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ABSTRACT

We study a sample of 28 S0 galaxies extracted from the integral-field spectro-
scopic (IFS) survey CALIFA. We combine an accurate two-dimensional (2D) multi-
component photometric decomposition with the IFS kinematic properties of their
bulges to understand their formation scenario. Our final sample is representative of S0s
with high stellar masses (M⋆/M⊙ > 1010). 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 prop-
erties 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 (λ and v/σ). We compare
our bulge corrected kinematic measurements with the results from Schwarzschild dy-
namical modelling. The good agreement confirms the robustness of our results and
allows us to use bulge deprojected values of λ and v/σ. We find that the photomet-
ric (n and B/T) and kinematic (v/σ and λ) properties of our field S0 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 vs classical) might not be useful for S0 galaxies. The morpho-kinematics
properties of S0 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: structure - galaxies: photometry
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1 INTRODUCTION

The Hubble tuning fork diagram (Hubble 1936) has provided
for decades the benchmark to study galaxy evolution. In re-
cent years, the Hubble diagram has been revisited a num-
ber of times in order to accommodate new photometric and
kinematic properties of the galaxies (Cappellari et al. 2011;
Kormendy & Bender 2012). Most of the proposed modifica-
tions affect the position of lenticular galaxies (S0s) in the
diagram. S0 galaxies were initially placed at the intersection
between ellipticals and spirals, implying that they formed
a homogeneous class of galaxies. Since the early works by
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 diagram. Therefore, understanding the origin
of lenticular galaxies and whether they are related to spi-
ral 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 different Hubble types. However, defining
what a bulge is not straightforward. Historically, a bulge was
defined as a bright central concentration due to stellar light
with relatively few features due to dust 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
definition naturally arose. This photometric definition con-
siders 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 generalised to the
central bright structure, usually described with a Sérsic pro-
file (Sérsic 1968), prevailing amongst other structures such
as discs, bars, lenses, etc, in multi-component photomet-
ric decompositions (Gadotti 2009; Laurikainen et al. 2010;
Méndez-Abreu et al. 2014). Throughout this paper we use
the photometric definition of a bulge in order to compare
with the literature.

The structure of S0 galaxies is an example of their com-
plexity. 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., Laurikainen et al. 2013). Still,
the bulge prominence, usually characterised by its lumi-
nosity ratio with respect to the whole galaxy light (B/T),
is considered the main parameter to morphologically clas-
sify different S0 galaxies (i.e., Kormendy & Bender 2012).
There is ample observational evidence that bulges in S0
galaxies cover a wide range of physical properties such as
B/T , Sérsic index (n), rotational support, and even stel-
lar populations. This supports a scenario were different
types of bulges can be present at the centre of S0 galaxies
(de Lorenzo-Cáceres et al. 2012; Méndez-Abreu et al. 2014;
Erwin et al. 2015).

The current observational picture of galactic bulges di-
vides these systems into two broad classes: classical and disc-
like bulges (Kormendy & 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 usually oblate ellip-
soids (Méndez-Abreu et al. 2010a) with apparent flatten-
ing similar to their outer discs, with surface-brightness dis-
tributions well fitted with a Sérsic profile of index n < 2

(Fisher & Drory 2008), and B/T < 0.35. Their kinematics
are dominated by rotation in diagrams such as the v/σ vs ǫ
(Kormendy & Kennicutt 2004) and thus they are also low-
σ 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 for-
mation (Fisher & Drory 2016). On the other hand, classi-
cal bulges are thought to follow surface-brightness distribu-
tions with a Sérsic index n > 2 and B/T > 0.5, they appear
rounder than their associated discs, and their stellar kine-
matics are dominated by random motions that generally sat-
isfy the fundamental plane (FP) correlation (Bender et al.
1992; Falcón-Barroso et al. 2002; Aguerri et al. 2005). The
stellar populations 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 timescale (see
Sánchez-Blázquez 2016, for a review on their stellar popu-
lations). Nevertheless, this dichotomy of the observed prop-
erties is still controversial since recent studies claim the dif-
ferent 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 et al. 1962) or by
the coalescence of giant clumps in primordial discs (Noguchi
1999; Bournaud et al. 2007). Moreover, they could also grow
out of disc material externally triggered by satellite ac-
cretion during minor merging events (Aguerri et al. 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 secu-
lar processes driven by bars (Kormendy & Kennicutt 2004).
Bars are ubiquitous in disc galaxies (e.g., Eskridge et al.
2000; Aguerri et al. 2009). They are efficient mechanisms
for driving gas inward to the galactic centre triggering cen-
tral star formation generally associated with disc-like bulges.
Nevertheless, Eliche-Moral et al. (2011) have recently pro-
posed that disc-like bulges might also be created by the sec-
ular 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 S0s
in the nearby Universe would set important constraints on
models of S0 formation and evolution.

The non-homogeneity of the S0 family of galaxies has
also raised a number of new formation theories to explain
their variety of properties. One of the most commonly pro-
posed 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 for-
mation 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 pres-
ence of the galaxy in a high-density environment. To enhance
the spheroidal component, the harassment scenario proposes
that the cumulative effects of fast tidal encounters between
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galaxies and with the cluster gravitational potential can
produce dramatic morphological transformations in galax-
ies (Bekki 1998; Moore et al. 1998, 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 & González-Garćıa
2009). Stopping the star formation of the disc involves ei-
ther the direct stripping of cold gas from the disc of the
galaxy (e.g., ram pressure, Gunn & Gott 1972; Quilis et al.
2000), or the removal of its hot halo gas reservoir over a long
period of strangulation (Larson et al. 1980; Balogh et al.
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, S0 galaxies are found in all environments,
from high-density clusters to the field, allowing for a vari-
ety of evolutionary 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 S0s. Recently,
Querejeta et al. (2015) used the Calar Alto Legacy Integral
Field Area survey (CALIFA, Sánchez et al. 2012) data to
prove that the stellar angular momentum and concentra-
tion of late-type spiral galaxies are incompatible with those
of S0s, therefore suggesting a merger origin for S0 galaxies.
However, stellar discs of galaxies are typically disrupted by
these processes, requiring specific environmental conditions
for disc survival (Hopkins et al. 2009) or a long period of
disc regrowth from the surrounding gas (Kannappan et al.
2009). In the merger paradigm, the central bulge of disc
galaxies forms prior to the disc as a result of early merg-
ing. Despite this inside-out formation scenario is compatible
with recent observations (González 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 dissipa-
tive processes driving the consequent bulge growth rather
than the redistribution of stars (see Brooks & Christensen
2016, and references therein). At lower redshift, minor merg-
ers might have a higher incidence in galaxy evolution than
major ones. The final remnant disc is usually compatible
with that of S0 galaxies, and multiple merging with small
satellites can produce bulge growth mimicking the proper-
ties of S0s (Aguerri et al. 2001; Eliche-Moral et al. 2006).
Galaxy fading can also occur through internal secular pro-
cesses. One of the internal processes that could regulate the
star formation in galaxies is feedback processes, due to su-
pernovae or active galactic nuclei (AGN), heating the cold
gas in galaxies and stopping their star formation. This pro-
cess 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 S0 galaxies.

In this paper, we have studied the photometric and kine-
matic properties of a well defined sample of 28 S0 galaxies
extracted from the CALIFA survey (Sánchez 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) ob-
tained from CALIFA have allowed us to characterise these
bulges to an unprecedented level of detail. Our main empha-

sis is to characterise the morpho-kinematics properties of S0
bulges to shed light on their possible formation scenarios.

The careful selection of a sample of bona-fide lenticular
galaxies is key in this work. Therefore, we have developed a
detailed methodology that allows us to deal with the well-
known difficulties of separating early-type galaxies into ellip-
ticals and lenticulars using only photometric data. Our final
aim is to find a sample of galaxies that can be photomet-
rically 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 surface brightness distribution and
a disc dominating the light in the galaxy outskirts. Further
structural components such as bars or truncated outer pro-
files, not expected in elliptical galaxies, are also signatures
of a photometric lenticular galaxy. The process described in
this paper implies that some lenticular galaxies will be er-
roneously removed from the analysis, but we prefer to work
with a safe and well-defined sample of photometric S0 galax-
ies.

The paper is organized as follows: Sect. 2 describes
the initial sample of early-type galaxies used in this work.
Sect. 3 details the analysis of the early-type galaxies surface-
brightness distribution. In particular, Sect. 3.3 presents the
methodology followed to separate elliptical and lenticular
galaxies from our initial early-type galaxy sample. This anal-
ysis will be used for the final selection of photometrically de-
fined lenticular galaxies and their structural analysis. Sect. 4
describes the general properties of our bona-fide sample of
lenticular galaxies. The kinematic measurements using the
CALIFA database, as well as the correction due to disc con-
tamination, are described in Sect. 5. Sect. 6 presents the
main results of this paper that will be discussed in the con-
text of bulge formation in Sect. 7. The conclusions are given
in Sect. 8. Throughout the paper we assume a flat cosmol-
ogy with Ωm = 0.3, ΩΛ = 0.7, and a Hubble constant H0 =
70 km s−1 Mpc−1.

2 CALIFA SAMPLE OF EARLY-TYPE

GALAXIES

This work is based on the observations taken as part of
the CALIFA survey (Sánchez et al. 2012). The CALIFA fi-
nal data release (DR3, Sánchez et al. 2016) is composed by
two different set of galaxies: i) galaxies extracted from the
CALIFA mother sample and the CALIFA extended sam-
ple. The former was drawn from the Sloan Digital Sky
Survey Data Release 7 (SDSS-DR7) photometric catalogue
(Abazajian et al. 2009). It is composed by 939 galaxies with
angular isophotal diameter 45 < D25 < 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 com-
pendium of galaxies observed with the same CALIFA setup
as ancillary science projects. As part of the CALIFA sample
characterisation, every galaxy in both samples was visually
classified into its corresponding Hubble type independently
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 se-
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4 J. Méndez-Abreu

lected only those galaxies with Hubble type ranging from
ellipticals to S0 galaxies.

The CALIFA observational strategy includes observ-
ing every galaxy using two different setups. The V500
grating has a nominal resolution of R = 850 at 5000Å
and covers from 3745Å to 7300Å . This grating is par-
ticularly suitable for stellar population studies and it
has been extensively used within the CALIFA collabo-
ration (i.e., Pérez et al. 2013; Cid Fernandes et al. 2013;
González Delgado et al. 2014b,a; Sánchez-Blázquez et al.
2014; Mart́ın-Navarro et al. 2015; González Delgado et al.
2015, 2016; Sánchez et al. 2016) and for studies of the phys-
ical properties of the ionized gas (i.e., Kehrig et al. 2012;
Marino et al. 2013; Singh et al. 2013; Sánchez et al.
2013; Papaderos et al. 2013; Sánchez et al. 2014;
Galbany et al. 2014; Wild et al. 2014; Sánchez et al.
2015; Garćıa-Lorenzo et al. 2015; Barrera-Ballesteros et al.
2015; Holmes et al. 2015; Catalán-Torrecilla et al. 2015;
Marino et al. 2016; Sánchez-Menguiano et al. 2016). The
second setup is based on the V1200 grating with better
spectral resolution R = 1650 at 4500Å . This grating
covers from 3400Å to 4750Å and is perfectly suited to
kinematic studies using stellar absorption features (exam-
ples 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 S0 galaxies, therefore our initial sample
is constrained to those galaxies observed with the V1200
grating. After removing those systems undergoing an
interaction, 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 surface-brightness distribution
(SBD) of our S0 galaxies is a critical step in our study. First,
it is used to properly define a sample of bona-fide photomet-
ric S0 galaxies (Sect. 3.3); second, the bulge size provides
the galaxy region from which the stellar kinematics are ex-
tracted (Sect. 5.2); and finally, the structural parameters,
combined with the galaxy kinematics, are used to constrain
the formation scenarios of S0 galaxies (Sect. 7).

The CALIFA DR3 sample is based on the SDSS-
DR7 database and therefore high-quality, homogeneous, and
multi-wavelength imaging of the galaxy sample is assured.
We used the imaging frames in the g-, r-, and i-bands pro-
vided 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 lo-
cal sky background. To guarantee an accurate analysis, we
used our own procedures to remove the sky background
instead of using the tabulated values in the SDSS-DR7
database (Sect. 3.1).

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 (SExtrac-
tor, 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
Sect. 3.2). We follow the sky subtraction procedure proposed
by Pohlen & Trujillo (2006): first, we use the ellipse IRAF1

task to obtain the one dimensional (1D) surface-brightness
profile using a fixed ellipticity (ǫ) and position angle (PA)
matching the disc outermost isophotes. Figure 1 shows an
example of this methodology where f0 is the zero-point count
rate necessary to calibrate the SDSS data2. 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 Figure 1). Then, the obtained value
is subtracted from each science frame.

To test the accuracy of this sky subtraction procedure,
we compared with the SDSS-DR10 data release (Ahn et al.
2014) that provides sky subtracted and fully calibrated
frames. In Figure 1, we compare the surface-brightness pro-
files and the f / f0 i−band profiles for an example galaxy
(NGC 0001) using both approaches, i.e., our sky subtrac-
tion scheme and the automated procedure performed by the
SDSS-DR10 pipeline. In an ideal scenario, the value of f / f0
should be 0. With our sky subtraction procedure we improve
the sky level determination by a factor of 60% in the case
of the i−band (54.1% for g−band and 53.8% for r−band),
allowing us to reach ∼ 1 magnitude deeper (see Figure 1).

Using the sky-subtracted images, we run ellipse again
allowing the isophotes to change the values of ǫ and PA

to detect changes in the morphology. These ǫ , PA, and 1D
surface-brightness profiles along with the previously created
masks are then provided to the 2D photometric decomposi-
tion.

3.2 Photometric decomposition

The structural parameters of the galaxy sample were
taken from the two-dimensional (2D) photometric de-
composition described in Méndez-Abreu et al. (2017). To
this aim, we applied the GASP2D algorithm described
in Méndez-Abreu et al. (2008) and Méndez-Abreu et al.
(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

1 IRAF is distributed by the National Optical Astronomy Observa-
tory, which is operated by the Association of Universities for Re-
search in Astronomy (AURA) under cooperative agreement with
the National Science Foundation.
2 Check http://www.sdss2.org/dr7/algorithms/fluxcal.html

and https://www.sdss3.org/dr10/algorithms/magnitudes.php

for further information.
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Morpho-kinematic properties of S0 bulges 5

Figure 1. Radial distribution of the zero-point count rate ( f / f 0)
and surface-brightness profile for SDSS i−band using our method-
ology 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 % in the sky
level comparing our sky subtraction scheme with the DR10 im-
plemented one.

photometric structures (i.e., bulge, disc, or bar component)
depending on its specific morphology. The inclusion of the
bar SBD in the photometric decomposition has been proved
to be critical in order to recover accurate bulge parameters
(e.g., Aguerri et al. 2005; Laurikainen et al. 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 com-
ponent to depart from its purely exponential profile in the
outer regions (Erwin et al. 2005; Pohlen & Trujillo 2006).
Nowadays, it is commonly accepted that galaxy discs can
be classified 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 III profiles that exhibit
an up-bending in the outer parts of the disc.

To account for these possibilities we adopted the follow-
ing functional parameterisation of the disc component

Idisc(rdisc) = I0

[

e
−rdisc

h θ + e
−rbr (hout−h)

hout h e
−rdisc
hout (1 − θ)

]

(1)

where

θ = 0 if rdisc > rbr

θ = 1 if rdisc < rbr (2)

and rdisc is the radius measured in the Cartesian coordinates
describing the reference system of the disc. I0, h, hout, and rbr

are the central surface brightness, inner scale-length, outer
scale-length, and break radius of the disc, respectively.

Figure 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 residu-
als, 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 com-
ponent model with a bulge, a bar, and a Type II disc. The
photometric bulge, described by a Sérsic profile, is shown
with a red dashed line.

The errors on individual parameters have been com-
puted using extensive Monte Carlo simulations. Mock galax-
ies were generated with a variety of SBD combinations to es-
timate reliable uncertainties. Further details are presented
in Méndez-Abreu et al. (2017) where the photometric de-
composition of the entire CALIFA sample is described.

Tables A1, A2, and A3 show the structural parameters
derived for our final sample of bona-fide lenticular galaxies
described in Sect. 3.3. The surface-brightness of the different
components has been corrected for both inclination using the
disc axis ratio and Galactic extinction (Schlegel et al. 1998).
No internal dust correction has been attempted.

3.3 S0 vs E separation based on the photometric

decomposition

The initial sample of 81 early-type (ellipticals and lentic-
ulars) galaxies selected from the CALIFA sample, and de-
scribed in Sect. 2, represents the outcome of a visual clas-
sification. Despite its undeniable importance, in this work
we aim to provide an accurate quantitative description of
the photometric bulges in S0 galaxies. Spiral and early-type
galaxies are relatively easy to separate based only on a visual
classification, however, a more thorough analysis, based on
quantitative photometric decompositions is needed to isolate
the different galaxy components in early-type galaxies and
to distinguish between S0 and elliptical galaxies. The prob-
lem 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 ellipticals from S0s using only pho-
tometric information. We develop our own procedure to ap-
proach this problem based exclusively on the photometric
properties of the galaxies. The final aim was to obtain a
bona-fide sample of S0 galaxies defined in the canonical way,
i.e., composed of a photometric bulge dominating the cen-
tral galaxy regions and an outer disc dominating the light
in the galaxy outskirts.

The process depicted in this section was applied to the
81 galaxies visually classified as either elliptical or S0, 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 described by a single component with a Sérsic pro-
file. The simplest description of a S0 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 ellip-
tical and S0 galaxies was evaluated through a logical filter

(e.g., Allen et al. 2006). The idea behind this step is to pro-
vide the best mathematical fit with a physical meaning. The
logical filter used in this paper is shown in Figure 3. It is
worth noting that most of the conditions are set to assure
that the final two-component fit is reliable and follow the
canonical view of S0 galaxies, i.e., an inner dominant bulge
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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 r−band image of NGC 0842. Similar plots were created for the
g- and i−band. Upper left panel: galaxy image. Upper middle panel: best-fit 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-fit model from the galaxy image. Bottom
left panel: ellipse-averaged surface brightness radial profile of the galaxy (black dots) and best-fit model (cyan solid line). The light
contributions of the bulge (dashed red line), Type II disc (dotted blue line), and bar (dotted-dashed green line) are shown. The upper
inset shows a zoom of the surface-brightness data and fit with a logarithmic scale for the distance to the centre of the galaxy. 1D surface
brightness residuals (in mag/arcsec2 units) are shown in the bottom sub-panel. Bottom middle panel: ellipse-averaged radial profile of
ellipticity of the galaxy (black dots) and best-fit 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-fit 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 IRAF task when applied to the galaxy image.

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 possi-
bly hosting two components, i.e., lenticulars, are then com-
pared to the single Sérsic fit of the whole galaxy using the
Bayesian Information Criterion (BIC; Schwarz 1978). This
model selection criterium adds a penalization to the stan-
dard χ2 accounting for the number of free parameters in-
cluded 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. Un-

der the hypothesis of normal errors the BIC statistic can be
written as

BIC = χ2
+ k ln(m) (3)

where k is the number of free parameters and m is the num-
ber 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 mres = m/Apsf where
Apsf is the size area of the Point Spread Function (PSF) at
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Figure 3. Logical filter applied to our complete sample of early-
type galaxies. Depending on the answer to each question galaxies
were accepted as two-component structures (lenticulars) or classi-
fied as ellipticals. The term crossing point is referred to the num-
ber of times the bulge profile (Sérsic) intersects the disc profile
(exponential) within the maximum radius used for the fit. rcross

indicates the radius at which this crossing point occurs.

Full Width Half Maximum (FWHM). Then Eq. 3 can be
rewritten as

BIC =
χ2

Apsf
+ k ln

(

m

Apsf

)

(4)

Figure 4 (left panels) shows the values of ∆BIC, i.e.,
BIC(Sérsic) - BIC(Sérsic+Exp), for our visually classified
sample 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, ∆BIC < 0

would imply that single component Sérsic models are pre-
ferred against two components Sérsic + Exponential. Vi-
sually classified elliptical galaxies are in good agreement
with this BIC model selection criterium except for 4 galaxies
(∼8%). However, visually classified lenticular galaxies span
a wider range of BIC values. The actual line of demarcation
for strong evidence against one of the models is however not
clear. Some studies have proposed a value of ∆BIC > 10

as division for a very strong preference against higher BIC

models (Kass & Raftery 1995), but in complex cases such as
the one presented here a calibration of the ∆BIC parameter
using mock galaxy simulations is preferred.

Mock galaxies were created as in Sect. 3.2 (photomet-
ric error computation) and therefore they provide a good
representation of the real galaxies with the same observa-

tional SDSS setup. We used a sample of ∼250 single Sérsic
component galaxies and ∼350 two component Sérsic + Ex-
ponential 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. Figure 4 (right
panels) shows the results obtained for the simulated mock
galaxies. As for real galaxies, mock elliptical galaxies show a
narrow distribution of the ∆BIC statistics with all galaxies
showing ∆BIC < −18. The distribution of lenticular galax-
ies is also similar to the real galaxies, strongly overlapping
with the region defined by ellipticals. These results high-
light the intrinsic difficulties of separating ellipticals from
S0 galaxies using photometric data, but it also provides us
with a method to define bona-fide S0 galaxies as those with
∆BIC > −18, since no ellipticals lie in this BIC range of val-
ues. 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. Nev-
ertheless, the AIC penalizes the number of parameters less
strongly than the BIC does and therefore we restrict our
further analysis to the BIC selected sample to minimise 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 classified by the logical filter as elliptical and
with a ∆BIC < −18 were photometrically classified as el-
lipticals. On the other hand, those accepted by the logical
filter as two-component and with ∆BIC > −18 represent our
final sample of bona-fide photometric lenticular galaxies. Fi-
nally, those galaxies accepted by the logical filter as two-
component and with ∆BIC < −18 cannot be safely classified
and they were labelled in our sample as unknown. This lat-
ter group has not been used in any further analysis in this
paper. There are not galaxies classified as elliptical by the
logical filter and with ∆BIC > −18. Table 1 shows a com-
pendium of the number of galaxies in each sample. The final
sample studied in this work is composed by 34 S0 galax-
ies. Figure 5 shows a mosaic with the thumbnail images for
our S0 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 (re, red) is
also shown. This parameter was obtained from the photo-
metric decomposition described in this section.

4 GLOBAL PROPERTIES OF THE GALAXY

SAMPLE

Figure 6 shows the range of stellar masses, local galaxy den-
sities, and colours probed by our final sample of S0 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 Sect 6.3.

From Figure 6 (left panel) it is clear that our
S0 sample covers a narrow range of stellar masses,
M⋆/M⊙ > 1010. 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.,
González Delgado et al. 2015). Although the tight stellar
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Figure 4. Distribution of ∆BIC 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
(S0), 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 ∆BIC = −18 for a galaxy
considered to be a S0.

Table 1. Schematic of the sample selection process. E-Elliptical,
S0-Lenticular, U-Unknown. (1) Number of galaxies using the

CALIFA visual classification; (2) number of galaxies 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 + ∆BIC FINAL
(1) (2) (3) (4)

48 E
21 E 21 E

27 S0
15 U
12 S0 26 E

33 S0
5 E 5E 21 U

28 S0
6 U 34 S0
22 S0

mass range covered by our sample is not representative of
the wide range of masses encompassed by the whole popula-
tion of S0 galaxies, it allows us to characterise a well-defined
sample of high-mass S0 galaxies.

The environment where our S0 galaxies live is presented
in Figure 6 (middle panel). The local galaxy densities were
extracted from Walcher et al. (2014) and they were com-
puted as in Aguerri et al. (2009). Despite S0 galaxies be-
ing found in a wide range of local densities, our sample is
mainly composed of galaxies living in low-density environ-
ments (Σ5 < 1 gal/Mpc2). Therefore, we are not probing S0
in galaxy clusters. We have further checked this by studying
the membership of our S0 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 S0 galaxy colours shown in Figure 6 (right 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 summarise, our galaxy sample represents a well char-

acterised sample of high mass, red, and relatively isolated S0
galaxies.

5 STELLAR KINEMATIC MEASUREMENTS

5.1 Stellar kinematics maps

The stellar kinematics of the galaxy sample were measured
from the spectral datacubes observed with the V1200 grat-
ing. An extensive description of the methodology is ex-
plained in Falcón-Barroso et al. (2017). We briefly describe
in the following the main characteristics of the process.

The spaxels of the datacube were binned using a
Voronoi tessellation 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 penalised
pixel-fitting method (pPXF) from Cappellari & Emsellem
(2004). The possibility of fitting higher-order 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
a subset of 328 stellar templates from the Indo-US library
(Valdes et al. 2004) was used to fit the spectra. The final er-
rors 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 focus on edge-on disc galaxies in order to avoid as
much as possible contamination from the disc component.
Then, slits were placed at different heights over the disc
plane to compute the maximum rotation velocity. With the
advent of IFS spectroscopy, a re-formulation of the v/σ vs ǫ
diagram was done by Binney (2005). The updated formulae
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Morpho-kinematic properties of S0 bulges 9

Figure 5. SDSS r−band images of the 34 CALIFA S0 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 arcsecs.

to compute the v/σ relation using 2D spectroscopy can be
defined as

(

v

σ

)2

R
=

〈v2〉

〈σ2〉
=

∑N
i

Fiv
2
i

∑N
i

Fiσ
2
i

(5)

where Fi is the flux contained inside the ith Voronoi bin and
vi and σi are the corresponding measured mean velocity and
velocity dispersion.

According to this new formulation, and in their quest for
a better representation of the dynamical support of galaxies,
Emsellem et al. (2007) defined a new kinematic parameter,
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10 J. Méndez-Abreu

Figure 6. Left panel. Distribution of the galaxy stellar masses. Middle panel. Distribution of local galaxy densities. Right panel. Colour-
magnitude diagram. In all panels grey colours represent the whole CALIFA mother sample, black and red show the sample of S0 and
elliptical galaxies selected in this work, respectively. The quantities shown in the panels have been extracted from Walcher et al. (2014).

λ, as a function of surface brightness weighted averages of
v and σ. Furthermore, they included a factor depending on
the galactocentric distance in order to capture the spatial
information provided by the IFS, thus converting λ into a
proxy for the specific angular momentum. The equation to
measure λ takes the form

λR =

∑N
i

Fi Ri |vi |

∑N
i

Fi Ri

√

v
2
i
+ σ2

i

(6)

where Fi is the flux inside the ith bin, Ri is the distance to
the galaxy centre, and vi and σi the corresponding mean
stellar velocity and velocity dispersion.

λR is by definition a function of the radius, thus its inte-
grated 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 (re) 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 parameterisation of the rotational sup-
port 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/σ

and λ over 1 effective radius of the photometric bulge com-
ponent (see Sect 3.2). A complete analysis on the v/σ and
λ properties of the whole galaxy, and the comparison with
previous surveys, will be given in Falcon-Barroso et al. (in
prep.)

The final errors in our integrated kinematic prop-
erties (v/σ, and λ) come from three main sources: the
measurement errors of the stellar kinematic maps (see
Falcón-Barroso et al. 2017), the effects of pixelization and
PSF associated with measuring integrated properties in
small apertures, and the errors corresponding to the correc-
tion for the disc kinematics. All errors were added in quadra-
ture. The measurement errors were propagated to the inte-

grated quantities by using Monte Carlo simulations of the
velocity and velocity dispersion maps, i.e., varying randomly
the values in each spaxel within their error. The pixelation
and PSF effects were estimated using mock datacube spec-
troscopic simulations. The methodology is explained in de-
tail in Appendix B. The impact of the disc kinematics in the
bulge measurements are also estimated using mock spectro-
scopic simulations as described in Sect. 6.2.1 and compared
with the results from Schwarzschild dynamical modelling of
the galaxies (see Sect. 6.2.2). The final corrected values of λ
and v/σ, their edge-on deprojections, and their correspond-
ing 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 S0 galaxies. A comparison with previous
results from the literature using similar methodologies, but
larger samples, allow us to place our photometric compo-
nents in a more general context.

6.1.1 Bulge properties

Figure 7 shows the i−band distribution of the B/T luminosity
ratio, Sérsic index, and their correlation for the bulges of our
galaxy sample. The B/T distribution is compared with the
sample of S0 galaxies from Laurikainen et al. (2010) which
uses the same photometric definitions for the different galaxy
components. The distributions are in good agreement show-
ing 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

MNRAS 000, 1–29 (2017)



Morpho-kinematic properties of S0 bulges 11

Table 2. Kinematic values measured for our sample of 34 S0 galaxies. (1) Galaxy name; (2) λe,b measured within 1 re,b of the bulge
(m); (3) λe,b measured within 1 re,b of the bulge, corrected for pixelation and resolution effects (p+r); (4) λe,b measured within 1 re,b 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 λe,b (p+r+d); (6) v/σe,b measured within 1 re,b of the bulge (m); (7) v/σe,b measured within 1 re,b of the bulge,
corrected for pixelation and resolution effect (p+r); (8) v/σe,b measured within 1 re,b 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/σe,b (p+r+d); (10)
intrinsic ellipticity of the bulge obtained assuming that both the bulge and the disc are oblate ellipsoids.

Galaxy λe,b λe,b λe,b λe,b,0 v/σe,b v/σe,b v/σe,b v/σe,b,0 ǫintr ,e,b
(m) (p+r) (p+r+d) (edge-on) (m) (p+r) (p+r+d) (edge-on)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

IC2341 0.30±0.04 0.44±0.04 0.38±0.07 0.41±0.07 0.30±0.04 0.42±0.04 0.33±0.06 0.35±0.07 0.69
MCG-01-52-012 0.22±0.02 0.32±0.02 0.29±0.06 0.37±0.10 0.21±0.02 0.29±0.02 0.25±0.03 0.33±0.11 0.28

NGC0364 0.19±0.04 0.34±0.04 0.33±0.04 0.38±0.09 0.20±0.03 0.32±0.03 0.31±0.03 0.38±0.10 0.26
NGC0515 0.12±0.05 0.22±0.05 0.21±0.06 0.27±0.10 0.13±0.04 0.26±0.04 0.20±0.04 0.26±0.10 0.44
NGC0528 0.26±0.07 0.46±0.07 0.39±0.07 0.39±0.07 0.28±0.07 0.41±0.07 0.34±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 0.44±0.05 0.42±0.05 0.44±0.07 0.26±0.04 0.40±0.04 0.38±0.04 0.41±0.07 0.50
NGC0924 0.39±0.05 0.62±0.05 0.59±0.05 0.61±0.08 0.42±0.05 0.59±0.05 0.55±0.06 0.60±0.10 0.52

NGC1211 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 0.25±0.15 0.13±0.02 0.19±0.02 0.17±0.02 0.27±0.12 0.23
NGC1645 0.20±0.06 0.35±0.06 0.33±0.06 0.34±0.08 0.21±0.06 0.34±0.06 0.32±0.06 0.33±0.08 0.48
NGC1665 0.12±0.01 0.23±0.01 0.22±0.01 0.23±0.03 0.13±0.01 0.21±0.01 0.20±0.01 0.22±0.03 0.28
NGC2476 0.19±0.06 0.33±0.06 0.30±0.06 0.32±0.11 0.20±0.06 0.31±0.06 0.28±0.06 0.32±0.11 0.57
NGC2592 0.32±0.02 0.49±0.02 0.45±0.05 0.54±0.12 0.31±0.02 0.44±0.02 0.36±0.04 0.48±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±0.05 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 0.30±0.06 0.48±0.06 0.44±0.05 0.49±0.11 0.31±0.07 0.45±0.07 0.39±0.05 0.46±0.16 0.76
NGC5473 0.12±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 0.30±0.02 0.27±0.05 0.42±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 0.24±0.04 0.25±0.05 0.17±0.04 0.24±0.04 0.23±0.04 0.23±0.04 0.38
NGC6278 0.17±0.03 0.27±0.03 0.26±0.03 0.28±0.05 0.17±0.03 0.24±0.03 0.24±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 0.35±0.04 0.34±0.13 0.34±0.04 0.32
NGC6945 0.17±0.03 0.29±0.03 0.28±0.03 0.31±0.06 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 0.31±0.02 0.30±0.02 0.33±0.05 0.16±0.03 0.27±0.03 0.26±0.02 0.29±0.06 0.26
UGC01271 0.20±0.03 0.35±0.03 0.34±0.03 0.37±0.07 0.20±0.03 0.32±0.04 0.31±0.04 0.35±0.07 0.46
UGC02222 0.28±0.03 0.44±0.03 0.40±0.04 0.40±0.04 0.29±0.04 0.41±0.04 0.40±0.04 0.40±0.04 0.36
UGC09629 0.21±0.03 0.36±0.04 0.35±0.04 0.36±0.05 0.21±0.04 0.32±0.04 0.31±0.04 0.32±0.05 0.28
UGC11228 0.12±0.02 0.20±0.02 0.18±0.04 0.21±0.05 0.12±0.02 0.18±0.02 0.17±0.04 0.20±0.05 0.79

parameters are commonly used to describe bulges and occa-
sionally they are used interchangeably. Figure 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 ρ ∼ 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.

Figure 8 shows the relation between the mean effec-
tive surface brightness within the effective radius (〈µe,b〉)
against the effective radius for the S0 bulges in our sam-
ple. This relation is also known as the Kormendy rela-
tion (Kormendy 1977) and it represents a projection of the
fundamental plane (Djorgovski & Davis 1987; Dressler et al.
1987). Gadotti (2009) used the Kormendy relation to sep-
arate classical from disc-like bulges based on the sensible
assumption that they should be photometrically and struc-
turally different. He suggested that disc-like bulges must

be faint 〈µe,b〉 outliers of the relation defined by ellipti-
cals and classical bulges. Thus, he introduced the empiri-
cal line shown in Figure 8 as a division between the two
types of bulges. According only to this photometric cri-
terium, and since all our S0 bulges lie in the region of classi-
cal bulges of the diagram, none of them would be compatible
with a disc-like structure. Nevertheless, the Kormendy rela-
tion shows a strong dependence with the spheroid magni-
tude/mass (Nigoche-Netro et al. 2008) and therefore bulges
below the separation line might only represent the less lu-
minous/massive systems (Costantin et al. 2017).

6.1.2 Disc properties

Galaxy discs in our sample were fitted using either a single
exponential profile, or a double exponential with a down-
bending or up-bending outer slope (see Sect 3.2). We found
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Figure 7. Left panel. Distribution of B/T luminosity ratio. Middle panel. Sérsic index (n). Right panel. B/T vs n (right panel). Black
filled histograms represent our S0 sample. Grey histograms show the results from the S0 sample of Laurikainen et al. (2010). Black and
grey points represent our S0 sample and the results from Laurikainen et al. (2010), respectively.

Figure 8. Mean effective surface brightness within the effective
radius (µe,b) vs the logarithm of the effective radius (re,b) for the
S0 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.

that 17 (68%), 6 (24%), and 2 (8%) S0 galaxies were best
fitted with a type I, type II, or type III profile, respectively.
These values are significantly different from those provided
by Erwin et al. (2008) for early type barred galaxies (27%,
42%, and 24% for types I, II, and III, respectively) and
Gutiérrez et al. (2011) for a larger sample of early type discs
(30%, 25%, and 45% for types I, 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 S0

galaxies done in this work or the application of a 2D decom-
position algorithm to understand the disc structure instead
of relying on 1D azimutally-averaged profiles can also con-
tribute to these differences. The latter issues are 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 pa-
per, but their inclusion in the 2D photometric decomposition
method is mandatory to obtain an accurate description of
the remaining galaxy components. We found that 21 galax-
ies in our sample are barred, representing ∼ 62% of the sam-
ple. This value is higher than those found in the literature
for this range of galaxy masses (Méndez-Abreu et al. 2010b,
2012) and for S0 galaxies in general (Aguerri et al. 2009;
Barazza et al. 2009), but see Méndez-Abreu et al. (2017).
Recently, Laurikainen et al. (2013) presented a detailed in-
ventory of photometric structures in S0 galaxies finding a
strong variation of the bar fraction with the bulge promi-
nence. They found a bar fraction of ∼64%, ∼64.5%, and
∼32% for B/T values between 0-0.2, 0.2-0.4, and 0.4-1, re-
spectively. 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 distribution of our sam-
ple is taken into account (22 out of 34 galaxies in our
sample have B/T < 0.4). Moreover, our S0 vs elliptical
separation methodology is biased towards barred systems.
Barred galaxies are automatically classified as S0 whereas
non-barred S0 could still be misclassified as ellipticals, thus
increasing the bar fraction.

Even if not included in the fit as an independent com-
ponent, 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.

MNRAS 000, 1–29 (2017)



Morpho-kinematic properties of S0 bulges 13

Figure 9. Effective radius of the bulge vs scale-length of the disc
in our S0 sample (black). Results from Laurikainen et al. (2013)
are also shown (grey).

(2014) and Athanassoula et al. (2015) use both observations
and numerical simulations to show that barlenses are likely
to be the more face-on view of the boxy/peanut shape of the
bar where seen edge-on. According to the prescriptions given
in those papers we found signatures of barlenses in 5 barred
galaxies in our sample (UGC01271, NGC1211, NGC1645,
NGC3300, and NGC5876) as well as tentative hints in other
3 galaxies (NGC0364, NGC4003, and NGC6945).

6.1.4 Bulge and disc interplay

Figure 9 shows the relation between the effective radius of
the bulge and the scale-length of the disc for our S0 sample.
The clear correlation, quantified using the Spearman correla-
tion test (ρ ∼ 0.7, statistically significant at > 3σ) indicates
that larger bulges reside in galaxies with larger discs. This
relation was already observed by Courteau et al. (1996) and
later confirmed in the optical (Aguerri et al. 2005) and the
near infrared by several authors (Möllenhoff & Heidt 2001;
MacArthur et al. 2003; Méndez-Abreu et al. 2008). The val-
ues obtained from the multi-component photometric decom-
position of Laurikainen et al. (2013) are also shown. The
good agreement between the different samples indicate that
despite the small number statistics our sample reproduces
the expected photometric scaling relation for S0 galaxies.

6.2 Stellar kinematics of S0 bulges

In this section we analyse the kinematic properties of our
sample of S0 bulges. As already stated throughout the pa-
per, 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 aper-
ture where the kinematic parameters are measured (see
Sect. 5.2), and we study our S0 bulges as if they were an
independent structure within the galaxy. This assumption
has been widely adopted in the literature regarding either
photometric, kinematic, 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 funda-
mental plane (Djorgovski & Davis 1987). We refer the reader
to Falcón-Barroso (2016) for a recent review on the kine-
matic properties of bulges.

6.2.1 Disc contamination in our S0 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 measure-
ments.

From a photometric point of view, we can quantify the
ratio of the radial extension where the kinematic measure-
ments were performed, i.e., the re,b of the bulges, with re-
spect to the radius where the light of another component
(usually the disc) has the same contribution to the SB distri-
bution (rbd). Figure 10 (upper panel) shows the distribution
of re,b/rbd 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-
ure 10 (bottom panel) shows the B/T ratio computed at one
bulge re,b . This allows us to quantify the integrated amount
of light coming from the bulge with respect to other struc-
tures present in the galaxy centre (i.e., disc and/or bar). In
all cases, more than 70% 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 ve-
locity dispersion measurements is not straightforward. We
approach this issue by performing simulations on mock dat-
acubes in a similar manner as explained in Appendix B, but
including the photometric and kinematic presence of an un-
derlying disc. A set of 90 tailor-made mock datacubes are
created for each observed galaxy in our sample. We used
the measured values of the bulge and disc SBD (see Ta-
bles A1, A2) to reproduce realistic spaxel to spaxel inten-
sity variation within the datacube. The photometric proper-
ties of the datacubes are kept fixed for all the 90 simulated
cubes for each galaxy, allowing us to produce realistic B/T

ratios in the region where the stellar kinematics are mea-
sured (i.e., re,b). The velocity and velocity dispersion distri-
butions 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 parameterisation was used for the bulge and disc
components. These functional forms involve the choice of a
maximum rotational velocity (vmax), a spatial scale of the
velocity profile (rv), a maximum central velocity dispersion
(σmax), and a scale-length of the velocity dispersion distri-
bution (rσ). The analysis of the rotational velocity and ve-
locity dispersion distributions for our observed galaxies was
carried out using the kinemetry code (Krajnović et al. 2006).
We create mock datacubes within the limits of our observed
galaxies (Appendix B). Thus, our mock datacubes were cre-
ated with the following kinematic characteristics: [vmax,b,
vmax,d] = [50, 150], [50, 300], [150, 150], [200, 300], and [300,
300] in km/s, [rv,b , rv,d] = [5, 5], [10, 10], and [15, 15] in arc-
secs, [σmax,b, σmax,d] = [150, 100] and [250, 200] in km/s,
and [rσ,b , rσ,d] = [10, 10], [20, 20] and [30, 30] in arcsecs.
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Figure 10. Upper panel. Distribution of re,b/rbd for our S0
galaxies. rbd represents the radius where the bulge light domi-
nates the SB distribution over any other structural component.
Bottom panel. Distribution of B/T ratio computed at one re,b of
the bulge.

The different combinations of these pairs of values for the
bulge and disc components produce our 90 mock datacubes
for each galaxy. Our set of kinematic models cover extreme
cases in terms of vmax, rv, σmax, and rσ for both compo-
nents. Nevertheless, we check that both the rotation curve
and velocity dispersion profiles obtained from this analysis
represent typical observed profiles for real galaxies. Then,
for each galaxy we create a similar set of mock datacubes
but removing the disc component. The differences between
these two sets of simulations in terms of the v/σ and λ val-
ues measured within re,b for each galaxy tell us about the
contamination from the disc component.

Figure 11 shows the results of our simulations. The left
panel shows the distribution of measured λ(re,b) in the mock
datacubes including a bulge + disc photometric and kine-
matic model vs the same measurement on simulations in-
cluding 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 λ(re,b) when the disc component is
included in the modelling. First, datacubes with low max-
imum rotational of the bulge (vmax,b = 50 km/s) show the
largest deviations, with the maximum difference depending
on the maximum rotational velocity of the disc. Departures
from the actual values of λ(re,b) can be as high as 100%,
but most of the measured values have λ(re,b) < 0.1. There-
fore, bulges with low vmax,b are heavily contaminated by the

underlying disc, but even in the extreme case of discs with
vmax,d = 300 km/s they still show λ(re,b) values unrealistically
low compared with our measurements. The second trend is
shown by datacubes with similar maximum rotational ve-
locities for the bulge and the disc. They show almost no
differences (< 10%) in the measured λ(re,b), and this is inde-
pendent 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 (vmax,b = 200 km/s). In this case, the differences
(∼ 20%) with respect to the actual λ(re,b) 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 rota-
tional velocity of bulge and disc, but mostly on the rotation
of the bulge component.

We use these mock datacube simulations to quantify
the disc contamination in our measured v/σ and λ values.
The process is exemplified in the right panel of Figure 11.
It shows the distribution of measured λ(re,b), including a
bulge + disc photometric and kinematic model, for each
galaxy, with the symbol sizes representing the deviation from
the input value. Using those models with comparable val-
ues of λ(re,b) with respect to the real measurements (i.e,
�

�δλ(re,b)
�

� < 0.05), we computed the mean difference and its
standard deviation for each galaxy. A similar approach was
followed for the v/σ measurements. The mean value of the
difference is then used as a correction factor for our mea-
sured values of λ(re,b) and v/σ(re,b) and the standard devi-
ation was added in quadrature to the errors (see Sect. 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 val-
ues 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 gravitational po-
tential, 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. (2017). We
refer the reader to the paper for a full description of the
method. In short, the Schwarzschild model requires an ade-
quate model of the galaxy gravitational potential (generally
derived from the luminosity distribution of the galaxy im-
age). Then, a set of representative orbits is 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 dis-
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Figure 11. Left panel. Distribution of measured λ(re,b) in the mock datacubes 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
datacubes 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 panel. Distribution
of measured λ(re,b) including a bulge + disc photometric and kinematic models for each galaxy. Colours and symbols as in the left 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%, 20%-50%, and > 50%, respectively. The large black star shows the actual
measured value of λ(re,b) for each observed galaxy.

tribution. We find that 20 out of 34 galaxies in our sample
were analysed using the Schwarzschild modelling by Zhu et
al. (submitted). From these, we discard 3 of them because
the disc contamination is strongly affecting the bulge kine-
matics, so we remain with 17 galaxies for this analysis. We
use these galaxies to check our disc contamination correction
(Sect. 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 differ-
ently to the surface-brightness distribution and stellar kine-
matics. For the sake of comparison with our previous anal-
ysis 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 > rbd). Then, we ranked
the orbits by their relative contribution to the disc total lu-
minosity (computed between rbd and rmax , where rmax is
the maximum radius used in the Schwarzschild modelling).
Finally, the most luminous orbits contributing up to an 80%
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 recon-
structed the maps of SBD, v, and σ, and measured the
(v/σ)e,b and λe,b as if they were real galaxies (see Sect. 5.2).
Figure 12 shows the comparison of λe,b computed using
the Schwarzschild modelling with respect to our empirical
corrected values using mock datacubes. The agreement be-
tween both measurements is remarkable with most of the
differences being within the estimated errors (no errors were
estimated for the Schwarzschild modelling). The standard

deviation of the differences is σSch.−Obs. ∼ 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 er-
rors, that correspond to the lowest values of λe,b in our
sample. After a careful check of the orbits derived from the
Schwarzschild modelling, we find that the SBD of the disc or-
bits 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 dat-
acubes, and therefore our 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/σ)e,b and λe,b using the edge-on projection of the bulge
model. Observationally, the measured values of (v/σ)e,b and
λe,b depend on three parameters of the bulge: the orbital
anisotropy, the intrinsic shape, and the inclination with re-
spect to the line-of-sight (see Emsellem et al. 2011). Ob-
servations do not provide access to the orbital anisotropy.
Therefore, we considered that the vertical anisotropy of our
bulges can take any value from 0 < β < 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 pro-
vides a first order estimation that helped us to deproject
the bulge kinematics. The distribution of intrinsic flatten-
ing of our bulges is shown in Figure 13. Finally, we derived
the galaxy inclination assuming that discs have an intrinsic
flattening given by a normal distribution with mean flatten-
ing 〈C/A〉 = 0.267 and standard deviation σC/A =0.102 (see
Rodŕıguez & Padilla 2013). Figure 14 shows the comparison
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Figure 12. Comparison between the λ(re,b) values obtained from

the Schwarzschild dynamical modelling (Sch.) and from our mea-
surements using the disc correction using mock datacubes (Obs.).
Only the 17 galaxies with available Schwarzschild modelling are
shown.

Figure 13. Distribution of intrinsic flattening for our sample
bulges. Values are computed assuming oblateness for both the
bulge and the disc.

of the edge-on λe,b,0 values derived from the Schwarzschild
modelling and our deprojected measurements based on the
observations. Despite the larger errors, the standard devi-
ation of the differences is σSch.0−Obs.0 ∼ 0.09, showing a
good agreement. Similarly as for the projected values, the
two galaxies with lower λe,b,0 also show the largest differ-
ences.

A similar analysis was performed for (v/σ)e,b obtain-
ing a standard deviation of the differences σSch.−Obs. ∼ 0.1

and σSch.0−Obs.0 ∼ 0.12 for the projected and deprojected
values, respectively. The good agreement between the re-
sults 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 de-
projected values obtained from our statistical analysis un-
less otherwise stated. Using our own estimation allows us to
use the whole sample of 28 bulges with good kinematics de-

Figure 14. Comparison between the edge-on λ(re,b,0) values ob-

tained from the Schwarzschild modelling (Sch.) and from our disc
correction using mock datacubes (Obs.). The Schwarzschild val-
ues are directly measured on the edge-on view of the bulge model.
The observed values are deprojected in a statistical way (see text
for details).

scribed throughout the paper. The final deprojected values
are listed in Table 2.

6.3 Photometry vs kinematics in S0 bulges

Figure 15 shows the distribution of deprojected values of
λe,b,0 and (v/σ)e,b,0 for our S0 bulges sorted by their pho-
tometric 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 (ρ) in order to un-
derstand 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 ρ correlation coefficient in all cases: 0.2, 0.4,
0.2, and 0.4 for the λe,b,0 vs. n, λe,b,0 vs. B/T , (v/σ)e,b,0 vs.
n, and (v/σ)e,b,0 vs. B/T relations, respectively. In addition,
we computed the statistical significance of the possible cor-
relation with respect to the null hypothesis (no correlation).
We find that we cannot reject the null hypothesis at more
than 1 σ in any of the cases, therefore we can conclude that
there is no statistical correlation between the photometric
(n and B/T) and kinematic (λe,b,0 and (v/σ)e,b,0) properties
of our bulges.

Due to the relatively large uncertainties of the kinematic
measurements 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., λe,b,0 or (v/σ)e,b,0 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 distri-
bution of both the correlation coefficients (ρ) and statistical
significance. We found that, for correlations including the
Sérsic index, only in 3% of the trials the null hypothesis
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Figure 15. Upper panels. The left and right panels show the distribution of the bulge Sérsic index n with respect to the deprojected

values of λ(re,b,0) and (v/σ)e,b,0, respectively. Bottom panels. The left and right panels show the distribution of the bulge-to-total
luminosity ratio (B/T) with respect to the deprojected values of λ(re,b,0) and (v/σ)e,b,0, respectively.

could be rejected at 2 σ. This number increase up to a 10%
regarding 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 Sects. 6.2.1 and 6.2.2 we discussed how the disc
contamination was removed from the bulge kinematics.
We make use of the kinematics results obtained from the
Schwarzschild reconstructed bulge maps to study the pos-
sible 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 statisti-
cally significant correlation between the morpho-kinematic
properties of S0 bulges.

Figure 16 shows the relation between the apparent bulge
effective radii (re) and the deprojected values of λe,b,0 and
(v/σ)e,b,0 for our S0 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 (re). 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 2 σ level in less
than 10% of the realisations, showing the 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 litera-
ture, but it is poorly constrained by observations. Previous
observational results suggested that bulges with low Sér-
sic index and low B/T should present more disc-like charac-
teristics (Fisher & Drory 2016), therefore they should show

larger rotational support than bulges with either higher Sér-
sic index or B/T . We have demonstrated that there is no such
trend in our sample of S0 bulges.

Another commonly used diagram to separate bulges
with disc-like properties from bulges with features similar
to ellipticals (classical bulges) is presented in Figure 17. It
shows the relation between the Sérsic index and the effec-
tive radius of the bulge. In general, bulges with both low n

and low re are considered disc-like whereas bulges with large
n and large re 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 λe,b,0 < 0.2, 0.2 <

λe,b,0 < 0.4, and λe,b,0 > 0.4, respectively. We also included
a subsample of elliptical galaxies (see Sect. 4) with measured
kinematics at 1 re of the galaxy. We do not find any trend
between the stellar kinematics and the position of the bulges
in this diagram. Previous works reported 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 re vs n relation,
might not be useful to separate disc-like from classical bulges
in S0 galaxies.
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Figure 16. The left and right panel show the distribution of the deprojected values of λe,b,0 and (v/σ)e,b,0 with respect to the apparent
bulge effective radius (re), respectively.

Figure 17. Distribution of the bulge effective radius (re) vs.
Sérsic index (n) for our sample bulges (circles). Elliptical galaxies
are shown with stars. The colour code represent bulges/ellipticals
with different values of λe,b,0: blue, green, and red colours de-
scribe bulges/ellipticals with λe,b,0 < 0.2, 0.2 < λe,b,0 < 0.4, and
λe,b,0 > 0.4, respectively.

7 DISCUSSION

7.1 Morpho-kinematic properties of S0 bulges

The photometric properties of our S0 bulges (effective ra-
dius, Sérsic index, and B/T ratio) span a wide range of values
(see Figure 7). This lack of homogeneity in the photometric
properties of S0 bulges has raised the idea that different for-
mation scenarios, or at least different initial conditions, are
needed to explain their observational properties.

From the kinematics point of view, we find that our
bulges show a large range of angular momentum and (v/σ)
values. We demonstrate that this result is robust despite the
difficulties inherent to separate the bulge kinematics from
the total galaxy, and the uncertainties inherent to deprojec-
tion issues.

Figure 15 shows our attempt to understand the pos-
sible connection between bulge photometry and kinemat-

ics. 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/σ, of our S0 bulges. A sim-
ilar lack of correlation was found in Falcón-Barroso et al.
(2003). They showed that the central gradient of the ve-
locity 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 diag-
nostics 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 expla-
nation of the results is the different morphological mixing
in Fabricius et al. (2012) sample (∼ 70% spiral, ∼30% S0s),
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 S0s. Recently, Tabor et al.
(2017) performed the spectro-photometric bulge to disc de-
composition 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 kinemat-
ics 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
fingerprints on the photometric and kinematic properties of
bulges (Kormendy & 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 in-
voked as the main channel for the formation of classical-
like bulges (Hopkins et al. 2009, but see Keselman & Nusser
2012). Recent merger simulations in a cosmological context
have demonstrated that only the right combination of ma-

MNRAS 000, 1–29 (2017)



Morpho-kinematic properties of S0 bulges 19

jor and minor, wet and dry mergers can reproduce the cur-
rent population of galaxies (Oser et al. 2012). In particu-
lar, 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 redistribu-
tion plays a minor role (Brooks & Christensen 2016). These
mechanisms have been explored in high resolution cosmo-
logical simulations where the properties of the bulge re-
gions 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 Figure 15 (Hopkins et al. 2010;
Naab et al. 2014).

At high redshift, disc-like star-forming galaxies have ir-
regular optical morphologies dominated by giant clumps of
star formation (Abraham et al. 1996; van den Bergh et al.
1996; Elmegreen et al. 2007; Hinojosa-Goñi et al. 2016).
These clumpy galaxies might be the early progenitors of the
S0 galaxies observed in the nearby Universe. The observed
properties of the bulges resulting from this process are still a
matter of debate. However, some numerical simulations have
already provided some ideas about the final outcome of the
clump merging process. If the clumps are short-lived, and ef-
ficiently destroyed by stellar feedback before their inward mi-
gration timescale, there could still be a diffuse inflow of inter-
clump gas driven by the instability (Hopkins et al. 2012;
Bournaud et al. 2011). This will create a low-concentration
bulge if no other relaxation process affects the central re-
gion. On the other hand, the models with long-lived clumps,
the repeated clump coalescence (Elmegreen et al. 2008), and
the relatively short star-formation timescales (Immeli et al.
2004) would produce bulges with low rotational support 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 morphologi-
cal and kinematic properties predicted from recent models
might also be in agreement with the results shown in this
paper.

The minor merger (mass ratios lower than 1:4) mech-
anism 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 in-
crease of the Sérsic index. The stellar kinematics of the bulge
remnants after dry minor merger accretion of galaxy satel-
lites was studied by Tapia et al. (2014). They found that the
net effect of multiple minor mergers is to increase (or keep)
the v/σ 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 picture, non-
axisymmetric galaxy structures such as bars redistribute the
angular momentum of disc material and thereby they are

responsible for an efficient transport of gas into the cen-
tral bulge region (Pfenniger & Norman 1990; Friedli & Benz
1995). The stellar kinematics of these disc-like bulges is ex-
pected 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%) and we find some low-Sérsic index
bulges with relatively large values of λe,b,0 and (v/σ)e,b,0 in
our sample that might be considered compatible with an in-
ternal secular evolution origin. We investigated a possible re-
lation between the presence of a bar and the rotational sup-
port (λe,b,0 and (v/σ)e,b,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
S0 galaxies. This scenario needs either a deficit of gas in the
outer disc (see Masters et al. 2010) or an inefficient gas in-
flow and posterior star formation. de Lorenzo-Cáceres et al.
(2013) already suggested a minor role of bar-induced sec-
ular evolution in the formation of new central structures.
In addition, recent results by Seidel et al. (2015) confirmed
that more than 50% 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 S0 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 mechanisms and the role of minor mergers on
the observed properties of our bulges is difficult to evalu-
ate, and further high-resolution cosmological simulations are
necessary to address this problem.

7.3 Implications on S0 formation

In Sect. 4 we discussed the local and global environment
where the S0 galaxies in our sample live. We found that
none of the S0s belong to a known cluster structure, and
that the majority of our S0 galaxies live in a low-density
local environment similar to that of the field or loose
groups. Most of the proposed mechanisms able to trans-
form a star-forming spiral galaxy into a passive S0 are
related to high-density environments: galaxy harassment
(Moore et al. 1996, 1999; Aguerri & González-Garćıa 2009),
ram pressure stripping (Gunn & Gott 1972; Quilis et al.
2000; Bekki 2009), starvation (Bekki et al. 2002), or grav-
itational heating (Khochfar & Ostriker 2008). Therefore, a
suggested path of S0 formation invoking a quenching of star-
formation through any of these mechanisms, and a later
fading of spiral galaxies into S0s is unlikely to be happen-
ing 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 et al. 1999) or the outer stel-
lar discs (i.e., harassment Aguerri & González-Garćıa 2009),
therefore leaving unchanged the stellar angular momentum
of the galaxy. Bulges of late-type spirals have been found
to be well represented by exponential 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
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against a simple transition from spirals to S0 in our sample.
A similar argument 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
S0s, thus concluding that fading alone cannot satisfactorily
explain the evolution from spirals into S0s.

The star-formation quenching of spiral galaxies is a
process associated not only to high-density environments,
but could also be related to galaxy internal processes (see
Aguerri 2012, and references therein). AGN feedback has
been suggested to be efficient in transforming early-type spi-
ral galaxies located in the blue cloud into galaxies located
close to or on the red sequence (Schawinski et al. 2006).
However, stellar angular momentum studies are usually not
compatible with a simple quenching mechanism, and dy-
namical evolution of the system is needed to explain the ob-
servations (Querejeta et al. 2015). Another internal mecha-
nism able to modify the star formation and dynamics of the
galaxy centre is related to bar structures. 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 pro-
cess 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 (Cheung et al. 2013;
Masters et al. 2011). Nevertheless the likely massive disc-like
bulges resulting from this process (Kormendy & Kennicutt
2004) are not the main population in our sample. Still, un-
resolved 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 S0 galaxies. We suggest that the global

properties of our S0 galaxies also point toward a formation

mechanism based on dissipational processes at high redshift;

either major mergers or gas accretion onto 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 S0s (van den Bergh 2009;
Barway et al. 2013) and the general picture for the evo-
lution of early-type galaxies proposed in Cappellari et al.
(2013). According to this view, massive S0 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 S0 galaxies have likely formed
through secular processes. We cannot discard that faint S0s
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
(Aragón-Salamanca et al. 2006; Barr et al. 2007). Our sam-
ple of S0 galaxies target only the high mass end of the S0
family (see Fig. 6) and therefore would be compatible with
this mass-dependent idea of S0 formation.

8 CONCLUSIONS

We have studied the photometric and kinematic properties
of a sample of 34 S0 bulges drawn from the IFS CALIFA
survey. Extensive work has been devoted to select our final
sample of bona-fide S0 galaxies. We developed a two-step
method to identify S0 galaxies. First, all visually classified el-
liptical and S0 galaxies in the CALIFA sample pass through

a logical filtering in order to provide the best fit 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 S0 galaxies, i.e., composed
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 S0s. All galaxies have high stellar masses
(M⋆/M⊙ > 1010), 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 multi-component photometric decomposition
of the sample was performed to derive the bulge parame-
ters using the GASP2D code. The structural parameters of
the S0 bulges were used to both provide the galaxy region
from which the stellar kinematics were extracted and, com-
bined with the galaxy dynamics, to constrain the formation
scenarios of S0 bulges.

Using the CALIFA IFS data we have explored the stel-
lar kinematics of our S0 bulges measuring the v/σ vs ǫ and
λ vs ǫ diagrams within 1 re,b of the bulge. We quantified
the impact of the underlying large scale disc in the bulge
kinematic measurements using both mock spectroscopic dat-
acubes and Schwarzschild dynamical modelling of the galax-
ies. 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 con-
tamination and deprojected to the edge-on line of sight using
the statistical approach.

We found that our S0 bulges show a large range of val-
ues for the deprojected λe,b,0 and (v/σ)e,b,0 values. We also
found a lack of correlation between the photometric (n and
B/T) and kinematic (v/σ and λ) properties of the S0 bulges.
This behaviour might be puzzling in the current picture
of bulge formation where classical bulges are expected to
be photometrically modelled with high Sérsic index n > 2

and a kinematics dominated by random motions, 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 diag-
nostics separating disc-like from classical bulges might not
be applicable to S0 bulges. We discuss that the observed pho-
tometric and stellar kinematic properties of the majority of
our S0 bulges are hard to reconcile with the predictions of
numerical simulations for an internal secular evolution sce-
nario driven by bars or spiral arms.

In summary, we suggest that the morpho-kinematic
properties of our S0 bulges might be explained if field S0
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 accretion 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 results seem to also be supported by the global proper-
ties of our S0 galaxies, i.e., their high masses and relatively
isolated environment. However, a proper understanding of
the dominant formation process of S0 galaxies will not be
achieved until high-resolution cosmological simulations re-
solving the bulge structure and kinematics will be studied.
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González Delgado R. M., et al., 2014a, A&A, 562, A47
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de Lorenzo-Cáceres A., Vazdekis A., Aguerri J. A. L., Corsini

E. M., Debattista V. P., 2012, MNRAS, 420, 1092
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APPENDIX A: STRUCTURAL PARAMETERS OF THE GALAXY SAMPLE

Table A1: Structural parameters of the bulge structures in our sample
galaxies.

Galaxy Band µe re re n qbulge PAbulge

(mag/′′2) (′′) (kpc) (◦)
(1) (2) (3) (4) (5) (6) (7) (8)

IC2341 g 19.6±0.2 2.9±0.3 1.0±0.1 1.3±0.1 0.52±0.03 7±4
IC2341 r 18.9±0.2 3.0±0.3 1.0±0.1 1.4±0.1 0.55±0.03 5±4
IC2341 i 18.5±0.2 3.0±0.3 1.0±0.1 1.5±0.1 0.54±0.03 5±4
MCG-01-52-012 g 19.2±0.2 3.5±0.4 0.9±0.1 1.6±0.1 0.48±0.01 86±3
MCG-01-52-012 r 19.4±0.2 3.3±0.4 0.8±0.1 1.6±0.1 0.46±0.01 85±3
MCG-01-52-012 i 18.6±0.2 3.5±0.4 0.9±0.1 1.7±0.1 0.46±0.01 86±3
NGC0364 g 19.0±0.3 1.5±0.3 0.5±0.1 1.4±0.2 0.85±0.05 42±6
NGC0364 r 18.3±0.3 1.7±0.3 0.5±0.1 1.4±0.2 0.90±0.05 41±6
NGC0364 i 17.9±0.3 1.7±0.4 0.5±0.1 1.6±0.2 0.87±0.05 45±6
NGC0515 g 18.6±0.3 1.7±0.3 0.5±0.1 1.5±0.2 0.84±0.05 118±5
NGC0515 r 18.9±0.3 1.7±0.3 0.5±0.1 1.5±0.2 0.84±0.05 118±6
NGC0515 i 17.7±0.3 1.6±0.3 0.5±0.1 1.8±0.3 0.82±0.05 116±6
NGC0528 g 19.9±0.2 4.0±0.4 1.2±0.1 4.3±0.4 0.85±0.03 90±4
NGC0528 r 19.6±0.2 3.4±0.4 1.0±0.1 3.9±0.4 0.85±0.03 80±4
NGC0528 i 19.4±0.2 4.2±0.5 1.2±0.1 4.1±0.4 0.83±0.03 71±4
NGC0677 g 20.3±0.1 4.7±0.3 1.5±0.1 2.1±0.1 0.90±0.01 33±2
NGC0677 r 19.5±0.1 5.0±0.3 1.6±0.1 2.4±0.1 0.91±0.01 29±2
NGC0677 i 19.0±0.1 5.0±0.4 1.6±0.1 2.3±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 2.4±0.1 0.6±0.1 2.5±0.1 0.66±0.02 139±3
NGC0842 i 17.7±0.1 2.2±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 0.9±0.2 4.0±0.6 0.72±0.05 51±6
NGC0924 r 20.0±0.3 4.8±0.6 1.3±0.3 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
NGC1211 g 20.6±0.1 6.3±0.4 1.2±0.1 2.4±0.1 0.91±0.02 169±3
NGC1211 r 19.5±0.1 4.8±0.4 1.0±0.1 2.2±0.1 0.99±0.02 175±3
NGC1211 i 19.3±0.1 6.1±0.4 1.2±0.1 2.5±0.1 0.94±0.02 164±3
NGC1349 g 20.5±0.2 2.2±0.2 0.9±0.1 1.5±0.1 0.94±0.01 98±3
NGC1349 r 20.3±0.2 3.6±0.2 1.4±0.2 3.0±0.2 0.95±0.01 98±3
NGC1349 i 19.4±0.2 3.2±0.4 1.3±0.1 2.4±0.1 0.94±0.01 98±3
NGC1645 g 18.5±0.3 1.9±0.4 0.6±0.1 0.8±0.1 0.67±0.05 89±6
NGC1645 r 18.1±0.3 1.8±0.4 0.6±0.1 0.9±0.1 0.63±0.05 89±6
NGC1645 i 17.6±0.3 1.8±0.4 0.6±0.1 0.9±0.1 0.62±0.05 88±6
NGC1665 g 19.5±0.1 2.1±0.2 0.4±0.1 2.8±0.1 0.77±0.01 52±2
NGC1665 r 18.9±0.1 2.3±0.2 0.4±0.1 3.0±0.1 0.79±0.01 56±2
NGC1665 i 18.7±0.1 2.5±0.2 0.4±0.1 3.4±0.1 0.79±0.01 54±2
NGC2476 g 19.0±0.1 2.4±0.2 0.6±0.1 2.3±0.1 0.70±0.02 145±4
NGC2476 r 18.0±0.1 2.3±0.2 0.6±0.1 2.3±0.1 0.70±0.02 142±4
NGC2476 i 17.7±0.1 2.5±0.2 0.6±0.1 2.3±0.1 0.70±0.02 144±4
NGC2592 g 19.4±0.1 3.4±0.3 0.5±0.1 2.3±0.1 0.82±0.01 58±2
NGC2592 r 18.8±0.1 4.0±0.3 0.6±0.1 3.3±0.1 0.78±0.01 58±2
NGC2592 i 18.1±0.1 3.5±0.3 0.5±0.1 2.6±0.1 0.79±0.01 58±2
NGC2880 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 8.9±0.5 1.1±0.1 3.2±0.1 0.78±0.01 131±3
NGC2880 i 19.2±0.1 7.8±0.4 1.0±0.1 2.9±0.1 0.79±0.01 129±3
NGC3158 g 20.7±0.1 8.4±0.6 3.9±0.3 2.4±0.1 0.77±0.01 71±2
NGC3158 r 19.8±0.1 7.9±0.6 3.6±0.3 2.2±0.1 0.78±0.01 71±2
NGC3158 i 19.4±0.1 8.0±0.6 3.7±0.3 2.3±0.1 0.78±0.01 71±2
NGC3300 g 19.0±0.2 1.6±0.2 0.4±0.1 1.1±0.1 0.76±0.03 180±3
NGC3300 r 18.2±0.2 1.6±0.2 0.4±0.1 1.1±0.1 0.73±0.03 177±3
NGC3300 i 17.9±0.2 1.7±0.2 0.4±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±0.3 1.6±0.2 0.63±0.05 166±6
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Table A1: continued.

Galaxy Band µe re re n qbulge PAbulge

(mag/′′2) (′′) (kpc) (◦)
(1) (2) (3) (4) (5) (6) (7) (8)

NGC4003 i 19.1±0.3 3.2±0.7 1.4±0.3 1.4±0.2 0.68±0.05 166±6
NGC5473 g 18.7±0.1 2.9±0.1 0.5±0.1 1.5±0.1 0.91±0.01 138±2
NGC5473 r 17.8±0.1 2.9±0.1 0.5±0.1 1.6±0.1 0.92±0.01 136±2
NGC5473 i 17.5±0.1 2.9±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±0.2 0.93±0.02 114±4
NGC5481 r 19.0±0.1 2.5±0.2 0.3±0.1 2.8±0.1 0.94±0.02 115±4
NGC5481 i 18.3±0.1 2.5±0.2 0.3±0.1 3.0±0.2 0.92±0.02 114±4
NGC5784 g 20.7±0.1 7.3±0.5 2.7±0.2 3.1±0.1 0.67±0.01 75±2
NGC5784 r 19.3±0.1 5.2±0.5 1.9±0.1 2.6±0.1 0.69±0.01 74±2
NGC5784 i 18.7±0.1 4.7±0.3 1.7±0.1 2.5±0.1 0.71±0.01 75±2
NGC5794 g 18.7±0.3 2.0±0.4 0.5±0.1 1.9±0.3 0.87±0.05 2±5
NGC5794 r 19.2±0.3 2.2±0.4 0.6±0.1 2.0±0.3 0.95±0.05 3±5
NGC5794 i 18.4±0.3 2.3±0.5 0.6±0.1 2.2±0.3 0.98±0.05 176±5
NGC5876 g 19.3±0.1 2.9±0.2 0.7±0.1 1.4±0.1 0.69±0.02 52±3
NGC5876 r 18.4±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±0.2 0.7±0.1 1.6±0.1 0.67±0.02 51±3
NGC6278 g 19.3±0.1 2.9±0.2 0.6±0.1 2.4±0.1 0.81±0.02 123±3
NGC6278 r 18.2±0.1 2.7±0.2 0.6±0.1 2.4±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 2.9±0.4 0.71±0.05 38±6
NGC6427 r 18.4±0.3 2.7±0.7 0.6±0.1 2.3±0.3 0.70±0.05 36±6
NGC6427 i 18.2±0.3 3.0±0.6 0.7±0.1 2.4±0.3 0.70±0.05 34±6
NGC6945 g 19.4±0.2 2.5±0.3 0.6±0.1 2.4±0.2 0.72±0.03 113±3
NGC6945 r 19.1±0.2 3.2±0.3 0.8±0.1 3.7±0.3 0.68±0.03 116±3
NGC6945 i 19.0±0.2 3.9±0.5 1.0±0.1 3.7±0.3 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±0.00 90±1
NGC7619 i 19.6±0.1 13.0±0.4 3.1±0.1 3.5±0.1 0.73±0.00 90±1
NGC7623 g 19.7±0.2 3.9±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
UGC01271 g 19.5±0.3 1.9±0.4 0.6±0.1 1.7±0.2 0.72±0.05 90±6
UGC01271 r 18.4±0.3 1.7±0.4 0.5±0.1 1.3±0.2 0.70±0.05 90±6
UGC01271 i 18.3±0.3 2.0±0.4 0.6±0.1 1.7±0.2 0.73±0.05 92±6
UGC02222 g 21.0±0.3 4.7±0.9 1.5±0.3 3.2±0.5 0.67±0.05 93±6
UGC02222 r 19.8±0.3 3.9±0.9 1.2±0.2 3.1±0.4 0.69±0.05 94±6
UGC02222 i 19.6±0.3 4.9±1.0 1.5±0.3 3.5±0.5 0.68±0.05 92±6
UGC09629 g 19.8±0.2 2.3±0.3 1.2±0.1 1.8±0.1 0.73±0.01 125±3
UGC09629 r 18.9±0.2 2.3±0.3 1.2±0.1 2.0±0.1 0.71±0.01 124±3
UGC09629 i 18.7±0.2 2.6±0.3 1.3±0.1 2.3±0.1 0.73±0.01 124±3
UGC11228 g 19.5±0.3 2.4±0.5 1.0±0.2 1.6±0.2 0.67±0.05 172±6
UGC11228 r 18.5±0.3 2.4±0.5 0.9±0.2 1.6±0.2 0.65±0.05 171±6
UGC11228 i 18.4±0.3 2.7±0.6 1.1±0.2 2.5±0.4 0.62±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 µ0 h h rbr eak rbr eak h0 h0 qdisc PAdisc

(mag/′′2) (′′) (kpc) (′′) (kpc) (′′) (kpc) (◦)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

MCG-01-52-012 g 20.5±0.2 8.1±0.5 2.0±0.1 - - - - 0.79±0.03 44±4
MCG-01-52-012 r 20.7±0.2 8.0±0.5 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
IC2341 g 20.6±0.1 9.7±0.4 3.3±0.1 32±2 11.1±0.6 14±2 4.9±0.6 0.52±0.01 2±2
IC2341 r 19.9±0.1 9.9±0.4 3.4±0.1 33±2 11.2±0.6 15±2 5.4±0.7 0.52±0.01 2±2
IC2341 i 19.6±0.1 10.0±0.4 3.4±0.1 32±2 11.0±0.6 15±2 5.2±0.7 0.53±0.01 2±2
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 12.6±0.5 4.0±0.2 - - - - 0.72±0.02 33±2
NGC0364 i 19.9±0.2 12.8±0.5 4.1±0.2 - - - - 0.72±0.02 33±2
NGC0515 g 20.6±0.2 11.4±0.5 3.7±0.2 - - - - 0.75±0.02 103±2
NGC0515 r 20.9±0.2 11.2±0.5 3.6±0.2 - - - - 0.74±0.02 105±2
NGC0515 i 19.9±0.2 11.7±0.5 3.8±0.2 - - - - 0.76±0.02 104±2
NGC0528 g 18.8±0.1 8.6±0.4 2.6±0.1 29±2 8.9±0.5 16±2 5.0±0.6 0.42±0.01 57±1
NGC0528 r 19.0±0.1 8.9±0.4 2.6±0.1 31±2 9.5±0.5 17±2 5.4±0.7 0.41±0.01 57±1
NGC0528 i 18.8±0.1 9.3±0.4 2.8±0.1 33±2 10.0±0.5 18±2 5.6±0.7 0.40±0.01 57±1
NGC0677 g 22.4±0.1 24.9±0.7 7.8±0.2 - - - - 0.80±0.01 173±1
NGC0677 r 21.7±0.1 27.2±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 3.8±0.1 38±2 9.0±0.4 12±1 2.9±0.1 0.51±0.01 145±1
NGC0842 r 20.2±0.1 16.6±0.4 3.9±0.1 40±2 9.5±0.4 12±1 3.0±0.1 0.51±0.01 145±1
NGC0842 i 19.7±0.1 16.3±0.4 3.9±0.1 37±2 8.9±0.4 13±1 3.1±0.1 0.52±0.01 145±1
NGC0924 g 21.2±0.2 17.0±0.7 4.7±0.2 - - - - 0.50±0.02 50±2
NGC0924 r 20.6±0.2 17.8±0.8 4.9±0.2 - - - - 0.51±0.02 47±2
NGC0924 i 20.0±0.2 16.3±0.7 4.5±0.2 - - - - 0.54±0.02 48±2
NGC1211 g 23.1±0.1 39.2±1.0 7.7±0.2 19±1 3.9±0.2 6±1 1.2±0.1 0.90±0.01 37±1
NGC1211 r 21.8±0.1 29.3±0.8 5.8±0.2 19±1 3.9±0.2 8±1 1.5±0.1 0.88±0.01 37±1
NGC1211 i 21.6±0.1 32.0±0.8 6.3±0.2 19±1 3.9±0.2 10±1 1.9±0.1 0.90±0.01 37±1
NGC1349 g 21.4±0.2 12.4±0.8 5.0±0.3 - - - - 0.87±0.01 98±4
NGC1349 r 20.7±0.2 13.5±0.9 5.5±0.4 - - - - 0.87±0.01 98±4
NGC1349 i 20.2±0.2 13.6±0.9 5.5±0.4 - - - - 0.88±0.01 98±4
NGC1645 g 20.5±0.2 17.9±0.8 5.4±0.2 - - - - 0.46±0.01 86±2
NGC1645 r 20.1±0.2 15.8±0.7 4.8±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 3.2±0.1 - - - - 0.55±0.01 48±1
NGC1665 i 19.6±0.1 18.2±0.5 3.2±0.1 - - - - 0.55±0.01 48±2
NGC2476 g 20.2±0.1 10.1±0.2 2.5±0.1 31±1 8.0±0.2 14±1 3.6±0.2 0.65±0.01 149±1
NGC2476 r 19.4±0.1 9.9±0.2 2.5±0.1 31±1 7.9±0.2 13±1 3.5±0.2 0.65±0.01 149±1
NGC2476 i 19.1±0.1 10.3±0.2 2.6±0.1 33±1 8.3±0.2 14±1 3.6±0.2 0.66±0.01 149±1
NGC2592 g 20.5±0.1 10.9±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±0.3 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 20.4±0.1 23.2±0.3 2.9±0.1 - - - - 0.54±0.01 143±1
NGC2880 i 19.8±0.1 22.4±0.2 2.8±0.1 - - - - 0.57±0.01 143±1
NGC3158 g 22.3±0.1 32.5±0.9 15.0±0.4 - - - - 0.85±0.01 72±2
NGC3158 r 21.4±0.1 31.4±0.9 14.5±0.4 - - - - 0.86±0.01 71±2
NGC3158 i 20.9±0.1 30.6±0.9 14.1±0.4 - - - - 0.86±0.01 71±2
NGC3300 g 20.2±0.1 13.4±0.4 3.0±0.1 - - - - 0.54±0.01 174±1
NGC3300 r 19.4±0.1 13.5±0.4 3.0±0.1 - - - - 0.54±0.01 174±1
NGC3300 i 19.0±0.1 13.6±0.4 3.1±0.1 - - - - 0.55±0.01 174±1
NGC4003 g 21.9±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 15.5±0.7 6.9±0.3 - - - - 0.69±0.02 175±2
NGC5473 g 20.2±0.1 17.1±0.3 2.8±0.1 29±1 4.8±0.1 25±1 4.1±0.1 0.78±0.01 156±1
NGC5473 r 19.4±0.1 17.1±0.3 2.8±0.1 30±1 5.0±0.1 26±1 4.3±0.1 0.78±0.01 155±1
NGC5473 i 19.0±0.1 17.0±0.3 2.8±0.1 31±1 5.1±0.1 24±1 4.0±0.1 0.78±0.01 155±1
NGC5481 g 20.3±0.1 13.7±0.2 1.8±0.1 84±2 10.9±0.2 50±2 6.5±0.3 0.73±0.01 114±1
NGC5481 r 20.2±0.1 13.4±0.2 1.7±0.1 79±2 10.2±0.2 44±2 5.7±0.3 0.73±0.01 115±1
NGC5481 i 19.5±0.1 13.7±0.2 1.8±0.1 85±2 11.0±0.2 49±2 6.4±0.3 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 17.9±0.5 6.7±0.2 - - - - 0.78±0.01 20±2
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Table A2: continued.

Galaxy Band µ0 h h rbr eak rbr eak h0 h0 qdisc PAdisc

(mag/′′2) (′′) (kpc) (′′) (kpc) (′′) (kpc) (◦)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (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 2.9±0.1 - - - - 0.93±0.02 139±2
NGC5794 r 21.3±0.2 11.6±0.5 3.1±0.1 - - - - 0.92±0.02 140±2
NGC5794 i 20.5±0.2 12.2±0.5 3.2±0.1 - - - - 0.91±0.02 145±2
NGC5876 g 21.8±0.1 33.5±0.9 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 2.9±0.1 0.42±0.01 52±1
NGC5876 i 20.5±0.1 29.9±0.8 7.2±0.2 49±2 11.9±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 7.9±0.3 12±1 2.6±0.1 0.52±0.01 127±1
NGC6278 r 20.4±0.1 24.5±0.6 5.2±0.1 38±2 8.1±0.4 11±1 2.5±0.1 0.51±0.01 127±1
NGC6278 i 20.0±0.1 24.7±0.6 5.3±0.1 39±2 8.4±0.4 12±1 2.6±0.1 0.53±0.01 127±1
NGC6427 g 20.6±0.2 14.3±0.6 3.4±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 3.3±0.1 - - - - 0.36±0.02 36±2
NGC6945 g 20.9±0.1 16.1±0.5 4.2±0.1 - - - - 0.61±0.01 120±1
NGC6945 r 20.2±0.1 16.4±0.5 4.3±0.1 - - - - 0.60±0.01 122±1
NGC6945 i 19.8±0.1 16.3±0.5 4.2±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 2.4±0.1 - - - - 0.48±0.01 137±1
NGC7619 g 21.8±0.1 34.4±0.4 8.3±0.1 - - - - 0.87±0.01 91±1
NGC7619 r 21.0±0.1 34.3±0.4 8.3±0.1 - - - - 0.87±0.01 90±1
NGC7619 i 20.7±0.1 35.0±0.4 8.4±0.1 - - - - 0.90±0.01 91±1
NGC7623 g 21.9±0.2 19.0±1.1 4.6±0.3 27±3 6.6±0.6 11±1 2.6±0.3 0.72±0.01 7±2
NGC7623 r 21.1±0.2 20.4±1.1 4.9±0.3 25±2 6.1±0.6 14±2 3.5±0.4 0.70±0.01 8±2
NGC7623 i 20.6±0.2 20.1±1.1 4.8±0.3 25±2 6.0±0.6 12±2 2.9±0.4 0.71±0.01 7±2
NGC7671 g 20.1±0.1 10.5±0.3 2.7±0.1 46±2 12.2±0.5 17±1 4.5±0.2 0.58±0.01 135±1
NGC7671 r 19.2±0.1 10.3±0.3 2.7±0.1 46±2 12.3±0.5 16±1 4.4±0.2 0.58±0.01 135±1
NGC7671 i 18.7±0.1 10.2±0.3 2.7±0.1 47±2 12.3±0.5 16±1 4.3±0.2 0.59±0.01 135±1
UGC01271 g 21.1±0.2 11.5±0.5 3.6±0.2 - - - - 0.62±0.02 95±2
UGC01271 r 20.1±0.2 11.6±0.5 3.6±0.2 - - - - 0.61±0.02 108±2
UGC01271 i 19.9±0.2 11.8±0.5 3.7±0.2 - - - - 0.62±0.02 94±2
UGC02222 g 22.0±0.2 15.2±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±0.2 - - - - 0.37±0.02 102±2

UGC09629 g 20.8±0.2 12.3±0.8 6.4±0.4 - - - - 0.33±0.03 125±4
UGC09629 r 20.1±0.2 12.5±0.8 6.5±0.4 - - - - 0.32±0.03 124±4
UGC09629 i 19.7±0.2 12.7±0.8 6.6±0.4 - - - - 0.31±0.03 124±4
UGC11228 g 21.5±0.2 13.8±0.6 5.4±0.2 - - - - 0.67±0.02 178±2
UGC11228 r 20.5±0.2 13.1±0.6 5.1±0.2 - - - - 0.65±0.02 176±2
UGC11228 i 20.2±0.2 14.2±0.6 5.5±0.2 - - - - 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, scale-length (arcsec), scale-
length (kpc), break radius (arcsec), break radius (kpc), outer scale length (arcsec), outer scale length (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 µbar abar abar qbar PAbar

(mag/′′2) (′′) (kpc) (◦)
(1) (2) (3) (4) (5) (6) (7)

IC2341 g - - - - -
IC2341 r - - - - -
IC2341 i - - - - -
MCG-01-52-012 g - - - - -
MCG-01-52-012 r - - - - -
MCG-01-52-012 i - - - - -
NGC0364 g 20.9±0.4 12.6±1.2 4.0±0.1 0.55±0.06 91±4
NGC0364 r 20.0±0.4 12.7±1.2 4.0±0.1 0.55±0.06 91±4
NGC0364 i 19.7±0.4 12.9±1.2 4.1±0.1 0.54±0.06 92±4
NGC0515 g 19.9±0.4 12.3±1.2 4.0±0.1 0.47±0.06 132±4
NGC0515 r 20.2±0.4 12.2±1.2 4.0±0.1 0.47±0.06 132±4
NGC0515 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 20.9±0.3 18.5±1.2 4.4±0.1 0.54±0.03 154±2
NGC0842 r 20.2±0.3 18.9±1.2 4.5±0.1 0.52±0.03 155±2
NGC0842 i 19.8±0.3 18.2±1.2 4.3±0.1 0.54±0.03 156±2
NGC0924 g 21.2±0.4 18.0±1.4 5.0±0.1 0.38±0.06 51±4
NGC0924 r 20.4±0.4 19.6±1.4 5.4±0.1 0.37±0.06 50±4
NGC0924 i 19.7±0.4 19.0±1.4 5.2±0.1 0.36±0.06 50±4
NGC1211 g 21.5±0.3 40.1±1.5 7.9±0.1 0.28±0.03 145±2
NGC1211 r 20.3±0.3 35.8±1.4 7.1±0.1 0.31±0.03 146±2
NGC1211 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 13.3±1.3 4.1±0.1 0.65±0.06 26±4
NGC1645 r 19.5±0.4 13.3±1.3 4.1±0.1 0.63±0.06 25±4
NGC1645 i 19.1±0.4 13.4±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 14.7±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 20.3±0.2 17.8±1.2 4.0±0.1 0.42±0.05 44±1
NGC3300 r 19.5±0.2 17.7±1.2 4.0±0.1 0.42±0.05 44±1
NGC3300 i 19.1±0.2 17.7±1.2 4.0±0.1 0.42±0.05 44±1
NGC4003 g 21.8±0.4 39.1±1.9 17.3±0.4 0.27±0.06 144±4
NGC4003 r 21.0±0.4 39.3±1.9 17.4±0.4 0.27±0.06 144±4
NGC4003 i 20.6±0.4 39.3±1.9 17.4±0.4 0.27±0.06 144±4
NGC5473 g 20.6±0.2 22.2±1.1 3.6±0.1 0.49±0.02 80±1
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Table A3: continued.

Galaxy Band µbar abar abar qbar PAbar

(mag/′′2) (′′) (kpc) (◦)
(1) (2) (3) (4) (5) (6) (7)

NGC5473 r 19.8±0.2 22.2±1.1 3.6±0.1 0.48±0.02 79±1
NGC5473 i 19.4±0.2 22.3±1.1 3.6±0.1 0.47±0.02 79±1
NGC5481 g - - - - -
NGC5481 r - - - - -
NGC5481 i - - - - -
NGC5784 g - - - - -
NGC5784 r - - - - -
NGC5784 i - - - - -
NGC5794 g 20.6±0.4 17.8±1.4 4.7±0.1 0.49±0.06 99±4
NGC5794 r 21.0±0.4 18.4±1.4 4.9±0.1 0.48±0.06 101±4
NGC5794 i 20.2±0.4 19.0±1.4 5.1±0.1 0.47±0.06 100±4
NGC5876 g 21.1±0.3 21.5±1.2 5.2±0.1 0.49±0.03 180±2
NGC5876 r 20.2±0.3 21.6±1.2 5.2±0.1 0.49±0.03 180±2
NGC5876 i 19.8±0.3 22.0±1.2 5.3±0.1 0.48±0.03 179±2
NGC6278 g 21.0±0.3 22.5±1.2 4.8±0.1 0.38±0.03 117±2
NGC6278 r 20.1±0.3 21.8±1.2 4.6±0.1 0.39±0.03 116±2
NGC6278 i 19.8±0.3 22.4±1.2 4.8±0.1 0.37±0.03 117±2
NGC6427 g 20.9±0.4 13.0±1.3 3.1±0.1 0.47±0.06 78±4
NGC6427 r 19.9±0.4 12.7±1.2 3.0±0.1 0.52±0.06 80±4
NGC6427 i 19.5±0.4 12.7±1.2 3.0±0.1 0.49±0.06 78±4
NGC6945 g 20.9±0.2 19.6±1.3 5.1±0.1 0.56±0.05 91±1
NGC6945 r 20.1±0.2 19.2±1.3 5.0±0.1 0.53±0.05 87±1
NGC6945 i 19.7±0.2 19.5±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 8.21±1.1 1.7±0.1 0.69±0.05 4±1
NGC7611 i 18.3±0.2 7.75±1.1 1.6±0.1 0.71±0.05 2±1
NGC7619 g - - - - -
NGC7619 r - - - - -
NGC7619 i - - - - -
NGC7623 g 21.7±0.5 21.9±1.6 5.2±0.2 0.41±0.07 161±3
NGC7623 r 20.9±0.5 21.4±1.6 5.1±0.2 0.38±0.07 161±3
NGC7623 i 20.4±0.5 21.5±1.6 5.1±0.2 0.40±0.07 161±3
NGC7671 g 21.1±0.3 9.18±1.1 2.4±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 19.4±0.3 9.01±1.1 2.4±0.1 0.61±0.03 24±2
UGC01271 g 21.2±0.4 18.7±1.4 5.8±0.1 0.43±0.06 52±4
UGC01271 r 20.3±0.4 18.3±1.4 5.7±0.1 0.39±0.06 53±4
UGC01271 i 19.9±0.4 18.7±1.4 5.8±0.1 0.42±0.06 52±4
UGC02222 g 22.4±0.4 22.6±1.5 7.1±0.2 0.35±0.06 102±4
UGC02222 r 21.2±0.4 20.3±1.4 6.3±0.1 0.37±0.06 98±4
UGC02222 i 20.9±0.4 22.4±1.5 7.0±0.2 0.34±0.06 101±4
UGC09629 g - - - - -
UGC09629 r - - - - -
UGC09629 i - - - - -
UGC11228 g 21.9±0.4 23.5±1.5 9.2±0.2 0.30±0.06 160±4
UGC11228 r 20.9±0.4 22.9±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.
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APPENDIX B: EFFECTS OF PIXELIZATION

AND PSF ON THE STELLAR KINEMATICS

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

In order to estimate the uncertainties due to the effects
of pixelization 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 datacubes. To this aim, mock datacubes were cre-
ated from scratch including both photometric and kinemat-
ics properties comparable to those of our sample galaxies.
Mock datacubes also share the technical properties of real
CALIFA data in terms of spatial and spectral resolution.

In detail, the mock datacubes were created with the
following properties: i) we used a single stellar population
spectrum, corresponding to an old and metal rich star, cho-
sen from the MILES library (Sánchez-Blázquez et al. 2006)
to create our datacube. Since we are only interested in the
effect of the spatial resolution on the kinematic measure-
ments, a realistic combination of single stellar populations
(SSPs) to reproduce a galaxy is not necessary. Therefore all
the spaxels in the datacube were assumed to have the same
SSP. ii) We used a set of SBD to reproduce realistic spaxel
intensity variation within the datacube. Each spaxel inten-
sity was scaled to follows a SBD described by a Sérsic profile
with values of the effective radius re = 1, 2, and 5 arcsec and
Sérsic index n = 1, 2, 3, and 4. Then, all datacubes were con-
volved with values of the FWHM= 0, 1, 2, 3, 4, 5, and 6 arcsecs
where FWHM =0 represent the perfect model. iii) The ve-
locity field was modelled assuming that the mock galaxies
have a rotation curve that follow the parameterisation by
Salucci et al. (2007)

vc(r) = vmax
r

√

r2
v + r2

(B1)

where vmax is the maximum rotation velocity and rv define
the spatial rising of the rotation velocity profile. We pro-
jected the velocity field on the sky plane assuming carte-
sian 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 ob-
server. 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) = vc(x, y) sin i cos φ (B2)

where φ 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 vmax = 150 and 300 km/s, and rv = 10 and 15 arcsec.
The velocity field parameterisation was tested against the
real data. To this aim, we derived the rotation curves from
our galaxy sample using the kinemetry routine developed
by Krajnović et al. (2006). Then, the rotation curves were
fitted using Eqs. B1 and B2 with vmax and rv as free param-
eters. 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 ex-
ponentially declining profile with two free parameters: the
maximum velocity dispersion (σmax) and the scale-length
(rσ). Attending to the typical values for our galaxy sample
(obtained from the fit to the kinemetry velocity dispersion
profiles) we built the datacubes with a velocity dispersion
profile with σmax =150 and 200 km/s and rσ =20 and 40 arc-
secs. Finally, all datacubes were created using models with
two different inclinations i =30 and 60 degrees to test possi-
ble inclination effects on our measurements. A final sample
of 2688 mock datacubes was created.

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

We measured the values of the (v/σ)e,b and λe,b using
Eqs. 5 and 6. Figure B1 shows, for a given photometric con-
figuration, an example of the biases introduced when the
measurement radii are comparable to the spatial resolution
of the data. The measured value of λe,b is a strong function
of the PSF/re,b ratio, with differences reaching up to 70%
from the actual value, and always affecting the measure-
ments towards lower values of λe,b. In fact, pixelation and
PSF effect can be considered as a systematic variation and
therefore a correction factor should be applied to the data.
Fortunately, Figure 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/re,b ratio. In fact, the errors due to the differ-
ent kinematic of the system (different colours in Figure B1)
are always much smaller (≤ 10%) than the correction factor
itself. Therefore, since the photometric parameters can be
obtained with a better spatial resolution (SDSS) than the
datacubes (CALIFA) we can safely compute the correction
factor, and its corresponding dispersion, and properly cor-
rect the integrated values of (v/σ)e,b and λe,b.

We computed the correction factor for each galaxy by
interpolating the plane shown in Figure B2 using the corre-
sponding values of re,b/PSF ratio and Sérsic index (n) for
each bulge. In order to account for the errors due to the
different possible kinematics, inclinations, and bulge effec-
tive radius (re) (shown with different colours in Figure B1),
we perform this interpolation in a Monte Carlo fashion. We
created 2000 interpolation planes by randomly changing the
position of every node of the plane, i.e., for all the differ-
ent kinematic configurations. Both the mean and standard
deviation were taken as the correction factor and its error,
respectively. This error was then propagated into the value
of λe,b and summed quadratically with measurements errors
as described in Sect. 6.2.

This paper has been typeset from a TEX/LATEX file prepared by
the author.
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Figure B1. Upper panels. Distribution of measured λe,b as a function of the PSF/re,b ratio. Different colours represent different
combinations of vmax and σmax. Points have been artificially shifted in the x-axis for representation purposes. Lower panels. Distribution
of λe,b differences in percentages with respect to the models with PSF/re,b =0, i.e., the ideal case. Left and right panels show all possible
combinations of the kinematic parameters with re,b=2 and n = 1 and n = 4, respectively.
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Figure B2. Distribution of the λe,b correction factor in the
PSF/re,b ratio and Sérsic index (n) plane. Each point represents
the median value of the different models. Different colours repre-
sents models with different values of the Sérsic index n. The sur-
face 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.

MNRAS 000, 1–29 (2017)


	1 Introduction
	2 CALIFA sample of early-type galaxies
	3 Surface photometry and S0 selection
	3.1 SDSS images sky subtraction
	3.2 Photometric decomposition
	3.3 S0 vs E separation based on the photometric decomposition

	4 Global properties of the galaxy sample
	5 Stellar kinematic measurements
	5.1 Stellar kinematics maps
	5.2 Stellar kinematic properties

	6 Results
	6.1 Structural components and photometric properties of the sample
	6.2 Stellar kinematics of S0 bulges
	6.3 Photometry vs kinematics in S0 bulges

	7 Discussion
	7.1 Morpho-kinematic properties of S0 bulges
	7.2 Bulge formation scenarios
	7.3 Implications on S0 formation

	8 Conclusions
	A Structural parameters of the galaxy sample
	B Effects of pixelization and PSF on the stellar kinematics

