A&A 572, A25 (2014)
DOI: 10.1051/0004-6361/201423955
© ESO 2014

A8§tronomy
Astrophysics

Secular- and merger-built bulges in barred galaxies
J. Méndez-Abreu'-23-* V. P. Debattista*, E. M. Corsini>®, and J. A. L. Aguerri!?

Instituto de Astrofisica de Canarias, Calle Via Lactea s/n, 38200 La Laguna, Tenerife, Spain

e-mail: jma20@st-andrews.ac.uk; jairomendezabreu@gmail.com

Departamento de Astrofisica, Universidad de La Laguna, 38205 La Laguna, Tenerife, Spain

School of Physics and Astronomy, University of St. Andrews, SUPA, North Haugh, KY16 9SS St. Andrews, UK
Jeremiah Horrocks Institute, University of Central Lancashire, PR1 2HE Preston, UK

Dipartimento di Fisica e Astronomia “G. Galilei”, Universita di Padova, vicolo dell’Osservatorio 3, 35122 Padova, Italy
INAF — Osservatorio Astronomico di Padova, vicolo dell’Osservatorio 5, 35122 Padova, Italy

[ RV R SRV )

Received 7 April 2014 / Accepted 26 August 2014

ABSTRACT

Context. Historically, galaxy bulges were thought to be single-component objects at the center of galaxies. However, this picture
is now questioned since different bulge types with different formation paths, namely classical and pseudobulges, have been found
coexisting within the same galaxy.

Aims. We study the incidence and nature of composite bulges in a sample of 10 face-on barred galaxies to constrain the formation
and evolutionary processes of the central regions of disk galaxies.

Methods. We analyze the morphological, photometric, and kinematic properties of each bulge. Then, by using a case-by-case analysis
we identify composite bulges and classify every component into a classical or pseudobulge. In addition, bar-related boxy/peanut (B/P)
structures were also identified and characterized.

Results. We find only three galaxies hosting a single-component bulge (two pseudobulges and one classical bulge). Thus, we demon-
strate the high incidence of composite bulges (70%) in barred galaxies. We find evidence of composite bulges coming in two main
types based on their formation: secular-built and merger- and secular-built. We denote as secular-built those composite bulges that
are made up of structures associated with secular processes, such as pseudobulges, central disks, or B/P bulges. We find four com-
posite bulges of this kind in our sample. On the other hand, merger- and secular-built bulges are those where structures with different
formation paths coexist within the same galaxy, i.e., a classical bulge coexisting with a secular-built structure (pseudobulge, central
disk, or B/P). Three bulges of this kind were found in the sample. We notice the importance of detecting kinematic structures such as
o-drops to identify composite bulges. A high percentage (~80%) of galaxies were found to host o-drops or o--plateaus in our sample,
revealing their high incidence in barred galaxies.

Conclusions. The high frequency of composite bulges in barred galaxies points toward a complex formation and evolutionary sce-
nario. Moreover, the evidence of coexisting merger- and secular-built bulges reinforce this idea. We discuss how the presence of
different bulge types with different formation histories and timescales can constrain current models of bulge formation.
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1. Introduction

The central role of the bulges of disk galaxies in our under-
standing of galaxy formation and evolution is a generally ac-
cepted fact. The bulge prominence is the main feature by which
galaxies are classified into Hubble types, accounting for more
than one quarter of the stellar mass budget in the local Universe
(Driver et al. 2007; Gadotti 2009). Bulges influence the size,
strength, and incidence of bars (Sellwood 1981; Laurikainen
et al. 2009; Aguerri et al. 2009; Cheung et al. 2013), which in
turn have a profound effect on the rest of the stellar and gaseous
mass distribution. Bulges host central supermassive black holes,
which themselves influence galaxy evolution and star forma-
tion (Springel et al. 2005). Remarkably, the mass of the super-
massive black hole correlates with the random motions of stars
in the bulge (Gebhardt et al. 2000), suggesting that these ob-
jects of vastly different scales somehow regulate each other (but
see Kormendy et al. 2011). However, despite their importance,
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questions such as how much of their observed morphology is
due to fast or long-term processes or how much is due to internal
or external evolution remain unanswered. In fact, these different
formation processes are reflected in the two types of bulges that
are thought to exist: classical and disk-like bulges.

Classical bulges can be formed via dissipative collapse of
protogalactic gas clouds (Eggen et al. 1962) or by the coa-
lescence of giant clumps in primordial disks (Bournaud et al.
2007). On the other hand, they could also grow out of disk
material externally triggered by satellite accretion during mi-
nor merging events (Aguerri et al. 2001; Eliche-Moral et al.
2006) or by galaxy mergers (Kauffmann 1996) with different
merger histories (Hopkins et al. 2010). Extreme cases of polar
bulges sticking out from the disk plane have also been observed
(Corsini et al. 2012, and references therein). Observationally, the
surface-brightness distribution of classical bulges generally fol-
lows a de Vaucouleurs law (Andredakis et al. 1995). They ap-
pear rounder than their associated disks, and their kinematics
are described well by rotationally flattened oblate spheroids with

A25, page 1 of 16


http://dx.doi.org/10.1051/0004-6361/201423955
http://www.aanda.org
http://www.edpsciences.org

A&A 572, A25 (2014)

little or no anisotropy (Kormendy & Illingworth 1982). In addi-
tion, they have photometric and kinematic properties that sat-
isfy the fundamental plane (FP) correlation (Bender et al. 1992;
Falcon-Barroso et al. 2002; Aguerri et al. 2005).

Disk-like bulges (also known as pseudobulges) are thought
to be the products of secular processes driven by bars (see
Kormendy & Kennicutt 2004). Bars are ubiquitous in disk
galaxies (Aguerri et al. 2009). They are efficient mechanisms
for driving gas inward to the galactic center triggering cen-
tral star formation generally associated with a pseudobulge.
Nevertheless, Eliche-Moral et al. (2011) have recently pro-
posed that pseudobulges 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 pseu-
dobulges. Observationally, pseudobulges have an almost expo-
nential surface-brightness distribution (Fisher & Drory 2008),
and they are mainly oblate spheroids (Méndez-Abreu et al.
2010) with apparent flattenings similar to their associated disks.
Pseudobulges rotate as quickly as disks and usually deviate from
the FP (Carollo 1999).

Other central structures usually referred to as bulges in-
clude boxy/peanut (B/P) bulges. It is well established nowa-
days that these are structures related to the secular evolution
of bars (Combes & Sanders 1981; Chung & Bureau 2004). As
bars evolve, stars can be moved perpendicular to the disk plane
owing to a coherent bending of the bar producing its charac-
teristic shape (Debattista et al. 2004; Martinez-Valpuesta et al.
20006). Therefore, B/P structures share the photometric and kine-
matic properties of bars (Méndez-Abreu et al. 2008b; Erwin &
Debattista 2013).

Mixed types of classical and pseudobulges can also occur
in the same galaxy (Athanassoula 2005; Gadotti 2009; Nowak
et al. 2010; Kormendy & Barentine 2010). Furthermore, their
combination with B/P structures in barred galaxies is also ex-
pected. The frequency of these composite bulges is still not well-
determined, and, more puzzlingly, different combinations of
bulge types can successfully explain observations (de Lorenzo-
Céceres et al. 2012). Besides bulges, a variety of structures
present in the center of disk galaxies have been found: nuclear
stellar disks, characterized by a smaller scalelength and higher
central surface brightness with respect to the large kiloparsec
scale disks typical of lenticular and spiral galaxies (see Morelli
etal. 2010, and references therein); nuclear clusters, are common
structures in late Hubble types with linear scales from a few up
to 20 pc (Boker et al. 2002; Seth et al. 2006); and nuclear bars,
subkiloparsec scale bars usually lying inside typical large galac-
tic bars (Prieto et al. 1997; Laine et al. 2002; Erwin 2004). This
complex picture of the central regions of disk galaxies, contain-
ing several structural and kinematic components formed through
very different mechanisms, further complicate the identification
of different bulge types.

One promising path to uncovering the real nature of bulges in
disk galaxies is through the combination of structural and kine-
matic diagnostics. Thus far, the most commonly used diagnostic
for distinguishing bulge types was only based on the photometry,
assuming that light profiles of classical bulges are described bet-
ter by a Sérsic profile with n > 2, whereas pseudobulges should
have n < 2 (Fisher & Drory 2008). Recently, Fabricius et al.
(2012) have studied the photometric and kinematic properties
for a sample of 45 bulges in disk galaxies. They demonstrate that
these combined properties are useful for distinguishing classical
from pseudobulges even if some unclear cases are still present.

In this paper we present intermediate-resolution kinematics
and structural properties of ten face-on barred galaxies. We use
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Table 1. Characteristics of the sample galaxies.

Galaxy RA Dec Morph. type z i
(h:m:s) ©::) ©)
)] &) 3) “ 5 ©

IC 1815  02:34:20.0 +32:25:46 SBO 0.0157 30
NGC 0043 00:13:00.7 +30:54:55 SBO 0.0160 25
NGC 0098 00:22:49.5 -45:16:08 SB(r)bc 0.0206 22
NGC 0175 00:37:21.5 -19:56:03 SB(r)ab 0.0130 20
NGC 0521 01:24:33.8 +01:43:53 SB(r)bc 0.0167 14
NGC 0621 01:36:49.0 +35:30:44 SBO 0.0172 34
NGC 1640 04:42:14.5 -20:26:05 SB(r)b 0.0054 20
NGC 2493 08:00:23.6  +39:49:50 SBO 0.0130 20
NGC 4477 12:30:02.2 +13:38:12 SB(5)0:? 0.0045 27
NGC 4838 12:57:56.1 -13:03:36  (R”)SB(r)b: 0.0167 22

Notes. (1) Galaxy name; (2) and (3) right ascension and declination
of the galaxies (J2000.0); (4) morphological classification; (5) redshift;
(6) inclination derived from gg in Table 3. (2-5) values were taken
from the NASA/IPAC Extragalactic Database (NED).

this information to reveal the nature of the different components
present in the galaxy centers and, more specifically, the nature of
their bulges. Kinematic measurements of face-on galaxies and,
in particular, of barred galaxies are rare in the literature (but see
Bershady et al. 2010). They are usually avoided since problems
due to the effects of projection on the velocity rotation curves
are difficult to overcome. However, stellar kinematic measure-
ments of face-on galaxies provide access to the vertical compo-
nent of both the velocity ellipsoid and higher order moments of
the line-of-sight velocity distribution (LOSVD) providing new
hints to the identification and understanding of galaxy structural
components.

The paper is organized as follows. Section 2 describes the
sample selection. Sections 3 and 4 explain the observations, data
reduction, and analysis of the photometric and spectroscopic
data, respectively. Section 5 presents the analysis of the struc-
tural and kinematic properties of the bulges. Section 6 describes
the different bulge types present in our sample. The conclusions
are given in Sect. 7. Appendix A summarizes the main character-
istics of each sample galaxy. Throughout the article we assume a
flat cosmology with Q,, = 0.3, Q5 = 0.7, and a Hubble constant
Hy =70kms™' Mpc™.

2. Sample selection

The sample of face-on barred galaxies was selected from the
NASA/IPAC Extragalactic Database (NED) as bright (Br < 14)
and undisturbed objects, with a disk inclination lower than 30°, a
bar length larger than 10” to avoid seeing effects, a disk diameter
smaller than 4’ to allow an accurate spectroscopic sky subtrac-
tion, no strong evidence of dust and no bright foreground stars
in the Digitized Sky Survey (DSS) image. To define the final
galaxy sample, their disk inclinations, bar lengths, and bar po-
sition angles were first determined from ellipse fits to the Two-
Micron All Sky Survey (2MASS) Large Galaxy Atlas (Jarrett
et al. 2003) J-band archival images following the method de-
scribed in Aguerri et al. (2009). The main properties of the sam-
ple galaxies are given in Table 1.

3. Surface photometry
3.1. Observations and data reduction

Imaging of the sample galaxies was obtained from three differ-
ent sources (see Table 2): the Sloan Digital Sky Survey Data
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Table 2. Characteristics of the photometric observations.

Galaxy Filter Source  FWHM
™)
&) @) 3 (G
IC 1815 K 2MASS 3.1
NGC 0043 i SDSS 1.2
NGC 0098 I — Bessel VLT 0.7
NGC 0175 i SDSS 1.2
NGC 0521 i SDSS 0.8
NGC 0621 K 2MASS 2.9
NGC 1640 I — Bessel VLT 0.7
NGC 2493 i SDSS 1.1
NGC 4477 i SDSS 1.2
NGC 4838 I — Bessel VLT 0.8

Notes. (1) Galaxy name; (2) image pass-band; (3) source of the image;
(4) PSF FWHM measured from field stars on the galaxy images.

Release 8 (SDSS-DRS; Aihara et al. 2011), the acquisition
images taken at the time of the spectroscopic observations at
the Very Large Telescope (VLT), and 2MASS (Skrutskie et al.
2000).

For the purpose of this paper, we preferred to use the im-
ages from the SDSS since they are well calibrated and have suf-
ficient resolution and depth to safely obtain an accurate photo-
metric decomposition. Unfortunately, they were only available
for five galaxies in our sample. In our analysis we used the i-band
images.

When the SDSS images were not available, we analyzed the
uncalibrated acquisition images from the VLT. The acquisition
images were deliberately taken using the /-band Bessel filter and
with an exposure time usually of a few minutes. We reduced this
data using the bias and dome flat-field images available for the
corresponding nights; however, the photometric calibration was
not performed due to the lack of photometric standards stars.
It is worth noting that absolute calibration is not necessary to
obtain the galaxy structural parameters used in this work. Three
galaxies (NGC 0098, NGC 1640, and NGC 4838) of the sample
were analyzed using these images.

For the remaining two galaxies (IC 1815 and NGC 0621), we
used the K-band images available in the 2MASS survey. Even
though the image quality and depth of these images is clearly
poorer than the previous ones, in Méndez-Abreu et al. (2008a)
we already demonstrated the usefulness of 2MASS imaging for
photometric decompositions of bright galaxies such as those in
this work. Therefore, for the sake of completeness and after a
careful visual inspection of the fits and the residuals, we included
the corresponding analysis in the present study.

3.2. Photometric decomposition

The structural parameters of the sample galaxies were derived
by applying a two-dimensional photometric decomposition to
the galaxy images previously described. Several codes are avail-
able to perform photometric decompositions, such as GALFIT
(Peng et al. 2002), GIM2D (Simard et al. 2002), or BUDDA
(de Souza et al. 2004). We used the GASP2D algorithm devel-
oped by Méndez-Abreu et al. (2008a). We briefly describe the
main characteristics of GASP2D in the following. The galaxy
surface-brightness distribution (SBD) was assumed to be the
sum of a bulge, disk, and bar component. No other additional
components, such as lenses or ovals, present in a fraction of bar
galaxies (Prieto et al. 2001; Laurikainen et al. 2009) were con-
sidered in our photometric decomposition.

The Sérsic law (Sérsic 1968), also known as the r'/" law or
generalized de Vaucouleurs law, was adopted to describe the sur-
face brightness of the bulge component

—b,l[( rb‘,‘fe)% —1J
Ibulge(rbulge) =L10 s (D

where rpyige is the radius measured in the Cartesian coordinates
describing the reference system of the bulge in the plane of
the sky. The variables r., I., and n are the effective (or half-
light) radius, the surface brightness at r., and a shape parame-
ter describing the curvature of the SBD, respectively, and b, =
0.868 n — 0.142 (Caon et al. 1993). The bulge isophotes are el-
lipses centered on the galaxy center (xo, yo) with constant posi-
tion angle PApyge and constant axial ratio gpuige-

The SBD of the disk component was assumed to follow an
exponential law (Freeman 1970)

_( disk
Ly (raig) = Tp e CH),

@)

where rg 1S the radius measured in the Cartesian coordinates
describing the reference system of the disk. Here, [y and & are
the central surface brightness and scalelength of the disk, respec-
tively. The disk isophotes are ellipses centered on (xo, yo) with
constant position angle PA sk and constant axial ratio gg;sk-

The projected surface density of a three-dimensional Ferrers
ellipsoid (Ferrers 1877; see also Aguerri et al. 2009) was used to
describe the SBD of the bar component

27Mbar+0.5

Tbar

Toar(Foar) = Topar |1 - s Tbar < Qbar, (3)
Abar

where ry, is the radius measured in the Cartesian coordinates
describing the reference system of the bar and using generalized
ellipses (Athanassoula et al. 1990). Here, Iy par, dbar and np,, rep-
resent the central surface brightness, length, and shape parameter
of the bar, respectively. Owing to the high degree of degeneracy
that the ny,e parameter introduces during the fit, we decided to
keep it as a fixed parameter during the fitting process. The de-
fault value used was np,: = 2 (see also Laurikainen et al. 2005).

The bar strength represents the contribution of the bar to the
total galaxy potential. We compute the bar strength using the
recipe of Whyte et al. (2002), which is based on the bar axis
ratio

1 2 (arctan [q;;r/ 2] — arctan [q;alr/ 2]), 4)

g
where gy, is the axial ratio of the bar corrected for the inclina-
tion of the disk (see Abraham et al. 1999). We used the bar el-
lipticities measured from our photometric decomposition, which
can strongly differ from those derived from the maximum of the
ellipse averaged isophotal radial profiles (see Gadotti 2008).

To derive the photometric parameters of the different com-
ponents, we iteratively fitted a model of the SBD to the pixels
of the galaxy image, using a nonlinear least-squares minimiza-
tion based on a robust Levenberg-Marquardt method (Moré et al.
1980). The actual computation has been done using the MPFIT
algorithm (Markwardt 2009) under the IDL ! environment. Each
image pixel has been weighted according to the variance of its
total observed photon counts due to the contribution of both the

! Interactive Data Language is distributed by ITT Visual Information

Solutions. It is available from http://www.ittvis.com
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galaxy and sky, and determined assuming photon noise limi-
tation and taking the detector readout noise into account. The
seeing effects were considered by convolving the model image
with a circular Moffat (Trujillo et al. 2001) point spread function
(PSF) with the full width at half maximum (FWHM) measured
directly from stars in the galaxy image (Table 2). Figure 1 shows
the GASP2D fits for each galaxy in the sample. The parameters
derived for the structural components are collected in Table 3.

The formal errors obtained from the y? minimization pro-
cedure are usually not representative of the real errors in the
structural parameters (Méndez-Abreu et al. 2008a). Therefore,
the errors given in Table 3 were obtained through a series
of Monte Carlo simulations. A set of 500 images of galaxies
with a Sérsic bulge, an exponential disk, and a Ferrers bar was
generated. The structural parameters of the artificial galaxies
were randomly chosen among the ranges obtained for our sam-
ple galaxies (Table 3). The simulated galaxies were assumed to
be at a distance of 51 Mpc, which corresponds to the mean of our
galaxy sample. The adopted pixel scale, CCD gain, and read-out
noise were chosen to mimic the instrumental setup of the pho-
tometric observations. Finally, a background level and photon
noise were added to the artificial images to yield a signal-to-
noise ratio similar to that of the observed ones. The images of
artificial galaxies were analyzed with GASP2D as if they were
real. Thus, the initial conditions in the fitting procedure were
computed independently of their actual values for each model
galaxy. The errors on the fitted parameters were estimated by
comparing the input and measured values assuming they were
normally distributed. The mean and standard deviations of the
relative errors of the artificial galaxies were adopted as the sys-
tematic and typical errors for the observed galaxies. It is worth
noting that systematic errors associated with PSF and sky back-
ground uncertainties were not taken into account in the simula-
tions, and therefore the quoted errors might still be underesti-
mated (e.g., Méndez-Abreu et al. 2008a).

4. Long-slit spectroscopy
4.1. Observations and data reduction

The long-slit spectroscopic observations were performed us-
ing both the VLT at the European Southern Observatory (ESO)
and Hobby-Eberly Telescope (HET) at McDonald Observatory
(Table 4). In all cases the slit was placed along the major axis of
the bar.

The VLT observations were carried out in service mode
using the Focal Reducer Low Dispersion Spectrograph 2
(FORS2) mounting the volume-phased holographic grism
GRIS_1028z+29 with 1028 grooves mm™' and the 077 x 6’8
slit. The detector was a mosaic of two MIT/LL CCDs, each
with 2048 x 4096 pixels of 15 x 15 um?. The wavelength
range from 7681 A to 9423 A was covered in the reduced spec-
tra with a reciprocal dispersion of 0.858 A pixel™' and a spa-
tial scale of 07250 pixel™! after a 2 x 2 pixel binning. Using
standard IRAF? routines, all the spectra were bias-subtracted,
flat-field-corrected, cleaned of cosmic rays, corrected for bad
pixels, and wavelength-calibrated. The accuracy of the wave-
length rebinning (1 kms™') was checked by measuring the wave-
lengths of the brightest night-sky emission lines. The instru-
mental resolution was 1.84 + 0.01 A (FWHM) corresponding
to oinst = 27 kms~! at 8552 A. The spectra obtained for the

2 IRAF is distributed by NOAO, which is operated by AURA Inc.,
under contract with the National Science Foundation.
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Table 3. Structural parameters of the sample galaxies.
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0.71 + 0.07
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0.89 + 0.08
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0.88 + 0.04
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33

IC 1815

0.07
0.08
0.11
0.02
0.14
0.07
0.10
0.08
0.12

0.21
0.11
0.07
0.08
0.27
0.09
0.26
0.20
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944 + 6.6
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NGC 0043
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201.6 + 12

1.2+0.1 206.6 + 12.3

NGC 0098

1233+ 12

0.20 + 0.02
0.26 + 0.02
0.35 + 0.05
0.19 + 0.00
0.36 + 0.01
0.39 + 0.01
0.31 +0.01

66.7 + 6.6

1244 + 13.6

1.3+0.2

24 +0.3

NGC 0175

156.9 + 15

28.5+4.2

212 +2.1

36.6 +4.0 0.97 +0.09

13.3+2.7
16.6 + 0.8

235+1.2
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104.4 + 15

195 +29
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0.94 + 0.04
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34+02
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NGC 0621

2239 + 11

225.1 + 11

220.1 + 11.0
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31.8+2.0
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54.8 £3.2

340+ 1.7
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44.6 £2.2

NGC 2493
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3.25
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322+ 1.0 0.89+0.02

1.6 £ 0.1 24.6 £0.7
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1.4 +0.1

NGC 4477

10

252 +1.5

0.93 +0.05

219.0 + 13.1

NGC 4838

Notes. (1) Galaxy name; (2), (3), (4), and (5) effective radius, shape parameter, axis ratio, and position angle of the bulge, respectively; (6), (7), and (8) scale-length, axis ratio, and position angle

of the disk, respectively; (9), (10), and (11) semi-major axis length, axis ratio, and position angle of the bar, respectively; (12) bulge-to-total luminosity ratio; (13) bar-to-total luminosity ratio;

(14) radius where the bulge and the disk (or bar) component give the same contribution to the total surface brightness.
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Fig. 1. Top left: original galaxy image. Top middle: galaxy model derived from GASP2D fit considering a bulge, a bar, and a disk component.
Top right: residual image derived from the subtraction of the galaxy model from the original image. Bottom left: ellipse-averaged SBD of the
galaxy (black dots). Lines indicate the fit of the contribution of different components derived with GASP2D: dashed line for the bulge, dotted-
dashed line for the bar, and the dotted line for the disk. The solid green line indicates the ellipse-averaged SBD of the best-fit model. Upper inset
shows a zoom of the fit with a logarithmic scale for the distance to the center of the galaxy. Bottom middle: ellipticity radial profile measured from
the ellipse fit on the galaxy image (black dots) and the best fit model image (green solid line). Bottom right: position angle (PA) radial profile
measured from the ellipse fit on the galaxy image (black dots) and the best fit model image (green solid line).

was determined by interpolating along the outermost ~30” at the

same galaxy were co-added using the center of the stellar con-
edges of the slit and then subtracted.

tinuum as reference. In the resulting spectra, the sky contribution
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Fig. 1. continued.

The HET observations were carried out in service mode
using the Marcario Low Resolution Spectrograph (LRS) with
the E2 phase volume holographic GRISM and 170 slit. The
detector was a Ford Aerospace 3072 x 1024 pixels of 15 X
15 um? yielding a spatial scale of 07235 pixel~'. The wavelength
range covered from 4790 A to 5850 A and was sampled with
0.38 A pixel™'. We used standard IRAF routines to reduce the
long-slit spectra. In addition to the bias subtraction, flat-field cor-
rection, and cosmic ray rejection, we corrected for a two-degree
tilt between the slit and the CCD rows by performing a sub-
pixel shifting of the CCD columns. After this correction, we per-
formed the wavelength calibration using neon arc frames. The
accuracy of the wavelength rebinning (1 km s~') was checked by
measuring the wavelengths of the brightest night-sky emission
lines. The instrumental resolution was 1.73 + 0.01 A (FWHM)
corresponding to oipge = 42 km s~ at 5200 A. No correction for
anamorphic distortion was performed on our spectra owing to a
lack of suitable stars to trace this effect. Based on Fig. 2 in Saglia
et al. (2010), variations of up to ten pixels are expected in the red
and blue extremes of the CCD (see also Fabricius et al. 2012).
However, for the central wavelengths, the anamorphic distortion
is negligible for every spatial position in the CCD. Since we are
interested in measuring the Mg I triplet, we perform the fit using
only a small spectral region, thus avoiding as much as possi-
ble this effect. In addition, possible variations are expected to be
well below the typical spatial bin sizes that we use at the ends of
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Table 4. Characteristics of the spectroscopic observations

Galaxy Telesc. Instr. Tinte PA  Exp. time

(kms™) () (min)
(H 2 3 (€] ) (6)

IC 1815 HET LRS 42 131 1x30
NGC 0043 HET LRS 42 98 3x30
NGC 0098 VLT FORS2 27 32 4x45
NGC 0175 VLT FORS2 27 125 4x45
NGC 0521 VLT FORS2 27 156 4 x45
NGC 0621 HET LRS 42 100 2x30
NGC 1640 VLT FORS2 27 47 4 x45
NGC 2493 HET LRS 42 32 4x45
NGC 4477 VLT FORS2 27 13 1x45
NGC 4838 VLT FORS2 27 52 4x45

Notes. (1) Galaxy name; (2) and (3) telescope and instrument used in
the observations; (4) instrumental resolution; (5) position angle of the
slit; (6) exposure time of the observations.

the slit. To correct for flexure of the instrument during the night,
we measured the wavelength position of the 5577 A skyline and
correct the wavelength calibration to zeroth order by adding a
constant1 offset. The median absolute offset of all observations is
Skms™ .
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4.2. Measuring stellar kinematics

The stellar kinematics of the sample galaxies were measured
from the galaxy absorption features present in the wavelength
range centered on either the Ca II triplet (148498, 8542, 8662 A)
for the VLT spectra or Mg I line triplet (115164, 5173, 5184 A)
for the HET spectra using the penalized pixel-fitting method
(pPXF; Cappellari & Emsellem 2004). The spectra were re-
binned along the dispersion direction on a logarithmic scale,
and along the spatial direction to obtain a signal-to-noise ratio
S/N = 20 per resolution bin at the outer radii. It increases to
S/N > 50 at the center of the galaxies.

A linear combination of stellar templates convolved with the
LOSVD described by the Gauss-Hermite expansion (van der
Marel & Franx 1993) was fitted to each galaxy spectrum by x*
minimization in the pixel space. This allowed us to derive radial
profiles of the mean velocity (vjs), velocity dispersion (oes),
and third- (h3) and fourth-order (h4) Gauss-Hermite moments.
The stellar templates used in this study were obtained from the
Ca II triplet library (Cenarro et al. 2001), which cover the spec-
tral range between 8350-9020 Aat15A (FWHM), and the
INDO-US library (Valdes et al. 2004), which covers the wave-
length range 3460-9464 A at ~1.36 A (FWHM) for the VLT
and HET spectra. Prior to fitting, they were convolved with a
Gaussian to match the instrumental resolution of our spectra.
The uncertainties on the kinematic parameters were estimated
by Monte Carlo simulations including photon, read-out, and sky
noise.

Figure 2 shows the kinematic radial profiles for the sample
galaxies. It is worth remembering here that the radial profiles
obtained in this paper are along the major axis of the bars. This
implies that radial velocities should be corrected not only for
inclination, but also for the different position angle with respect
to the line of nodes. In addition, galaxies in the sample are nearly
face-on, thus our LOS samples mostly the vertical components
of the velocity and velocity dispersion.

5. Results
5.1. Photometric properties of the sample

The main results from the photometric decomposition are shown
in Fig. 3. The Sérsic index distribution for our sample galax-
ies covers the range 1.2 < n < 3.4 with six of them having
n < 2. We did not find any correlation between Sérsic index and
Hubble type. We found a wide spread of Sérsic index ranging
from 1.6 < n < 3.4 for our sample of five lenticular galaxies,
whereas the remaining spirals all have n < 2.4. This behavior
for the lenticular galaxies is not surprising, and it has been al-
ready noticed in previous studies (Méndez-Abreu et al. 2008a;
Laurikainen et al. 2010). The low n values found in our galaxies
can be explained by including a bar component in our photomet-
ric decompositions. Several works (Aguerri et al. 2005; Balcells
et al. 2007; Gadotti 2008; Laurikainen et al. 2010) have shown
how the presence of another component (mainly a bar) at the
center of the galaxy, and properly taken into account in the pho-
tometric decomposition, reduces the n index of the bulge.

The effect of including a bar in the photometric decompo-
sition is also clearly shown in the B/T distribution. Our sam-
ple only spans the range between 0.07 < B/T < 0.33 even if
it is biased toward early-type disk galaxies. Gadotti (2008) esti-
mate that not including the bar in the photometric decomposition
can result in overestimating the B/T ratio by a factor of 2. Our

B/T distribution also agrees with other results (Aguerri et al.
2005; Laurikainen et al. 2007).

The bar-to-total (Bar/T) ratio covers the range from 0.02 <
Bar/T < 0.14, indicating that bars contribute marginally to the
total luminosity, and possibly to the total mass of the galaxy.
Nonetheless, they are able to change the morphology and dy-
namics of their central regions. The bar strength distribution
spans 0.26 < f;, < 0.46. We found that bars in lenticular galax-
ies are weaker than in spirals. Similar results have already been
found in the literature (i.e., Aguerri et al. 2009), but our sample
is too small to reach more statistically meaningful conclusions.

5.2. o-drops

Central reductions of the stellar velocity dispersion of galax-
ies are usually called o-drops (Emsellem et al. 2001). Figure 2
clearly shows the ubiquity of o-drops and o-plateaus in our
galaxy sample. We found a clear drop in the central velocity
dispersion of five galaxies, and another three show a plateau in
their central regions. This means that 80% of our sample galax-
ies show this kinematic feature in their centers. This is consistent
with previous results for barred galaxies (Pérez et al. 2009).

To characterize the o-drop properties we fitted an exponen-
tial profile to the velocity dispersion profile of each galaxy. In
the fit, we excluded the central region of each galaxy where the
drop or plateau appears. Both sides of the radial profiles were
fitted simultaneously, and the errors on the velocity dispersion
were used as weights into the fit. The results of these fits are also
plotted in Fig. 2, and the values of the resulting scalelengths are
quoted as g, in Table 5. For each galaxy where a o-drop or a
o-plateau is present, we measured: the drop radius, as the radius
where the velocity dispersion profile departs from the exponen-
tial fit; the maximum and minimum of the velocity dispersion
within this radius; and the integrated velocity dispersion differ-
ence between the best fit and actual radial profile. These values,
together with other kinematic properties, are listed in Table 5.

Figure 4 shows the relation between the radius of the o-drop
or o-plateau and the effective radius of the photometric bulges as
defined in Sect. 3.2. As expected, most of our bulges are larger
than the o-drops, indicating that more than one structural com-
ponent is present in the galaxy center. However, this does not
hold for NGC 0621 and NGC 4838. The case of NGC 0621 is
particularly intriguing due to the double symmetric dip present
in its velocity dispersion profile (Fig. 2), pointing out that the un-
derlying structure producing this kinematic feature is larger than
the photometric bulge. For those galaxies with rgop ~ 7e, We
suggest that what is causing the o-drop can be identified with a
pseudobulge.

No correlation was found between the o-drop parameters
(radius, peak-to-valley value, or integrated o) and Sérsic in-
dex. It is interesting to note, however, that o-drops are only
found in galaxies with n < 2. Two out of the four galaxies with
n > 2 present peaked velocity dispersion profiles (IC 1815 and
NGC 0043), and they are lenticular galaxies, whereas the other
two (NGC 0521 and NGC 2493) show only o-plateaus.

5.3. Central velocity dispersion

We calculated the central velocity dispersion of our sample
galaxies in two different ways. First, we directly computed o7
as the measured value of the velocity dispersion in the cen-
ter; secondly, we performed the luminosity weighted average
of the velocity dispersion profile within an eighth of the bulge
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Fig. 2. Morphology and stellar kinematics of the sample galaxies. For each galaxy the fop panel shows the galaxy image. The slit position and
image orientation are indicated. The inset shows the portion of the galaxy image marked with a black box. The gray scale and isophotes were
chosen to enhance the features observed in the central regions. The remaining panels show from top to bottom the radial profiles of hy, h3, 0,
and velocity v (obtained by subtracting the systemic velocity from v,). The best exponential fit to the oo radial profile is also shown by a black

solid line in the corresponding panel.

effective radius (o7,3) obtained from the photometric decom-
position. This quantity is commonly used in the literature to
compare the velocity dispersion of different systems at the same
physical radius (Jgrgensen et al. 1995). These two values were
also computed using the inward extrapolation of the best expo-
nential fit to the velocity dispersion radial profile. Thus, we re-
fer to the former as measured and the latter as model-corrected
velocity dispersion. In this way, both values will be similar for
galaxies with peaked velocity dispersion profiles and different
for o-drop or o-plateau galaxies. It is worth noticing that ow-
ing to the face-on nature of the sample, the o values mainly
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represent the vertical component of the velocity ellipsoid. These
values are shown in Table 5.

We find a mild correlation (Spearman correlation coefficient
p = 0.67) between the Sérsic index and the central value of the
velocity dispersion (Fig. 5). This agrees with recent results by
Fabricius et al. (2012), who found some differences in the veloc-
ity dispersion distribution for bulges withn > 2.1 andn < 2.1. In
Fig. 5 a clear transition region around n ~ 2 and og ~ 200 kms~!
is visible.

Figure 5 also shows the correlations between the central
velocity dispersion and two bar properties: the bar strength
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Fig. 2. continued.

(fo» p = 0.75) and the scalelength of the velocity dispersion ra-
dial profile (0 gcate; 0 = 0.63). The former correlation indicates
that strong bars usually have smaller central velocity dispersion.
The latter shows how more radially extended bars have higher
central velocity dispersions.

5.4. Faber-Jackson relation

Figure 6 shows the Faber-Jackson (FJ) relation obtained for our
five bulges with SDSS photometry in the i-band. The remaining
galaxies have either uncalibrated photometry or images in
K-band so they are not directly comparable. The black dots rep-
resent the value of 0, /3 as measured from the observed profiles,
the head of the arrows show the model-corrected values of o, /3

as measured over the best exponential fit performed to the radial
velocity dispersion profiles. All galaxies but NGC 0043 host a
o-drop or a o-plateau, and therefore the differences can be large.

The measured FJ relation gives a scaling L o« o2, simi-
lar to what is found in low luminosity ellipticals (Matkovi¢ &
Guzmén 2005; Cody et al. 2009). However, the slope for the
model-corrected FJ relation is significantly different with a value
L o 0*°, demonstrating the importance of being able to resolve
the o-drops, but still different from the canonical value L o o*
expected from the virial theorem, hence for classical bulges.

According to Fig. 4, NGC 0175 and NGC 0521 host o-drops
of dimensions comparable to their bulges, thus they can be as-
sociated to disk-like structures such as pseudobulges. In Fig. 6,
they also fall below the FJ relation, as expected if they are pseu-
dobulges (Kormendy & Kennicutt 2004).
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Table 5. Kinematic properties of the sample galaxies.

A&A 572, A25 (2014)

Galaxy go T0,model Tre/8 T re /8, model rdrop O-max,drop Tint O gcale
(kms™) (kms™) (kms™) (kms™) ) (kms™) (kms™) (")

@ @) 3) “ 5 (0) ) 3 &)

IC 1815 213+ 14 217 212+ 10 216 - - - 17.8
NGC 0043  234+3 243 234 +3 241 - - - 14.6
NGC 0098 1172 163 117+2 161 1.5+£03 1341 81 10.6
NGC 0175 112+4 174 112+4 172 26+03 1261 154 11.4
NGC 0521 198+ 1 255 198 +1 252 3502 2012 220 13.8
NGC 0621 229+5 277 229 +5 274 27+£03  234+2 169 11.0
NGC 1640 74+ 7 113 74 +£2 112 1.6 0.1 94+ 1 140 18.9
NGC 2493  262+10 284 258 +8 281 1.5+04 2701 32 27.3
NGC 4477 154 +£3 180 157+4 179 1.5+0.1 177+ 1 35 45.7
NGC4838 10714 145 105+ 10 144 22+0.1 131+2 105 18.5

Notes. (1) Galaxy name; (2) and (3) center measured and model-corrected velocity dispersions, respectively; (4) and (5) measured and model
corrected velocity dispersion at r./8, respectively; (6) radius of the o-drop or o-plateau; (7) maximum measured velocity dispersion of the galaxy;
(8) integrated difference between the exponential fit and measured radial profile of the velocity dispersion; (9) exponential scalelength of the radial

profile of the velocity dispersion.
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Fig. 3. Distribution of the n Sérsic parameter, bulge-to-total (B/T) lu-
minosity ratio, bar-to-total (Bar/7") luminosity ratio, and bar strength
(fy) for our sample galaxies. Filled histograms represent our subsample
of lenticular galaxies.

5.5. B/P bulges through spectroscopy and morphology

The B/P bulges are usually detected in edge-on galaxies due to
their characteristic shape. The pioneering surveys carried out by
de Souza & Dos Anjos (1987) and Shaw (1987) demonstrated
that they are common structures observed in edge-on galaxies.
More recently, the presence of these structures have been unam-
biguously related to the presence of a bar component (Bureau
& Freeman 1999; Liitticke et al. 2000). However, recently dif-
ferent methodologies have been used to identify these struc-
tures in less inclined galaxies. Debattista et al. (2005) propose
a kinematic diagnostic to search for B/P bulges in face-on galax-
ies based on a double minimum in the A4 radial profile along
the bar major axis. Méndez-Abreu et al. (2008b) observation-
ally confirmed this prediction on NGC 0098 where a clear dou-
ble minimum in %4 is present before the end of the bar. We
search for similar features in the radial profiles of our sample of
face-on galaxies (Fig. 2). We did not find any other example as
clear-cut as NGC 0098 in the whole sample. Some galaxies show
marginal detections, such as NGC 1640 (rg/p =~ 8"), NGC 2493
(rgyp = 10”), or NGC 0043 (rg/p =~ 5”, but visible only on the
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Fig.5. Relation among the central velocity dispersion (o) and the
Sérsic index of the bulge (n), strength of the bar (f;,), and scale-length
of the velocity dispersion radial profile (o). Black dots and empty
diamonds represent measured and model corrected values, respectively.

approaching side). Two possibilities can be argued to explain the
non-detections: first, not all barred galaxies host a B/P bulge, and
therefore the non-detection of minima could imply that no B/P
is present in those galaxies; second, it is possible that the quality
of our galaxy spectra is not sufficient to disentangle more subtle
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features in the A4 profiles (see Debattista et al. 2005 for examples
of the 4 minima variations).

Recently, Erwin & Debattista (2013) have demonstrated the
possibility of detecting B/P structures in moderately inclined
galaxies using just their morphology. Their method is based on
detecting characteristic features in the galaxy isophotes created
by the projection of the thick B/P structure combined with a
thinner and larger bar. In practice, the bar isophotes are made
of two regions: the interior of the bar is broad and slightly boxy
in shape, while the outer part of the bar forms narrower spurs,
almost always offset or even rotated with respect to the ma-
jor axis of the inner, boxy region. Even if our galaxies are, by
choice, face-on rather than moderately inclined, we analyzed the
isophotes of the galaxies in our sample in order to search for
these features. In Fig. 7 we show the isophotes for our sample
galaxies. The only marginal case of this morphology is found in
NGC 0175, which has inner boxy isophotes and offset spurs. The
radius of this inner boxy structure is about 7”, which roughly
corresponds to a minimum in the approaching side of the A4 ra-
dial profile. However, we did not find any photometric signs of
a B/P bulge in NGC 0098. Therefore, we conclude that at these
inclinations the photometric detection of B/P bulges strongly de-
pends on the bar-disk orientation (Erwin & Debattista 2013).

6. Discussion
6.1. A zoo of bulge types

As pointed out previously, bulges come in different flavors
and a careful case-by-case study is needed to unveil their real
nature. However, the most commonly used recipe for classi-
fying bulges into their different types is by analyzing their
surface-brightness distribution. Since pseudobulges share many
properties of galaxy disks, it is expected that their surface bright-
ness follows an exponential profile. On the other hand, classical
bulges that are expected to better resemble the properties of el-
lipticals might follow a more steep profile. In terms of the Sérsic
parametrization of bulges, pseudobulges should have a Sérsic in-
dex n ~ 1, whereas a classical bulge should have n ~ 4. This
diagnostic has been proposed as a good proxy for separating

bulge types (Kormendy & Kennicutt 2004; Drory & Fisher 2007,
Fisher & Drory 2008, 2011). Recently, Fabricius et al. (2012)
carried out an extensive study of how structural properties such
as the Sérsic index are related to the stellar kinematics. They
found that both properties are correlated and that photometric
properties can be used to safely determine the bulge nature.
However, morpho-kinematics relations show a significant degree
of scatter, and a safe classification of bulge type should be done
on an individual basis.

We performed an accurate case-by-case study based on the
morphological, photometric, and the kinematic properties of
bulges. A crucial point in our analysis is that the LOSVD probed
in this work can be directly related to the vertical component
of the velocity ellipsoid. Since pseudobulges are associated to
disk structures, and these are supposed to be dynamically cold,
the vertical component of the velocity ellipsoid in pseudobulges
should be low enough to maintain a disk structure. We apply this
condition to our classical vs. pseudobulge selection by requiring
that all classical bulges should have o9 > 200 km s~'. This limit
is based on our relation between the Sérsic index and the central
velocity dispersion of bulges (Fig. 5), which shows that around
n ~ 2and oo > 200 kms~!, there is a transition region that might
be used to distinguish classical from pseudobulges in disk galax-
ies. In fact, the Sérsic index was also used in our classification
by imposing a boundary line around n ~ 2. However, a larger
sample of galaxies with vertical velocity dispersions measured
is needed to confirm this result.

One possible source of scatter in previous works using sta-
tistical limits to separate bulge types might be the presence of
multiple structures in the galaxy centers. We carefully checked
for the presence of composite bulges in our sample. Particular
attention was paid to the presence of B/P structures as ex-
plained in Sect. 5.5. We found hints, either photometric or kine-
matic, of B/P bulges in five galaxies of the sample (NGC 0043,
NGC 0098, NGC 0175, NGC 1640, and NGC 2493). In all these
cases, the estimated radius of the B/P components was much
larger than the bulge effective radius, indicating that they co-
exist with another classical or pseudobulge. However, it is worth
noting that the detection of the B/P structures is marginal in some
cases. On the other hand, the presence of o-drops or o-plateaus
is also used in this work to identify embedded pseudobulges.
Figure 4 shows how the extension of the o-drops can be compa-
rable to, larger, or smaller than the photometric bulge effective
radius, therefore implying the presence of a single or compos-
ite bulge in our sample galaxies. In particular, when the effec-
tive radius of the photometric bulge is larger than the o-drops or
o-plateaus we assume there is a nuclear cold component (usu-
ally considered as a pseudobulge). Then, the properties of the
region attributed to the photometric bulge define the classifica-
tion of the secondary bulge. Particular attention was paid to as-
suring there are two different components in the center of these
galaxies (NGC 1640, NGC 2493, and NGC 4477), and discard
a possible fake detection of the nuclear disk due to the exponen-
tial fading of the surface brightness. We exclude possible light
contamination effects caused by other galaxy components. The
photometric bulge effective radius is between two and four times
the size of the central o-drops or o-plateaus. Furthermore, the
Tvd, 1.€., the radius where the bulge light dominates every other
galaxy component (see Morelli et al. 2008), spans from three to
nine times the size of the o-drops and o-plateaus. Finally, we
computed the B/T luminosity ratio within one r, finding that at
least 75% of the galaxy light at this radius comes from the pho-
tometric bulge. Therefore, we suggest that the nuclear disk and
the outer photometric bulge are not the same structure.

A25, page 11 of 16


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201423955&pdf_id=6

A&A 572, A25 (2014)

y (arcsec)
y (arcsec)

-10 0 10 20
x (arcsec) x (arcsec)
NGCO0521 NGC0621
YA VA Vb Al . oo T Q\_A\éﬂf T
I, 4 >
10 ‘ A% ;
5 sb o] 5
5o . : q
& of ¢
& =&
> —5r¢ > Q

—10f*" Sz

e Q

15y S b A

-15-10-5 0 5 10 15
x (arcsec)

-20 -10 0 10 20
x (arcsec)

NGC4477

30 (7™

20F &

10 .8

y (arcsec)
=)

—2oky,’

~30 w2 B
-30-20-10 0 10 20 30
x (arcsec)

NGC0098

NGCO0175

y (arcsec)
y (arcsec)

x (arcsec)

NGC1640
T .

y (arcsec)
y (arecsec)

-10 0 10 20
x (arcsec)

-20 -10 O 10
x (arcsec)

y (arcsec)

Baoad® Sl wd O i
-20 -10 0 10 20
x (arcsec)

Fig. 7. Logarithmically scaled isophotes of the sample galaxies. Each panel covers roughly the bar region of the galaxy and the solid line represents

the major axis of the galaxy disk.

High spatial resolution images represent a powerful tool for
investigating the different structures in the very inner regions
of disk galaxies. They have been used in some studies to re-
veal the presence of nuclear spirals, nuclear bars, and nuclear
star-forming rings that indicate the presence of a pseudobulge
(Kormendy & Kennicutt 2004). Unfortunately, in our sample
only two galaxies have been observed with HST (NGC 1640 and
NGC 4477). Both of them host a central cold component that is
clearly visible in the velocity dispersion profile as a o-drop with
a spiral disk counterpart showing up in the HST images (Fig. 8).
However, the photometrically defined bulges of these galaxies
are much larger than the nuclear spiral disks, independently con-
firming that those bulges are, at least, composed of two differ-
ent structures. In the two galaxies with available HST images,
we suggest that the photometric bulge is a pseudobulge, but this
should be distinguished from the nuclear disk. On the other hand,
some galaxies (NGC 0098, NGC 0175, and NGC 0521) have a
central cold component, identified from their o-drop, which cor-
responds in size with the photometrically defined bulge (Fig. 4).
In this case the direct link of a central disk with pseudobulges
seems more obvious, even though HST images would be neces-
sary to confirm this structural counterpart.

Appendix A gives a complete description of the bulge prop-
erties and classification obtained for each galaxy of the sam-
ple. Both the final classification and the main bulge morpho-
kinematic characteristics are summarized in Table 6.
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6.1.1. Single-component bulges

Only three out of ten galaxies in our sample have been identi-
fied as hosting a single-component bulge (IC 1815, NGC 0521,
and NGC 4838). This implies that 70% of our galaxies host
composite bulges. This result proves the complexity of bulge
structures in barred galaxies. Moreover, the fraction of single-
component bulges should be considered as an upper limit since
fainter nuclear structures not resulting in a o-drop or o-plateau
can still be present in the galaxies. Two galaxies, NGC 0521 and
NGC 4838, host a pseudobulge, indicating a possible secular for-
mation, most likely due to the presence of a bar (Kormendy &
Kennicutt 2004). On the other hand, IC 1815 hosts a classical
bulge. A likely scenario for the assembly of classical bulges im-
plies their formation through major merger events. Therefore,
this galaxy hints at an early formation of the bulge before the
bar forms in a rebuilt disk after the major merger. Another pos-
sible scenario could indicate a joint formation of both compo-
nents due to unequal mass mergers or interactions as proposed
by Pérez et al. (2009) for early-type barred galaxies.

6.1.2. Composite secular-built bulges

We refer to composite secular-built bulges as those bulges com-
posed by two or more structures associated to secular pro-
cesses, namely pseudobulges, central disks, or B/P bulges. Four
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Table 6. Bulge types hosted by our sample galaxies.

Galaxy Classical Pseudo B/P Comments
o >200kms™ n22 rgep<re 0<200kms! n<2 rgop 2 re hy Spurs
@ (@) 3 (C) 5 (©) (O] ® ©® 10

IC 1815 y y n/a n n n/a n n  Classical
NGC 0043 y y n/a n n n/a y n  Classical + B/P?
NGC 0098 n n n y y y y n Pseudo + B/P
NGC 0175 n n n y y y y y  Pseudo + B/P
NGC 0521 n y n y n y n n Pseudo
NGC 0621 y n n n y y n n  Classical + inner bar
NGC 1640 n n y y y n y y  Central spiral disk + pseudo + B/P?
NGC 2493 y y y n n n y n  Central cold structure + classical + B/P?
NGC 4477 n n y y y n n n  Central spiral disk + pseudo
NGC 4838 n n n y y y n n  Pseudo

Notes. (1) Galaxy name; from (2) to (7) is the galaxy fulfilling this condition? yes or no; (8) does the galaxy show h, minima? yes or no; (9) does
the galaxy show photometric spurs? yes or no; (10) composition of the galaxy bulges and other structures based on their morpho-kinematic

characteristics.

NGC 1640

Fig. 8. Mosaic including the HST image in the F606W band (left pan-
els) and a zoomed unsharp image of the inner regions (right panels).
Mosaics are shown for NGC 1640 (upper panels) and NGC 4477 (lower
panels). The blue squares in the galaxy centers (left panels) represent
the size and orientation of the unsharp masked image (right panels).
The scale bars at the top represent 1”.

galaxies in our sample host a composite secular-built bulge
(NGC 0098, NGC 0175, NGC 1640, and NGC 4477). Taking
the previously noticed single-component pseudobulges into ac-
count, 60% of our sample consists of bulges formed mainly by
secular processes.

Three galaxies (NGC 0098, NGC 0175, and NGC 1640)
show features linked to a B/P structure in addition to the pseu-
dobulge. B/P structures are associated to the evolution of bars
in galaxy disks (Combes & Sanders 1981; Martinez-Valpuesta
et al. 2006), and therefore it is not surprising to find the co-
existence of both components in the center of barred galax-
ies. However, owing to inclination-related problems on detecting
B/P components in relatively face-on galaxies, identifying these
composite systems has been elusive. Kormendy & Barentine
(2010) detected one of these systems in the edge-on galaxy

NGC 4565 using near-infrared imaging. They demonstrate that
the B/P structure is associated to a bar structure with a tiny pseu-
dobulge contributing only about 6% to the total galaxy light.
A similar study has been presented by Barentine & Kormendy
(2012) for NGC 5746. The present work introduces a new way
to study these composite systems in face-on galaxies, allowing
a more straightforward detection of different bulge types within
the same galaxy.

Other secular-built central structures, namely central spiral
disks, have been also identified in two galaxies (NGC 1640 and
NGC 4477) of our sample using available HST observations.
These central spiral disks are also clearly visible in their ve-
locity dispersion profiles as a o-drop, and their dimensions are
consistent with being the same structure. On the other hand,
the photometrically defined bulges are much larger than the nu-
clear spiral disks, and their properties are consistent with being
pseudobulges. Thus, we suggest that these galaxies formed their
pseudobulge and also their central spiral disk through secular
processes.

6.1.3. Composite merger- and secular-built bulges

We consider merger- and secular-built bulges as bulges com-
posed of a merger-built bulge, namely a classical bulge, and at
least one secular-built structure, i.e., pseudobulge, central disk,
or B/P. Three galaxies (NGC 0043, NGC 0621, and NGC 2493)
from our sample satisfy these criteria showing evidence of com-
posite bulges associated to different formation mechanisms.
These bulges represent a challenge to formation models that
need to accommodate merger-built classical bulges with either
central rotationally supported or bar-associated structures.

We have found the co-existence of a classical and B/P struc-
ture in two galaxies, NGC 0043 and NGC 2493. Different
formation scenarios for these bulges include an early bulge for-
mation through major mergers with a subsequent bar develop-
ment on a rebuilt disk or a coeval formation of bulge and bar
triggered by unequal mass mergers or interactions (Pérez et al.
2009). The presence of the B/P structure imposes a further con-
straint on the timeline of bulge evolution. The usual time for
a bar to be settled in a galaxy disk can vary depending on the
galaxy and halo properties (Athanassoula et al. 2013), but it gen-
erally takes about 1-2 Gyr, considering that the formation of
B/P structures also implies a delay of about 1-2 Gyr after the
bar is formed (Martinez-Valpuesta et al. 2006). This would im-
ply that our classical bulges in these two lenticular galaxies are
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at least older than 3—4 Gyr. In addition, this result can be inter-
preted as bars being long-lived structures as claimed in previous
papers based on theory (Kraljic et al. 2012), kinematics (Gadotti
& de Souza 2005), and stellar populations (Gadotti & de Souza
2006; Sanchez-Blazquez et al. 2011).

NGC 0621 presents a double, symmetric drop in the veloc-
ity dispersion. These drops are located farther than the photo-
metric bulge and therefore cannot be associated with an embed-
ded component. Our most likely explanation of the drops is due
to the presence of an inner bar. Thus, the drops in the veloc-
ity dispersion are connected to the sigma hollows discovered by
de Lorenzo-Ciceres et al. (2008). However, other possibilities,
such as the presence of an inner ring, cannot be ruled out, but its
position outside the bulge region makes this scenario less likely.

Our galaxies show composite bulges that are structurally dif-
ferent from those described in Nowak et al. (2010). They found
small classical bulges embedded in larger pseudobulges, with
this happening even in double-bar galaxies (i.e., NGC 3368).
However, we always found a large photometrically defined clas-
sical bulge with an inner cold structure related to a pseudob-
ulge. This description is more like the scenario proposed by
de Lorenzo-Céceres et al. (2012) for the bulge of the double-
barred galaxy NGC 0357.

6.2. Origin of o-drops

We found o-drops in five galaxies of our sample: NGC 0098,
NGC 0621, NGC 1640, NGC 4477, and NGC 4838. Central
o-plateaus were found in three other galaxies: NGC 0175,
NGC 0521, and NGC 2493. This means that 80% of our sam-
ple galaxies do not present a centrally peaked velocity disper-
sion. The incidence of o-drops in barred galaxies is still an open
debate. For instance, Pérez et al. (2009) find a 70% of galax-
ies hosting o-drops in their sample of barred galaxies, whereas
Chung & Bureau (2004) find only 40%. In mixed, barred and
non-barred, samples the incidence of o-drops is around 50%
(Falcon-Barroso et al. 2006; Peletier et al. 2007). Therefore, the
high fraction of o-drops found in our sample seems to indicate
a connection between bars and o-drops, contrary to the previ-
ous claims by Comerdn et al. (2008). However, it is not clear
whether our sample is too small to extract statistical conclusions
or if the medium-resolution spectroscopy on face-on galaxies re-
veals these structures more easily.

The standard explanation for these o-drops is the presence of
central cold stellar disks formed from gas inflow (Emsellem et al.
2001; Wozniak et al. 2003). Wozniak & Champavert (2006) used
dynamical simulations to predict that these features can last for
more than 1 Gyr if the central region is continuously fed by fresh
gas leading to a continuous star formation activity. In contrast,
Athanassoula & Misiriotis (2002) find o-drops in N-body dissi-
pationless simulations, and Bureau & Athanassoula (2005) show
that they can arise from the orbital structure of strongly barred
galaxies. Another possibility is that the central o-drop might be
caused by the bulge itself, which therefore shows disk-like prop-
erties that indicate it is a pseudobulge rather than a classical one
(de Lorenzo-Céceres et al. 2012). Within this new context, the
o-drop is not actually a drop with respect to the higher velocity
dispersion of the bulge, but the maximum velocity dispersion of
the pseudobulge itself.

Only two galaxies in our sample have high spatial resolution
images from the HST. Both of them host a o-drop: NGC 1640
and NGC 4477 (Fig. 8). After unsharp masking of the images,
a nuclear disk with spiral arms showed up in both galaxies. The
dimensions of these structures are in good agreement with the
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size of the o-drop. This seems to favor the scenario in which
cold nuclear stellar disks can originate in gas inflow along the
bar (Emsellem et al. 2001; Wozniak et al. 2003). It is worth not-
ing that these nuclear disks are not directly connected with the
photometric bulge, therefore indicating the presence of two co-
existent components.

On the other hand, three galaxies show o-drops with di-
mensions comparable to their host bulges. Therefore, these cold
structures can be associated with the presence of a pseudobulge
as in the scenario proposed by de Lorenzo-Céceres et al. (2012)
for NGC 0357.

Finally, Fabricius et al. (2012) suggest that classical bulges
usually show peaked velocity dispersion profiles, while pseu-
dobulges have o-plateaus or even o-drops. We confirm this re-
sult with our face-on sample. Two out of the four classical bulges
show peaked velocity dispersion profiles in our sample (IC 1815
and NGC 0043). NGC 2493 also hosts a classical bulge and
presents the shallower plateau of the sample, since it is recogniz-
able only after fitting an exponential model to the velocity dis-
persion profile. NGC 0621 shows a symmetrical double o-drop,
which we interpret as due to the presence of a nuclear bar.

7. Conclusions

We have studied the photometric and kinematic properties of
bulges using a sample of ten face-on barred galaxies. An ac-
curate two-dimensional photometric decomposition was applied
to the galaxy images in order to derive the structural properties
of their bulges and bars. Intermediate-resolution long-slit spec-
troscopy along the bar major axis was used to derive the LOSVD
radial profiles.

We found a rough correlation among the structural and kine-
matic properties for different bulge types, similar to the results
by Fabricius et al. (2012). Even if the scatter is high, we tenta-
tively found that a Sérsic index n ~ 2 combined with a central
vertical velocity dispersion o ~ 200 kms~!' provides a good
boundary line between classical and pseudobulges.

A careful case-by-case analysis of the bulges allowed us to
identify and classify the different bulge types present in our sam-
ple galaxies: classical vs pseudobulges. In addition, B/P struc-
tures associated with the presence of a bar were also identified.
Special attention was paid to the presence of composite bulges.
Indeed, we distinguish between single-component bulges and
composite bulges in our sample. We found only three single-
component bulges in our sample: two are pseudobulges and one
is a classical bulge. The presence of a classical bulge in a barred
galaxy implies that it was very likely formed before the bar.

We found evidence of multiple bulges within the so-called
“bulge region”. These composite bulges have already been found
in a handful of galaxies (Erwin et al. 2003; Nowak et al. 2010;
de Lorenzo-Caceres et al. 2012). However, the high incidence
(70%) of these composite bulges in our sample indicates that
mixed types might be very frequent in barred galaxies. We found
four secular-built composite bulges with structures compatible
with being formed by secular processes. More interestingly, we
also found three bulges where merger- and secular-built bulges
coexist. This kind of composite bulge is not completely surpris-
ing, and their presence within barred galaxies has already been
considered in theoretical studies (Samland & Gerhard 2003;
Athanassoula 2005). However, the merger- and secular-built
bulges found in our sample is new and different from previous
works (Nowak et al. 2010), since we found large classical bulges
with smaller pseudobulges coexisting in the nuclear regions.
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We found a high fraction (70%) of o-drops or o-plateaus in
our sample. These o-drops are usually connected with the pres-
ence of a rapidly rotating structure in the center of the galaxies.
We confirm this interpretation in two galaxies with HST imag-
ing where a clear spiral disk, comparable in size with that of the
o-drops, is found. In some cases the size of the o-drop is com-
parable to the size of the photometric bulge, while in others the
bulge can be more than a factor of two larger. This might imply
different origins for the o-drops and the presence of different
coexisting structures within the same bulge.
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Appendix A: Notes on individual galaxies

IC 1815: only 2MASS imaging is available for this galaxy. The
Sérsic index of the bulge (n = 3.4) is the highest in our sam-
ple. The velocity profile shows a mild double-hump profile at
r = 3.5”, but the velocity dispersion does not show any evidence
of flattening or depression in the central regions. The central ve-
locity dispersion is more than 200 kms~!, suggesting the bulge
is pressure-supported. We suggest this galaxy hosts a classical
bulge.

NGC 0043: the SDSS image shows a smooth surface-brightness
distribution with the weakest bar of our sample. The bulge Sérsic
index is n = 2.2. No clear signs of a double-hump rotation curve
or depression in the central velocity dispersion are found. These
characteristics point toward the presence of a classical bulge.
However, the hy radial profile is asymmetric, showing a clear
minimum on the approaching side of the galaxy at rg;p = 6”.
This corresponds to one third of the bar length, in agreement
with the findings of Méndez-Abreu et al. (2008b) and suggest-
ing the presence of a B/P bulge. We suggest this galaxy hosts a
classical bulge and possibly a B/P bulge, too.

NGC 0098: the residuals of the photometric decomposition are
large due to the prominence of the spiral arms. The best fit bulge
model has an effective radius r. = 1.6” which corresponds fairly
well with the size of the o-drop present in the stellar kinemat-
ics (rarop = 1.5”). The rotation curve shows a step rise in this
inner region and anticorrelates with the 43 moment. The Sérsic
index (n = 1.2) is compatible with a disk-like structure. The
spectroscopic observations of this galaxy were already analyzed
in Méndez-Abreu et al. (2008b) and the characteristic minimum
in the hy4 radial profile produced by a B/P bulge was found at
rgp = 5. We suggest that this galaxy hosts a pseudobulge at
the very center and B/P bulge farther out.

NGC 0175: also known as NGC 0171 in NED. A truncated
disk is clearly visible in its SDSS surface-brightness profile. The
bulge accounts for only 7% of the total galaxy light, in good

agreement with the result obtained by Buta et al. (2009). They
used deep K;—band imaging to study the bar properties and sug-
gest that an elongated inner ring is present in the galaxy cen-
ter. The velocity dispersion profile shows a central plateau that
does not correspond to any clear increasing rotation. Ho (2007)
reports a central velocity dispersion oy = 104 kms~!, which
agrees with our value (0p = 112 kms™!). The size of the plateau
is barely smaller (rgop = 2.6”) than the bulge effective radius
(re = 3.0”). In Sect. 5.5 we speculate also about the presence of
B/P structure at rgp = 7" based on its morphological and kine-
matic features. We suggest that this galaxy hosts an inner ring
that can be associated to a pseudobulge and an outer B/P bulge.
NGC 0521: a truncated disk is clearly visible in the SDSS
surface-brightness profile. Buta et al. (2009) found the pres-
ence of an inner ring with a radius r = 4.3” (see also Comerdn
et al. 2010). The velocity dispersion radial profile shows a cen-
tral plateau with r4op = 3.5”, which corresponds to a steep rise
in the rotation curve (showing a marked double-hump profile).
The velocity anti-correlates with /3. The bulge effective radius is
re = 3.6”. We suggest this galaxy hosts a central rotating struc-
ture that can be associated with a pseudobulge.

NGC 0621: only 2MASS imaging was available for this galaxy.
The velocity dispersion radial profile in the center shows a pe-
culiar double drop, symmetric with respect to the galaxy cen-
ter. This behavior of the velocity dispersion is similar to the
o—hollows discovered in de Lorenzo-Caceres et al. (2008),
which are related to the presence of an inner bar. These
o—hollows have turned out to be more common than expected
and have been detected in other galaxies (de Lorenzo-Caceres
et al. 2012). Moreover, the size of the o-drop (rgrop = 2.7")
also point toward the inner bar scenario since it is much larger
that the bulge effective radius (r. = 1.6”"). We consider that the
high central velocity dispersion obtained for this galaxy, which
suggests there is a classical bulge, fits well in the scenario of a
double bar, since a high-velocity dispersion contrast is a neces-
sary condition to observe the o—hollows (de Lorenzo-Caceres
et al. 2008). Nevertheless, we cannot rule out other possibilities
such as the presence of an inner ring. Therefore, we suggest this
galaxy hosts an inner bar (or inner ring) and possibly a classical
bulge.

NGC 1640: the SDSS image shows the presence of strong
dust lanes along the bar major axis. This is confirmed by the
F606W—-band image of the HST/WFPC2. In fact, this high spa-
tial resolution image shows how the dust lanes converge to the
galaxy center where inner spiral arms can be clearly seen in the
unsharp masked image (Fig. 8). The radius of this inner struc-
ture, as measured from the WFPC2 image, is r = 1.5”, which
corresponds to the size of the o-drop (74rop = 1.6”). On the con-
trary, the bulge effective radius is much larger (r. = 3.4”"). The
hy4 radial profiles show hints of a double minimum at rg;p ~ 8",
i.e., at about one-sixth of the bar radius. We suggest that this
galaxy hosts a central spiral disk, a slightly larger pseudobulge,
and possibly an outer B/P bulge.

NGC 2493: no sign of dust obscuration is seen in the SDSS im-
age. There is a mild plateau in the center of the velocity disper-
sion profile, which can be distinguished better when comparing
with the best fit exponential model extrapolation. The size of the
plateau (rgrop = 1.5”) is much smaller than the bulge effective
radius (r. = 4.6”"). The h4 radial profile shows hints of a dou-
ble minimum at rg;p = 10” (i.e., at ~1/3 of the bar radius). We
suggest that this galaxy hosts a central cold structure, a classical
bulge, and possibly a B/P bulge.

NGC 4477: the residuals obtained from the photometric de-
composition of this galaxy are quite low, indicating that the
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parametric model for the bulge, bar, and disk describes the SBD
well. The central region of this galaxy is unveiled thanks to the
HST/WFPC2 image in the F606W band. Strong dust obscura-
tion is seen throughout the bar region and inner spiral arms are
clearly seen in the unsharp masked image (Fig. 8). The radius
of this structure is r = 1.5 which corresponds to the small
o-drop (rarp = 1.5”), present in the velocity dispersion pro-
file. We suggest that this galaxy hosts an central spiral disk and
a pseudobulge.

NGC 4838: the velocity dispersion radial profile shows a strong
o-drop in the center. The rotation curve is strongly asymmet-
ric and presents also a step rise but only on the receding side,
the rotation curve being strongly asymmetric. The size of the
Odrop (Farop = 2.2””) roughly corresponds to the effective radius
of the bulge (r. = 1.8”). We suggest that this galaxy hosts a
pseudobulge.
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