.69 £+ 0.01 12 £ 2
NGC5784 r 20.8 £+ 0.1 179 £ 0.5 6.7 + 0.2 - - - - 0.78 + 0.01 20 £+ 2
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Table A2 — continued

J. Méndez-Abreu et al.

Galaxy Band no h h Tbreak Tbreak ho ho qdisc PAdgisc
(mag arcsec™2) (arcsec) (kpc) (arcsec) (kpc) (arcsec) (kpc) ©)

(1 2 3) 4) 5) (6) N (3) )] (10) (11)

NGC5784 i 20.2 + 0.1 16.5 + 0.5 6.2 £+ 0.2 - - - - 0.80 + 0.01 25 +2
NGC5794 g 21.0 £ 0.2 10.9 + 0.5 29 £ 0.1 - - - - 0.93 + 0.02 139 £ 2
NGC5794 r 213 £ 0.2 11.6 £ 0.5 3.1 £ 0.1 - - - - 0.92 £+ 0.02 140 + 2
NGC5794 i 20.5 £ 0.2 122 £ 0.5 32 £ 0.1 - - - - 0.91 + 0.02 145 £ 2
NGC5876 g 21.8 £ 0.1 335 £ 09 8.1 +£ 0.2 55 +£2 13.2 £ 0.6 11 £1 2.8 £ 0.1 0.42 £+ 0.01 54 £ 1
NGC5876 r 21.0 £ 0.1 31.6 + 0.8 7.6 £ 0.2 52 +2 12.7 £ 0.5 11 +1 29 £ 0.1 0.42 + 0.01 52 + 1
NGC5876 i 20.5 £ 0.1 299 £+ 0.8 72 £ 02 49 £ 2 119 £ 0.5 11 £1 2.8 £ 0.1 0.43 £+ 0.01 52 £ 1
NGC6278 g 21.5 £ 0.1 28.6 + 0.7 6.1 £ 0.2 37 £ 2 79 £ 03 12 £ 1 2.6 £ 0.1 0.52 + 0.01 127 £ 1
NGC6278 r 20.4 £ 0.1 245 £ 0.6 52 + 0.1 38 +£2 8.1 £ 04 11 £1 2.5 £ 0.1 0.51 £+ 0.01 127 £ 1
NGC6278 i 20.0 £+ 0.1 247 + 0.6 53 £ 0.1 39 £ 2 84 + 04 12 £ 1 2.6 £ 0.1 0.53 + 0.01 127 £ 1
NGC6427 g 20.6 £ 0.2 143 £ 0.6 34 £ 0.1 - - - - 0.33 + 0.02 36 £ 2
NGC6427 r 19.6 = 0.2 13.1 &£ 0.6 3.1 £ 0.1 - - - - 0.37 + 0.02 36 £ 2
NGC6427 i 19.3 + 0.2 13.8 £ 0.6 33 £ 0.1 - - - - 0.36 + 0.02 36 £ 2
NGC6945 g 20.9 £+ 0.1 16.1 &+ 0.5 42 + 0.1 - - - - 0.61 + 0.01 120 £ 1
NGC6945 r 20.2 £ 0.1 16.4 £ 0.5 43 £ 0.1 - - - - 0.60 £+ 0.01 122 + 1
NGC6945 i 19.8 + 0.1 16.3 + 0.5 42 + 0.1 - - - - 0.64 + 0.01 120 £ 1
NGC7611 g 20.1 £ 0.1 12.1 £ 0.4 2.5 + 0.1 - - - - 0.45 £+ 0.01 137 £ 1
NGC7611 r 19.2 +£ 0.1 12.0 + 0.4 2.5 £ 0.1 - - - - 0.45 + 0.01 137 £ 1
NGC7611 i 18.8 £ 0.1 11.5 £ 0.3 24 £ 0.1 - - - - 0.48 £+ 0.01 137 £ 1
NGC7619 g 21.8 £ 0.1 344 + 04 8.3 £ 0.1 - - - - 0.87 + 0.01 91 + 1
NGC7619 r 21.0 £ 0.1 343 + 04 8.3 £ 0.1 - - - - 0.87 + 0.01 90 + 1
NGC7619 i 20.7 £ 0.1 35.0 £ 0.4 84 £ 0.1 - - - - 0.90 + 0.01 91 + 1
NGC7623 g 219 £ 0.2 19.0 +£ 1.1 4.6 £ 0.3 27 £ 3 6.6 £ 0.6 11 +1 26 £0.3 0.72 + 0.01 7+2
NGC7623 r 21.1 £ 0.2 204 £+ 1.1 49 + 0.3 25 +2 6.1 £ 0.6 14 +2 35+ 04 0.70 + 0.01 8 +2
NGC7623 i 20.6 + 0.2 20.1 + 1.1 48 £ 0.3 25 £ 2 6.0 £ 0.6 12 +2 29 + 04 0.71 £+ 0.01 7+2
NGC7671 g 20.1 £+ 0.1 10.5 + 0.3 2.7 £ 0.1 46 + 2 122 + 0.5 17 £ 1 45 + 02 0.58 + 0.01 135 £ 1
NGC7671 r 19.2 £+ 0.1 10.3 £ 0.3 2.7 £ 0.1 46 + 2 123 £ 0.5 16 + 1 44 +£ 02 0.58 £+ 0.01 135 + 1
NGC7671 i 18.7 £ 0.1 10.2 + 0.3 2.7 £ 0.1 47 £ 2 123 £ 0.5 16 + 1 43 +£ 0.2 0.59 + 0.01 135 £ 1
UGCO01271 g 21.1 £ 0.2 11.5 £ 0.5 36 £02 - - - - 0.62 + 0.02 95 +2
UGCO01271 r 20.1 + 0.2 11.6 + 0.5 3.6 £ 02 - - - - 0.61 + 0.02 108 + 2
UGCO01271 i 19.9 +£ 0.2 11.8 £ 0.5 3.7 £02 - - - - 0.62 + 0.02 94 + 2
UGC02222 g 22.0 +£ 0.2 152 + 0.6 4.7 +£ 0.2 - - - - 0.38 + 0.02 102 + 2
UGC02222 r 20.9 +£ 0.2 14.6 + 0.6 4.6 £ 0.2 - - - - 0.39 + 0.02 101 £ 2
UGC02222 i 20.7 + 0.2 16.2 + 0.7 5.1 £02 - - - - 0.37 + 0.02 102 + 2
UGC09629 g 20.8 + 0.2 123 £ 0.8 64 £ 04 - - - - 0.33 + 0.03 125 £ 4
UGC09629 r 20.1 £ 0.2 125 £ 0.8 6.5 + 04 - - - - 0.32 + 0.03 124 + 4
UGC09629 i 19.7 £ 0.2 12.7 £ 0.8 6.6 £ 04 - - - - 0.31 £+ 0.03 124 + 4
UGC11228 g 21.5 £ 0.2 13.8 + 0.6 54 +£02 - - - - 0.67 + 0.02 178 + 2
UGC11228 r 20.5 +£ 0.2 13.1 £ 0.6 5.1 £02 - - - - 0.65 + 0.02 176 £ 2
UGC11228 i 20.2 + 0.2 14.2 + 0.6 55 +02 - - - - 0.66 + 0.02 176 + 2

Note. (1) Galaxy name; (2) SDSS band, (3), (4), (5), (6), (7), (8), (9), (10) and (11) central surface brightness, scalelength (arcsec), scalelength (kpc), break
radius (arcsec), break radius (kpc), outer scalelength (arcsec), outer scalelength (kpc), axis ratio, and position angle of the disc, respectively.
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Table A3. Structural parameters of the bar structures in our sample galaxies.

Galaxy Band Mbar Abar Abar {bar PApar
(mag arcsec™2) (arcsec) (kpc) ©)

(1 2 (3) 4) (5) (6) (7
1C2341 g - - - - -
1C2341 r - - - - -
1C2341 i - - - - -
MCG-01-52-012 g - - - - -
MCG-01-52-012 r - - - - -
MCG-01-52-012 i - - - - -
NGC0364 g 209 + 04 126 + 1.2 4.0 £ 0.1 0.55 £+ 0.06 91 £ 4
NGC0364 r 20.0 £ 0.4 127 £ 1.2 4.0 £ 0.1 0.55 £+ 0.06 91 £ 4
NGC0364 i 19.7 £ 0.4 129 + 1.2 4.1 £ 0.1 0.54 £+ 0.06 92 +4
NGCO0515 g 199 + 04 123 £ 1.2 4.0 £ 0.1 0.47 £+ 0.06 132 + 4
NGCO0515 r 20.2 £ 0.4 122 £ 1.2 4.0 £ 0.1 0.47 £+ 0.06 132 + 4
NGCO0515 i 19.2 +£ 0.4 12.1 £ 1.2 4.0 £ 0.1 0.46 £+ 0.06 132 + 4
NGC0528 g - - - - -
NGC0528 r - - - - -
NGC0528 i - - - - -
NGC0677 g - - - - -
NGC0677 r - - - - -
NGC0677 i - - - - -
NGC0842 g 209 + 0.3 185 £ 1.2 44 + 0.1 0.54 + 0.03 154 + 2
NGC0842 r 20.2 £ 0.3 189 + 1.2 45 + 0.1 0.52 £+ 0.03 155 £ 2
NGC0842 i 19.8 £ 0.3 182 £ 1.2 43 +£ 0.1 0.54 + 0.03 156 + 2
NGC0924 g 212 £ 04 180 + 1.4 5.0 &+ 0.1 0.38 £+ 0.06 51 £ 4
NGC0924 r 204 + 04 19.6 + 1.4 54 +£ 0.1 0.37 + 0.06 50 + 4
NGC0924 i 19.7 £ 0.4 190 + 1.4 52 + 0.1 0.36 £+ 0.06 50 £ 4
NGCI1211 g 215 £ 0.3 40.1 £ 1.5 79 + 0.1 0.28 + 0.03 145 £ 2
NGCI211 r 203 £ 0.3 358 £ 14 7.1 £ 0.1 0.31 £+ 0.03 146 £+ 2
NGCI1211 i 20.2 £ 0.3 38.8 £ 1.5 7.7 £ 0.1 0.29 + 0.03 145 £ 2
NGC1349 g - - - - -
NGC1349 r - - - - -
NGC1349 i - - - - -
NGC1645 g 19.8 + 0.4 133 £ 1.3 4.1 £ 0.1 0.65 + 0.06 26 + 4
NGC1645 r 195 £ 0.4 133 £ 1.3 4.1 £ 0.1 0.63 £+ 0.06 25 £ 4
NGC1645 i 19.1 £ 04 134 £ 1.3 4.1 £ 0.1 0.61 £+ 0.06 23 £ 4
NGC1665 g - - - - -
NGC1665 r - - - - -
NGC1665 i - - - - -
NGC2476 g - - - - -
NGC2476 r - - - - -
NGC2476 i - - - - -
NGC2592 g - - - - -
NGC2592 r - - - - -
NGC2592 i - - - - -
NGC2880 g 20.6 + 0.1 14.6 £ 1.1 1.9 £ 0.1 0.55 + 0.02 80 + 1
NGC2880 r 19.7 £ 0.1 147 £ 1.1 1.9 £ 0.1 0.54 £+ 0.02 81 £ 1
NGC2880 i 19.5 £ 0.1 14.6 £ 1.1 1.9 + 0.1 0.54 £+ 0.02 82 £ 1
NGC3158 g - - - - -
NGC3158 r - - - - -
NGC3158 i - - - - -
NGC3300 g 203 £ 0.2 178 £ 1.2 4.0 £ 0.1 0.42 £+ 0.05 44 + 1
NGC3300 r 19.5 £ 0.2 177 £ 1.2 4.0 £ 0.1 0.42 £+ 0.05 4 + 1
NGC3300 i 19.1 £ 0.2 177 £ 1.2 4.0 £ 0.1 0.42 £+ 0.05 44 + 1
NGC4003 g 21.8 £ 04 39.1 £ 1.9 173 £ 0.4 0.27 £+ 0.06 144 £+ 4
NGC4003 r 21.0 £ 04 393 £ 19 174 £ 0.4 0.27 £+ 0.06 144 £+ 4
NGC4003 i 20.6 + 0.4 393 £ 1.9 174 £ 0.4 0.27 £+ 0.06 144 £+ 4
NGC5473 g 20.6 £ 0.2 222 + 1.1 3.6 + 0.1 0.49 £+ 0.02 80 £ 1
NGC5473 r 19.8 &£ 0.2 222 + 1.1 3.6 + 0.1 0.48 £+ 0.02 79 £ 1
NGC5473 i 19.4 £ 0.2 223 +£ 1.1 3.6 + 0.1 0.47 £+ 0.02 79 £ 1
NGC5481 g - - - - -
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Table A3 — continued

Galaxy Band Mbar Abar Abar {bar PApar
NGC5481 r - - - - -
NGC5481 i - - - - -
NGC5784 g - - - - -
NGC5784 r - — - — -
NGC5784 i - - - - -
NGC5794 g 20.6 £ 0.4 178 £ 1.4 47 £ 0.1 0.49 £+ 0.06 99 + 4
NGC5794 r 21.0 £ 04 184 + 1.4 49 £ 0.1 0.48 + 0.06 101 + 4
NGC5794 i 20.2 £ 04 19.0 + 1.4 5.1 £ 0.1 0.47 £+ 0.06 100 + 4
NGC5876 g 21.1 £ 03 215 £ 1.2 52 £ 0.1 0.49 £+ 0.03 180 £ 2
NGC5876 r 20.2 £ 0.3 216 £ 1.2 52 + 0.1 0.49 £+ 0.03 180 + 2
NGC5876 i 19.8 £ 0.3 220 £ 1.2 53 £ 0.1 0.48 £ 0.03 179 £ 2
NGC6278 g 21.0 £ 0.3 225 +£ 1.2 4.8 £ 0.1 0.38 £+ 0.03 117 £ 2
NGC6278 r 20.1 £ 0.3 21.8 £ 1.2 46 + 0.1 0.39 £ 0.03 116 + 2
NGC6278 i 19.8 £ 0.3 224 £ 1.2 48 £ 0.1 0.37 £ 0.03 117 £ 2
NGC6427 g 209 £ 04 130 £ 1.3 3.1 £ 0.1 0.47 £+ 0.06 78 £ 4
NGC6427 r 199 £ 04 127 £ 1.2 3.0 £ 0.1 0.52 + 0.06 80 + 4
NGC6427 i 195 £ 04 127 £ 1.2 3.0 £ 0.1 0.49 £+ 0.06 78 + 4
NGC6945 g 209 £ 0.2 196 £ 1.3 5.1 £ 0.1 0.56 £+ 0.05 91 £ 1
NGC6945 r 20.1 £ 0.2 192 £ 1.3 5.0 £ 0.1 0.53 £ 0.05 87 £ 1
NGC6945 i 19.7 £ 0.2 195 £ 1.3 5.1 £ 0.1 0.50 £+ 0.05 87 £ 1
NGC7611 g 19.7 £ 0.2 8.01 + 1.1 1.7 £ 0.1 0.69 £ 0.05 2+1
NGC7611 r 19.0 £ 0.2 821 £ 1.1 1.7 £ 0.1 0.69 £+ 0.05 4 +£1
NGC7611 i 183 £ 0.2 775 £ 1.1 1.6 £ 0.1 0.71 £ 0.05 2+1
NGC7619 g - — - - -
NGC7619 r - — - — -
NGC7619 i - — - - -
NGC7623 g 21.7 £ 0.5 219 £ 1.6 52 +£02 0.41 £ 0.07 161 £ 3
NGC7623 r 209 £ 0.5 214 £ 1.6 5.1+ 02 0.38 + 0.07 161 + 3
NGC7623 i 20.4 £ 0.5 215 £ 1.6 5.1 +£02 0.40 £ 0.07 161 £ 3
NGC7671 g 21.1 £ 0.3 9.18 £ 1.1 24 + 0.1 0.59 £+ 0.03 24 £ 2
NGC7671 r 19.7 £ 0.3 8.77 £ 1.1 2.3 + 0.1 0.62 £+ 0.03 24 + 2
NGC7671 i 194 £ 0.3 9.01 £+ 1.1 24 + 0.1 0.61 £+ 0.03 24 £ 2
UGC01271 g 212 £ 04 187 + 1.4 5.8 £ 0.1 0.43 £+ 0.06 52 + 4
UGCO01271 r 203 £ 04 183 + 1.4 57 + 0.1 0.39 £+ 0.06 53+ 4
UGC01271 i 199 £ 04 187 + 1.4 5.8 £ 0.1 0.42 £ 0.06 52+ 4
UGC02222 g 224 £ 04 226 £ 1.5 7.1 £ 0.2 0.35 £+ 0.06 102 + 4
UGC02222 r 212 £ 04 203 + 1.4 6.3 + 0.1 0.37 £+ 0.06 98 £+ 4
UGC02222 i 209 £ 04 224 £ 1.5 7.0 £ 0.2 0.34 £+ 0.06 101 + 4
UGC09629 g - — - - -
UGC09629 r - — - - -
UGC09629 i - — - - -
UGC11228 g 219 £ 04 235+ 15 9.2 + 0.2 0.30 £+ 0.06 160 + 4
UGC11228 r 209 £ 04 229 £ 1.5 8.9 + 0.2 0.31 £+ 0.06 158 + 4
UGC11228 i 20.6 £ 0.4 23.0 £ 1.5 9.0 + 0.2 0.28 £+ 0.06 157 + 4

Note. (1) Galaxy name; (2) SDSS band, (3), (4), (5), (6), and (7) central surface brightness, semi-major axis length (arcsec), semi-major axis length (kpc), axis
ratio, and position angle of the bar, respectively.

APPENDIX B: EFFECTS OF PIXELIZATION
AND PSF ON THE STELLAR KINEMATICS

Despite the good spatial coverage and sampling of the CALIFA data
cubes, we face the problem that some of our bulges have effective
radii comparable to the measured PSF of the final CALIFA data
cubes (~2.5 arcsec; Garcia-Benito et al. 2015).

In order to estimate the uncertainties due to the effects of pix-
elization and PSF, and eventually include them in the error budget
of our integrated kinematic measurements, we decided to carry out
a set of tests using simulations with mock data cubes. To this aim,
mock data cubes were created from scratch including both photo-
metric and kinematics properties comparable to those of our sample
galaxies. Mock data cubes also share the technical properties of real
CALIFA data in terms of spatial and spectral resolution.

MNRAS 474, 1307-1334 (2018)

In detail, the mock data cubes were created with the following

properties: (i) we used a single stellar population (SSP) spectrum,
corresponding to an old and metal rich star, chosen from the MILES
library (Sdnchez-Blazquez et al. 2006) to create our data cube.
Since we are only interested in the effect of the spatial resolution
on the kinematic measurements, a realistic combination of SSPs to
reproduce a galaxy is not necessary. Therefore all the spaxels in the
data cube were assumed to have the same SSP. (ii) We used a set of
SBD to reproduce realistic spaxel intensity variation within the data
cube. Each spaxel intensity was scaled to follows a SBD described
by a Sérsic profile with values of the effective radius . = 1, 2 and
5 arcsec and Sérsic index n = 1, 2, 3 and 4. Then, all data cubes
were convolved with values of the FWHM =0, 1, 2, 3,4, 5 and
6 arcsec where FWHM = 0 represents the perfect model. (iii) The
velocity field was modelled assuming that the mock galaxies have
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Figure B1. Upper panels: Distribution of measured A.}, as a function of the PSF/r., ratio. Different colours represent different combinations of v, and
0 max. Points have been artificially shifted in the x-axis for representation purposes. Lower panels: Distribution of A}, differences in percentages with respect
to the models with PSF/r.}, = 0, i.e. the ideal case. Left- and right-hand panels show all possible combinations of the kinematic parameters with r.}, = 2 and

n =1 and n = 4, respectively.

a rotation curve that follow the parametrization by Salucci et al.
(2007):
(B1)

’
Ve(r) = Umax T
where v, 1s the maximum rotation velocity and r, define the spatial
rising of the rotation velocity profile. We projected the velocity field
on the sky plane assuming Cartesian coordinates with the origin in
the centre of the galaxy, x-axis aligned along the apparent major axis
of the galaxy, and z-axis along the line of sight directed towards the
observer. The sky plane is confined to the (x, y) plane. If the galaxy
has an inclination angle i (with i = 0° corresponding to the face-on
case), at a given sky point with coordinates (x, y), the observed
velocity v(x, y) is

v(x,y) = v.(x,y) sini cos¢, (B2)

where ¢ is the azimuthal angle measured from the apparent major
axis of the galaxy. The spectra in each spaxel was then shifted
according to this rotation curve using values of vp,x = 150
and 300km s~ !, and , = 10 and 15 arcsec. The velocity field
parametrization was tested against the real data. To this aim, we de-
rived the rotation curves from our galaxy sample using the kineme-
try routine developed by Krajnovié et al. (2006). Then, the rotation
curves were fitted using equations (B1) and (B2) with vy, and
ry as free parameters. The mock galaxy values correspond to the

minimum and maximum values obtained from this fit. The velocity
dispersion of the real galaxies was modelled by a simple expo-
nentially declining profile with two free parameters: the maximum
velocity dispersion (o .« ) and the scalelength (r,,). Attending to the
typical values for our galaxy sample (obtained from the fit to the
kinemetry velocity dispersion profiles) we built the data cubes with
a velocity dispersion profile with ¢, =150 and 200km s~ and
1. =20 and 40 arcsec. Finally, all data cubes were created using
models with two different inclinations i = 30° and 60° to test possi-
ble inclination effects on our measurements. A final sample of 2688
mock data cubes was created.

Since measurement errors were already included in the error
budget using the observed galaxy data cubes (see Section 5.2),
mock data cubes were created noise free. Furthermore, to minimize
problems related to template mismatching, we decided to run the
pPXEF algorithm using the same SSP as that used to create the data
cubes. Then, the pPXF algorithm was run as for real data cubes and
the stellar kinematic maps of velocity and velocity dispersion were
obtained and analysed as described in Section 5.1.

We measured the values of the (v/o ).}, and .}, using equations
(5) and (6). Fig. B1 shows, for a given photometric configuration,
an example of the biases introduced when the measurement radii
are comparable to the spatial resolution of the data. The measured
value of A.}, is a strong function of the PSF/r., ratio, with differ-
ences reaching up to 70 per cent from the actual value, and always
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Figure B2. Distribution of the A}, correction factor in the PSF/r., ratio
and Sérsic index (n) plane. Each point represents the median value of the
different models. Different colours represent models with different values
of the Sérsic index n. The surface resulting of interpolating the correction
factor is also shown. The result of this interpolation for values of n = 1, 2,
3 and 4 is shown in the y—z plane.

affecting the measurements towards lower values of A.p. In fact,
pixelation and PSF effect can be considered as a systematic varia-
tion and therefore a correction factor should be applied to the data.
Fortunately, Fig. B1 (bottom panels) also shows that the correction
factor does not strongly depend on the kinematics of the system but
mostly on their photometric configuration and the PSF/r., ratio. In
fact, the errors due to the different kinematic of the system (dif-
ferent colours in Fig. B1) are always much smaller (<10 per cent)
than the correction factor itself. Therefore, since the photometric
parameters can be obtained with a better spatial resolution (SDSS)
than the data cubes (CALIFA) we can safely compute the correc-
tion factor, and its corresponding dispersion, and properly correct
the integrated values of (v/o).}, and A .

We computed the correction factor for each galaxy by interpo-
lating the plane shown in Fig. B2 using the corresponding values
of r.»/PSF ratio and Sérsic index (n) for each bulge. In order to
account for the errors due to the different possible kinematics, incli-
nations, and bulge effective radius (r.) (shown with different colours
in Fig. B1), we perform this interpolation in a Monte Carlo fashion.
We created 2000 interpolation planes by randomly changing the po-
sition of every node of the plane, i.e. for all the different kinematic
configurations. Both the mean and standard deviation were taken as

MNRAS 474, 1307-1334 (2018)

the correction factor and its error, respectively. This error was then
propagated into the value of A.}, and summed quadratically with
measurements errors as described in Section 6.2.
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