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ABSTRACT

Aims: It is theoretically predicted that, at low galaxy inclinations, boxy/peanut bar components have a barlens appearance of a round
central component embedded in the narrow bar. We investigate barlenses in the Calar Alto Legacy Integral Field Area (CALIFA)
survey galaxies, studying their morphologies, stellar populations, and metallicities. We show that, when present, barlenses account
for a significant portion of light of photometric bulges, i.e., the excess light on top of the disks, which highlights the importance of
bars in accumulating central galaxy mass concentrations in the cosmic timescale.

Methods: We made multi-component decompositions for a sample of 46 barlens galaxies drawn from the CALIFA survey, where
M, /My = 10°7-10""* and z = 0.005—0.03. Unsharp masks of the Sloan Digital Sky Survey (SDSS) r’-band mosaics were used to
identify the boxy/peanut or X-shaped features. Barlenses are identified in the images using our simulation snapshots as an additional
guide. Our decompositions with GALFIT include bulges, disks, and bars as well as barlenses as a separate component. For 26 of the
decomposed galaxies the CALIFA DR2 V500 grating data cubes were used to explore stellar ages and metallicities at the regions of
various structure components.

Results: We find that 25 + 2% of the 1064 galaxies in the whole CALIFA sample show either X-shaped or barlens features. In the
decomposed galaxies with barlenses, on average 13% + 2% of the total galaxy light belongs to this component, leaving less than 10%
for possible separate bulge components. Most importantly, bars and barlenses are found to have similar cumulative stellar age and
metallicity distributions. The metallicities in barlenses are on average near solar, but exhibit a large range. In some of the galaxies
barlenses and X-shaped features appear simultaneously, in which case the bar origin of the barlens is unambiguous.

Conclusion: This is the first time that a combined morphological and stellar population analysis is used to study barlenses. We show

that their stars are accumulated in a prolonged time period concurrently with the evolution of the narrow bar.
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1. Introduction

Central mass concentrations of galaxies are often thought to
have assembled in early galaxy mergers (Toomre & Toomre
1972; Negroponte & White 1983) or to have formed via inward
drift of massive clumps at high redshifts (Elmegreen et al. 2008;
Bournaud 2016). Such early formed structures, dynamically
supported by velocity dispersion, are called as classical bulges.
However, it has been pointed out that even 45% of bright SOs
and spiral galaxies have bulges that are actually vertically thick
inner bar components (Liittickeetal. 2000; Laurikainenetal.
2014; Erwin & Debattista 2017; see also Yoshino & Yamauchi
2015) similar to the Milky Way bulge (Natafetal. 2010;
MacWilliam & Zoccali2010; Wegg & Gerhard2013; Ness & Lang
2016).Inanedge-on view suchinner parts of bars have boxy/peanut
or X-shaped morphology (Bureau et al. 2006) and in a face-
on view a barlens morphology (Laurikainenetal. 2014;
Athanassoula et al. 2015; Laurikainen & Salo 2017), i.e. they
look like a lens embedded in a narrow bar (Laurikainen et al.
2011). Simulation models of Salo & Laurikainen (2017) have
predicted that barlens morphology, with a nearly round appear-
ance, occurs preferably in galaxies with centrally peaked mass
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concentrations. Whether this mass concentration is triggered by
the bar induced inflow of gas and subsequent star formation or
predates the bar, i.e. is a classical bulge or an inner thick disk,
is not yet clear. Also, although there is strong observational and
theoretical evidence for a bar origin of boxy/peanut or barlens
bulges in Milky Way mass galaxies, it is still an open question
how much baryonic mass in the local Universe is confined to
these structures.

Historically, bulges were thought to be like mini-ellipticals.
Morphologies and stellar populations of bulge-dominated galax-
ies have indeed supported the idea that their bulges, largely con-
sisting of old stars, formed early in some rapid event, and that
their disks gradually assembled around them (Kauffmann et al.
1993; Zoccali et al. 2006). The idea that all bulges seem to
share the same fundamental plane with the elliptical galax-
ies is also consistent with this picture (Benderetal. 1992;
Falcon-Barroso et al. 2002; Kim etal. 2016; Costantin et al.
2017).

However, there are many important observations that have
challenged the picture of early bulge formation, related either
to a monolithic collapse (Eggen et al. 1962) or galaxy merg-
ers. At redshifts z = 1-3 very few galaxies actually have
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bulges in the same sense as those observed in the nearby
universe. Those galaxies are rather constellations of massive
star forming clumps (Abraham et al. 1996; Cowie et al. 1996;
van den Berg et al. 1996; Elmegreen et al. 2005), which have
been proposed to gradually coalesce to galactic bulges (Noguchi
1999; Bournaud et al. 2007; Elmegreen et al. 2008; Combes
2014; Bournaud 2016). The observation that in the nearby uni-
verse the percentage of galaxies with classical bulges is very low
is also challenging. Most dwarf-sized galaxies and Sc—Scd spi-
rals have rather disk-like pseudo-bulges dominated by recent star
formation (Kormendy et al. 2010; Salo et al. 2015). Even a large
percentage of the bright Milky Way mass SOs and spirals might
lack a classical bulge (Laurikainen et al. 2010, 2014).

An important observation was also that 90% of the stellar
mass in Milky Way mass galaxies and in galaxies more massive
than that have accumulated since z = 2.5, so that bulges actually
formed in lockstep with the disks until z = 1 (van Dokkum et al.
2010, 2013; Marchesini et al. 2014). Cosmological simulation
models predict that in massive halos the cold and hot gas
phases are decoupled, so that after in situ star formation at
z > 1.5 the gas cannot penetrate through the hot halo gas any-
more (Naab et al. 2007; Feldmann et al. 2010; Johansson et al.
2012; Qu et al. 2017). Those galaxies become red and dead at
high redshifts and are recognized as fairly small centrally con-
centrated red nuggets (Daddi et al. 2005; Trujillo et al. 2006;
Damjanov et al. 2011). Alternatively mass accretion may con-
tinue via accretion of stars produced in satellite galaxies, lead-
ing to massive elliptical galaxies (Oser et al. 2010; see also
Kennicutt & Evans 2012). However, in less massive halos the
gas accretion can continue as long as there is fresh gas in the
near galaxy environment. This prolonged accumulation of gas
into the halos is expected to play an important role in the evolu-
tion of the progenitors of the Milky Way mass galaxies; this gas
finally settles into galactic disks. At the same time as galactic
disks gradually increase in mass their central mass concen-
trations also increase. This can occur via multiple disk insta-
bilities manifested as vertically thick boxy/peanut or barlens
structures (Martinez- Valpuesta et al. 2006) of bars. Bars are also
efficient in triggering gas inflow (Berenzen et al. 1998), thus fur-
ther accumulating mass in central galaxy regions. Whether this
is the dominant way of making the central mass concentrations
in the Milky Way mass galaxies is an interesting question, which
needs to be systematically studied for a representative sample of
nearby galaxies.

There are many galaxies in which boxy/peanut bulges are con-
vincinglyidentified. Kinematic analysistools have been developed
torecognize such bulges both in edge-on (Athanassoula & Bureau
1999)and face-on views (Debattista et al. 2005; see alsoreviews by
Athanassoula 2016, and Laurikainen & Salo 2016); these meth-
ods are successfully applied to some individual galaxies.
Good examples are NGC98 (Méndez-Abreu et al. 2008) and
ten more low-inclination galaxies studied kinematically by
Méndez-Abreu et al. (2014). In our terms NGC 98, which has
a clear signature of boxy/peanut structure in its line-of-sight
velocity profile (in H4, the fourth moment in Gauss-Hermite
series), is also a barlens galaxy by its morphology. In edge-on
view the boxy/peanuts are easy to detect (Bureau et al. 2006),
but then the challenge is to identify the bars as well. A char-
acteristic feature of boxy/peanut bulges is cylindrical rotation,
which has been used to identify them in 12 mid- to high-
inclination galaxies by Molaeinezhad et al. (2016) using inte-
gral field unit (IFU) observations, and by Williams et al. (2011,
2012) using long-slit spectroscopy. However, the interpretation
of cylindrical rotation largely depends on galaxy orientation

A34, page 2 of 35

(TIannuzzi & Athanassoula 2015; Molaeinezhad et al. 2016), and
is also time dependent (Saha et al. 2018). So far, the most effi-
cient way of identifying the boxy/peanut structures at intermedi-
ate galaxy inclinations has been to inspect their isophotal shapes,
by inspecting their boxiness or diskiness (Erwin & Debattista
2013; Herrera-Endoqui et al. 2017), or calculating the higher
Fourier modes (Ciambur & Graham 2016). Barlenses overlap
with these identifications and have been recognized in large
galaxy samples (Laurikainen et al. 2011, 2014; Li et al. 2017).
In spite of success in identifying vertically thick inner bar
components at all galaxy inclinations, there have been very
few studies attempting to estimate their relative masses or stel-
lar populations. Some preliminary estimates in the local uni-
verse were made by Laurikainen et al. (2014), who estimated
relative masses of these components, and Herrera-Endoqui et al.
(2017), who compared barlens colors with the colors of bulge,
disk, and bar components. In the current paper these issues
are addressed for the Calar Alto Legacy Integral Field Area
(CALIFA) survey. The vertically thick inner bar components are
first recognized in barred galaxies, and then detailed multicom-
ponent bulge/disk/bar/barlens (B/D/bar/bl) decompositions are
made for a subsample of barlens galaxies, following the method
by Laurikainen et al. (2014). For the same galaxies, B/D/bar
decompositions have been previously made by Méndez-Abreu et
al. (2017; hereafter MA2017). However, we show that the inclu-
sion of barlens components into the decompositions significantly
modifies the interpretation of mass of possible classical bulges.

2. Barlenses and how they relate to
boxy/peanut/X-shaped structures

By barlenses (bl in the following) we mean lens-like struc-
tures embedded in bars, covering approximately one-half of
the length of the narrow bar (Laurikainen et al. 2011), mani-
fested as boxy/peanut or X-shape features at nearly edge-on
galaxies. These structures are typically a factor of ~4 larger
than nuclear disks, nuclear rings, or nuclear bars. When the
concept of a barlens was invented, it was already suggested
to be a vertically thick inner bar component, of which evidence
was later shown by the simulation models of Athanassoula et al.
(2015) and Salo & Laurikainen (2017). Barlenses and boxy/
peanut or X-shaped features are found in galaxies with stel-
lar masses of M, /M, = 10°7-10""4 (Laurikainen et al. 2014;
Herrera-Endoqui et al. 2015; Li et al. 2017).

Using a sample of 80 barlenses and 89 X-shaped bars in the
combined Spitzer Survey of Stellar Structure in Galaxies (S*G)
and Near-IR SO-Sa galaxy Survey (NIRSOS), Laurikainen et al.
(2014) showed that the distribution of the parent galaxy minor-
to-major (b/a) axis ratios of the galaxies with barlenses and
X-shaped features partially overlaps. Together these form a flat
distribution, as expected if X-features and barlenses are phys-
ically the same structures seen at different viewing angles. A
more detailed analysis of the relation between galaxy orienta-
tion and barlens morphology was made by Laurikainen & Salo
(2017) and Salo & Laurikainen (2017). Synthetic images made
from the simulation snapshots predicted how the barlens mor-
phology gradually changes as a function of galaxy inclination
in a similar manner as in observations. In particular, there is a
range of intermediate galaxy inclinations where the X feature
and the barlens are visible at the same time. At intermediate
inclinations the barlens morphology becomes complex because
of a combined effect of the galaxy inclination and azimuthal
viewing angle, which is illustrated in Fig. 1. The model galaxy
is shown at the fixed inclination i = 60° and is seen at four
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B/T=0.075

i=60°, ¢ varied

Fig. 1. Synthetic simulation images from Laurikainen & Salo (2017). In
the left panels the direct image in the magnitude scale is shown, the mid-
dle panels show the contours of the same image, and the right panels
show the unsharp mask image. In the four upper lines the galaxy incli-
nation is fixed to i = 60°, whereas the azimuthal angle ¢ with respect
to the bar major axis varies. In the lowest line the same model is seen
edge-on. The initial values of the simulation contain a small classical
bulge with bulge-to-total ratio B/T = 0.075. During the simulation a
bar with a vertically thick inner barlens component forms.

different azimuthal angles ¢ with respect to the bar major
axis (four upper panels). In the lowest panel the same snap-
shot is shown in edge-on view (i = 90° and ¢ = 90°). In
the original study the simulation snapshots were viewed from
100 isotropically chosen directions, varying the inclination and
azimuthal angle. It is worth noticing that neither the X fea-
tures nor the barlenses are visible when the bar is seen close
to end-on (¢ = 0°) at high inclinations. However this situa-
tion occurs for <10% of all viewing directions (see Fig. 2 in
Laurikainen & Salo 2017). We use the simulated barlens mor-
phologies as a guide while identifying them in the CALIFA
sample.
In this study the following nomenclature is used:

— Photometric bulge: excess central light on top of the disk,
extrapolated to the center.

— Bar: elongated bar component (barlens flux not included).

— Barlens (bl): a lens-like structure covering approximately
one-half of barlength. It is assumed to be a vertically thick
inner bar component (same as boxy/peanut/X).

— Separate bulge component (or bulge): some galaxies have a
central peak in the surface brightness profile (embedded in
the barlens), which flux is fitted with a Sérsic function (see
Sect. 5).

— Central region (C): central galaxy region covering r = 0.3 X
o1 (see Sect.7.2). It is measured in a similar manner for all
galaxies.

3. Sample selection

As a starting point we used the CALIFA survey of galax-
ies (Sanchez et al. 2012) described in detail by Walcher et al.
(2014). This survey consists of galaxies in the mass range

of My/My = 10°7-10'"4, covering the redshift range z =
0.005-0.03. The CALIFA survey contains a mother sample of
939 galaxies, which are originally selected from Sloan Digital
Sky Survey data release 7 (SDSS-DR7), and an extension sample
of 125 galaxies, which are included in SDSS-DR12 (Alam et al.
2016). Altogether this makes 1064 galaxies. In the public data
release DR2 (Sanchez et al. 2016a) IFU data cubes are given for
667 of these galaxies. From the sample of 1064 galaxies, and
using the SDSS 7’-band mosaic images (see Appendix A), we
identified 236 galaxies that have either a barlens in the origi-
nal image or an X-shaped feature in the unsharp mask image
(see Sect.4). Of these, 110 (+9 uncertain) have barlenses, and
124 (+3 uncertain) have X-shaped bars. In 15 additional galax-
ies both features were identified. Altogether this makes 24%
of all CALIFA galaxies (excluding the uncertain cases). Taking
into account the uncertain cases and the fact that we are proba-
bly missing some (~7%) of the features because of an unfavor-
able viewing angle, we get 26% as an upper limit. Combining
with the statistical uncertainty owing to the sample size indicates
about 25 + 2% frequency of Boxy/peanut/X/bl features.

The selected barlens and X-shaped galaxy samples are
shown in TablesB.1 and C.1, respectively. The tables also
show the redshifts, absolute 7’-band magnitudes, and masses
of the galaxies, as given in the public CALIFA data release
(Sanchez et al. 2016a). As our intention in this study is to com-
pare the photometric decomposition results with those derived
using the IFU observations, not all barlens galaxies were decom-
posed. Instead, for the decomposition analysis a subsample of
54 galaxies was selected, including all barlens galaxies that have
V1200 grating CALIFA data cubes available. Of these galax-
ies 6 had an uncertain barlens identification. Considering only
the galaxies with clear barlens identifications, we were able to
do reliable decompositions (with barlens fitted) for 46 of the 48
galaxies (shown in Table 1). The table also shows the Hubble
stages from the CALIFA data release. We note that in NGC 6004
a barlens was identified, but because of its low surface bright-
ness it could not be fitted. In NGC 7814 the bulge component
has the size comparable to the image full width at half maxi-
mum (FWHM), which is the reason the effective radius is not
given. Of the selected 54 galaxies V500 grating data cubes
were available for 34 galaxies, of which 8 had uncertain bar-
lens identifications. Excluding the uncertain cases, 26 galaxies
were selected for stellar populations analysis. Of these galaxies
8 also have X features in the unsharp mask images. For all 26
galaxies reliable barlens decompositions were found. Our final
samples are
(1) CALIFA sample of (N = 1064; unsharp masks).

(2) All barlenses (N = 110 + 9 uncertain).

(2.1) 46 bl galaxies (new decompositions).

(2.2) 26 bl galaxies (analysis of IFU data cubes).
(3) All X-shaped galaxies (N = 124 + 3 uncertain).

4. Identification of structures and measuring
the sizes of bars and barlenses

To identify the X-shape features unsharp mask images of the
r’-band mosaic images were made for the complete CALIFA
sample of 1064 galaxies. The way in which the mosaics were
made is explained in Appendix A. To make the unsharp masks
the images were convolved with a Gaussian kernel and the orig-
inal images were divided by the convolved images. A few pro-
totypical X-shaped galaxies were selected and used to find the
optimal parameters for the Gaussian kernel. The galaxies were
individually checked, and if needed, the convolution process
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Table 1. Decomposed 46 barlens galaxies.

A&A 618, A34 (2018)

Galaxy T Model B/T n Relkpc] bl/T n R.lkpc] B/T n R. [kpc]
(D @) 3 @ O (6) (O] (&) (10)  n (12)
IC 0674* 2 B/D/D/bar/bl 0.08 1.6 0.43 0.14 0.5 2.294 028 3.6 2.321
IC 1199* 3 D/bar/bl - - - 007 22 0.544 009 1.9 1.100
IC 1755 3 D/bar/bl - - - 0.11 1.1 1.117 - - -
IC 4566* 3 D/bar/bl - - - 0.09 1.5 0.652 009 14 0.713
NGC 0036* 3 B/D/bar/bl 0.02 .0 0.11 0.10 0.8 1.618 024 43 3.01
NGCO0171* 3 B/D/bar/bl 0.04 1.0 0.34 0.06 04 1.183 008 1.3 0.775
NGCO0180* 3 D/bar/bl(X) - - - 006 1.3 0.544 0.05 1.1 0.544
NGC 0364 -2 D/bar/bl - - - 021 09 0.850 020 1.4 0.871
NGC 0447 1 B/D/bar/bl 004 1.6 0.22 0.13 09 1.183 0.19 22 1.147
NGCO0776* 3 N/D/bar/bl - - - 012 14 0.563 0.11 1.2 0.528
NGC 1093 4 D/bar/bl(X) - - - 004 1.2 0.306 0.16 1.9 1.360
NGC 1645* 0 D/bar/bl - - - 0.19 1.0 0.798 0.15 0.9 0.589
NGC2253* 4 D/bar/bl - - - 0.07 2.1 0.393 0.06 1.1 0.292
NGC 2486 2 B/D/bar/bl 0.09 09 0.32 0.11 0.7 1.493 021 2.2 0.814
NGC 2487 3 B/D/bar/bl 004 1.6 0.14 0.04 0.5 0.726 0.09 3.0 0.393
NGC 2540 4 D/bar/bl - - - 004 1.6 0.127 - - -
NGC 2553 3 B/D/bar/bl 0.09 v 0.22 021 0.8 1.163 024 1.7 0.629
NGC 3300 0 B/D/bar/bl 0.04 1.1 0.18 0.07 0.5 0.636 0.09 1.1 0.337
NGC 3687 3 D/bar/bl - - - 0.10 1.5 0.316 007 1.3 0.263
NGC4003* 0 D/bar/bl - - - 023 14 1.241 023 1.6 1.182
NGC4210* 3 D/bar/bl - - - 003 12 0.281 0.03 0.7 0.265
NGC 5000* 4  B/D/bar/bl(X) 0.03 0.7 0.08 0.03 0.6 0.469 0.07 3.9 0.348
NGC 5205* 4 D/bar/bl - - - 0.07 0.8 0.319 0.06 0.9 0.262
NGC5378* 3 B/D/bar/bl 0.04 1.1 0.15 0.14 1.0 0.944 020 24 0.623
NGC 5406* 3 B/D/bar/bl 0.07 0.8 0.14 005 04 0.500 0.12 1.3 0.218
NGC 5657 4 D/D/bar/bl - - - 0.09 0.5 0.619 0.09 0.6 0.532
NGC 5720* 4 D/bar/bl - - - 004 12 0.644 0.08 1.1 0.559
NGC 5876 0 B/D/bar/bl 0.06 0.6 0.19 026 1.0 0.851 029 1.5 0.595
NGC 5947* 4 B/D/bar/bl 0.06 0.7 0.19 0.07 0.7 0.693 0.13 24 0.468
NGC 6004* 4 B/D/bar 0.04 2.7 0.18 - - - 003 1.9 0.197
NGC 6186 3 B/D/bar/bl/L.  0.16 0.9 0.54 0.06 0.2 1.295 020 1.0 0.661
NGC 6278 0 D/bar/bl - - - 029 1.8 0.373 034 24 0.492
NGC 6497* 2 B/D/bar/bl 005 14 0.18 020 1.0 1.478 0.26 3.1 1.103
NGC 6941* 3 D/bar/bl(X) - - - 0.11 1.8 0.941 009 1.6 0.828
NGC 6945 -1 B/D/bar/bl 0.09 09 0.20 0.12 0.5 1.018 025 3.7 0.787
NGC7321* 4 D/bar/bl - - - 004 1.6 0.384 005 1.5 0.489
NGC7563* 1 B/D/bar/bl 009 1.5 0.24 031 09 1.276 053 2.1 1.079
NGC7611 -3 D/bar/bl - - - 023 1.0 0.283 023 1.5 0.284
NGC 7623 -2 D/bar/bl - - - 031 20 0.962 047 1.9 1.262
NGC7738* 3 B/D/D/bar/bl  0.05 0.5 0.35 0.19 09 2.543 0.15 1.5 1.158
NGC 7824 2 B/D/bar/bl 0.03 2.7 - 024 09 2.156 042 23 1.794
UGCO01271 0 B/D/bar/bl 0.06 0.5 0.19 020 1.0 1.026 0.18 1.3 0.559
UGC03253* 3 D/bar/bl - - - 0.09 1.6 0.536 0.07 1.1 0.389
UGCO08781* 3 D/bar/bl(X) - - - 0.16 1.8 0.756 0.16 2.0 0.854
UuGC10811* 3 D/bar/bl - - - 0.10 1.5 0.921 0.06 0.7 0.537
UGC 12185 3 D/bar/bl(X) - - - 0.14 25 0.575 0.19 2.8 0.980

Notes. The main parameters of the bulges (Cols. 4-6) and barlenses (Cols. 7-9) in our decompositions, and those of the bulges by MA2017 (Cols.
10-12) are shown. The type of model is given in column 3: B = bulge, bl = barlens, D = disk, bar = bar, L. = outer lens, N = unresolved nucleus.
The Hubble stage T is taken from CALIFA DR3 (Séanchez et al. 2016a). Denoted with (X) in Col. (3) are the galaxies that also have an X-shaped
feature and with * in Column (1) the galaxies for which we also analyzed the stellar populations. The effective radius (R.) is given in [kpc] using
the distance from Nasa/IPAC Extragalactic Database. Of the given distances the mean values were used (H, = 75kms~' Mpc™!). If the distance
was not given it was calculated from the redshift. Owing to the high galaxy inclination the decomposition for IC 1755 is uncertain.

was repeated many times with various kernel sizes and image
contrast levels. Keeping in mind that the r’-band mosaics are
strongly affected by dust obscuration particularly in the edge-on
view, identification of the X-shaped feature was accepted even if
it appeared only in one side of the galaxy. Some representative
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examples are shown in Fig. 2!. Although barlenses were primar-
ily identified visually in the original mosaic images, attention

! All the unsharp mask images of the X-shaped bars are shown on the
web page http://www.oulu. fi/astronomy/CALIFA_BARLENSES
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Fig. 2. Examples of the X-shaped bars. Left panels show the bar regions
of the combined 7' + ¢’ + i SDSS mosaic images. Right panels show
the unsharp mask images made for the r’-band mosaics, using the same
image cuts.

was also paid to the barlens morphologies in the unsharp mask
images.

In this work the sizes and minor-to-major (b/a) axis ratios of
barlenses were measured to be used as auxiliary data for mak-
ing reliable structure decompositions. They were measured by
fitting ellipses to the visually identified outer edges of barlenses
in the original mosaic images, in a similar interactive manner
as in Herrera-Endoqui et al. (2017). The barlens regions super-
imposed with the bar were excluded from the fit. From the fit-
ted ellipses the major (@) and minor (b) axis lengths and posi-
tion angles (PA) of the barlenses were measured. It was shown
by Herrera-Endoqui et al. (2017) that this visual method is as
good as if the outer isophotes of barlenses were followed instead.
The measurements are shown in Table D.1. In the table bar-
lengths are also given, which were visually estimated from the
r’-band mosaic images by marking the bar ends in the depro-
jected images. The orientation parameters of the disks, estimated
from the outer isophotes of the galaxies as in Salo et al. (2015),
are also shown.

The galaxy inclinations of the complete CALIFA sample are
shown in Fig. 3, plotted as a function of the absolute B-band
galaxy magnitude. Different symbols are used to distinguish the
barlens and X-shaped galaxies and the two subsamples of bar-
lens galaxies (those with decompositions and those with IFU
data). The 15 barlens galaxies with X-shape features are shown
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Fig. 3. Galaxy inclination plotted as a function of the absolute B-band
galaxy magnitude. The parameter values are from HyperLEDA. Gray
dots indicate galaxies in the complete CALIFA sample of 1064 galax-
ies, green symbols show the X-shaped bars, red symbols the barlenses,
and blue symbols the galaxies in which both features appeared. Filled
red circles denote the barlens galaxies for which we made the decom-
position, and open squares the 26 galaxies, for which the V500 grating
SSP data cubes were also available.

separately. It appears that the galaxies in our subsamples are
fairly randomly distributed in magnitude, which means that they
are representative examples of the complete CALIFA sample.
The galaxies with barlenses and X-shaped features also have
similar magnitude distributions. We note that, for consistency,
in Fig. 3 values from HyperLEDA were used for all galaxies,
including those for which we made our own measurements.

5. Multicomponent decompositions
5.1. Method and model functions

We used the GALFIT code (Pengetal. 2010) and the
GALFIDL software (Salo et al. 2015) to decompose the 2D light
distributions of the galaxies to various structure components.
Our decomposition strategy is described in detail by Salo et al.
(2015). The Levenberg-Marquardt algorithm is used to mini-
mize the weighted residual y,? between the observed and model
images. The full model image consists of the models of the
different structure components, each convolved with the image
point spread function (PSF). The SDSS r’-band mosaic images,
with the resolution of 0.396 arcsec/pix, were used. For each sci-
ence frame a mask and a sigma-image mosaic were constructed.
The o image was used to control the weight of pixels in the
decomposition. The PSF was made in such a manner that the
extended tail beyond the Gaussian core was taken into account.
The PSF FWHM = 0.8—1.4 arcsec, which agrees well with that
obtained by MA2017. Preparation of the data for the decompo-
sitions is explained in more detail in Appendix A.

In GALFIT the isophotal shapes of the model components
are defined with generalized ellipses (Athanassoula et al. 1990)
as follows:

¥ — Yo
q

ey

1

C+2\ 7

N ’_ C+2 o2
r(x',y’) = {Ix = xol" 7" +

The parameters xo,yo define the center of the isophote, x’,y’
denote coordinates in a system aligned with the isophotal major
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axis pointing at the position angle PA, and g = b/a is the minor-
to-major axis ratio. The shape parameter C = 0 for pure ellipses,
for C > the isophote is boxy, and for C < 0 it is disky. Circular
isophotes correspond to C = 0 and ¢ = 1. The x-axis is along
the apparent major axis of the component. The galaxy center is
taken to be the same for all components. For the radial surface
brightness distribution, the following Sérsic function was used
for the bulges, barlenses, and disks:

(r) = Ze oxp (—k [ (/R — 1]), @)

where X, is the surface brightness at the effective radius R,
(isophotal radius encompassing half of the total flux of the com-
ponent). The Sérsic index n describes the shape of the radial pro-
file. The factor « is a normalization constant determined by n.
The value n = 4 corresponds to the R'/* law, and n = 1 to an
exponential function. For a bar a modified Ferrers function was
used, i.e.,

(r) = { 2o [1 - (r/rout)27ﬁ] r < Fout 3)

0 r 2 Fout-

The outer edge of the profile is defined by r,y, @ defines the
sharpness of the outer cut, and the parameter 8 defines the central
slope. The parameter X, is the central surface brightness. When
an unresolved component was identified in the galaxy center, it
was fit with a PSF-convolved point source.

5.2. Qur fitting procedure

Our main goal is to extract barlenses from the other structure
components. We started with single Sérsic fits to highlight pos-
sible low contrast features in the residual images, which were
obtained by subtracting the model from the original image.
Unsharp mask images were also useful to detect these features.
Then bulge/disk (B/D) decompositions were made to find the
initial estimate of the parameters of the disk, and also to have
an approximation of the flux on top of the disk. In all of our
decompositions the galaxy centers were fixed. Also the orienta-
tion parameters of the disk were fixed to those corresponding to
the outer galaxy isophotes (see Table C.1). After the initial single
Sérsic and B/D decompositions an iterative process was started
in order to share the light above the disk between bars, barlenses,
and possible separate bulge components (B/D/bar/bl models).
Since the same function was used for the bulges and barlenses,
we needed to carefully avoid possible degeneracy between the
two components. Therefore, the starting values were selected to
be as close to observation as possible. The parameters of the disk
were kept fixed until good first approximations for all the other
structure components were found. Once found, releasing the disk
parameters in the fitting process typically did not change much
the parameters of the other components. Only two galaxies in our
sample have nuclear bars or rings visible in the direct images.
In order to avoid degeneracy between the structure com-
ponents and also to reduce the number of free parameters in
GALFIT, we utilized the measured sizes and shapes of bars and
barlenses (see Sect. 4) when choosing the initial values in the
decompositions. In practice, when using a Sérsic model for the
barlens this means adjusting the R, so that the modeled barlens
has similar outer isophote size as the visual estimate (a). In some
cases, we had to fix the barlens R.. Moreover, their axial ratio
was always fixed to the measured b/a ratio. Namely, the fact that
the barlens flux is superimposed with that of the bar means that
the barlens model, if completely free, can easily become arti-
ficially elongated along the bar major axis. Figure 6 shows the
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relation between the visually estimated size of the barlens and
the size that comes out from our decompositions. A linear fit for
galaxies where the barlens size was left as a free parameter indi-
cates R, ~ 0.36a. No large deviations from this trend are visible
even in the cases where the barlens size was fixed.

We followed an approach in which any of the parameters of
the structure components could be temporarily fixed, until good
starting parameters were found. For evaluating our best fitting
model human supervision was important. In particular, we com-
pared the observed and model images, the observed and fitted
surface brightness profiles (1D and 2D), and the residual images
after subtracting the model from the observed image.

5.3. Avoiding degeneracy between the fitted components

It is well known that in the structure decompositions the main
source of uncertainty is the choice of the fitted components and
possible degeneracy of the flux between those components, and
not the formal errors given by the y?> minimization”.

The most important factor is how many physically mean-
ingful components are fitted, which is illustrated in Fig. 4.
Shown are the B/D, B/D/bar, and B/D/bar/bl models for the
galaxies NGC 7563 and NGC 5406. The B/D models for both
galaxies fail to recover anything that could be designated as
a real bulge. Including the bar improves the fit considerably,
which agrees with many previous studies (Laurikainen et al.
2005, 2010; Gadotti 2008; Salo et al. 2015). How much the bar
improves the fit depends on the surface brightness profile: for
galaxies with small photometric bulges (NGC 5406) the B/D/bar
model works very well, but if the photometric bulge is promi-
nent and the profile is centrally peaked (NGC 7563), GALFIT
tries to fit a massive bulge with a high Sérsic index. However, the
B/D/bar/bl model for NGC 7563 fits the surface brightness pro-
file more accurately. Most importantly, the model is consistent
with what we see in the image. The galaxy outside the bar is not
dominated by a large spheroidal, but rather by a dispersed ring
with a down-bending surface brightness profile at the outer edge.
The way in which the number of the fitted parameters affects
B/T in the sample decomposed in this study is summarized in
Fig. 5. An average B/T-value in the B/D-models is ~0.30, in
the B/D/bar models it is ~0.15, and in the B/D/bar/bl-models
~0.06.

Our attempt to handle the bulge/barlens degeneracy was that
two Sérsic functions were used only when two clear subsections
with different slopes appear in the central surface brightness pro-
file. The bar/barlens degeneracy is reduced using different fit-
ting functions for the two components: Ferrers function for the
bar and Sérsic function for the barlens. However, the bar/barlens
separation worked well only if we did not fix the profile shape
parameters of the bar (@ and ) as is usually done. In the liter-
ature most bar decompositions have been carried out with fixed
a > 2 (e.g, see Salo et al. 2015; MA2017), whereas in the cur-
rent study the final models typically adjusted a to values close
to zero (on average @ ~ 0.15; for @ close to zero the value of 8
has less significance; see Fig. 7). In our decompositions the bar
is quite flat and sharply truncated at the outer edge. We further
tested how much the small central light concentration introduced

2 There are also other uncertainties in the decomposition, related to sky
subtraction, and to o and PSF-images (Salo et al. 2015). Such errors
for the SDSS r’-band mosaic images in the MANGA (Mapping Nearby
Galaxies at Apache Point Observatory) galaxy sample have been esti-
mated by Laine et al. (private communication). Due to the PSF and
Oy they are ~5% on B/T and R.(bulge), and due to the PSF ~15% on
Sérsic n.



E. Laurikainen et al.: Barlenses in the CALIFA survey: combining photometric and stellar population analyses

0.570

rB) = 58"

magnitude/arcsec®
magnitude/arcsect

0.541

s  —— BULGE NGC 7563 - - —— CEllleis NGC 7563 s —— BULGE 0.085 NGC 7563 A
—— DISK 0.430 bd —— DISK 0.406 bdbar —— DISK 0.498 bdbarBL

o BT =-0570 - % G BT =-0541 - [B‘AF[() ,%9',107 BT =-0085
n(B) = 245 nB) = 2.44 2 UL n(B) = 1.54

r(B) = 47" r(B) = 09"

magnitude/arcsec”

16 T T T T T

—— BULGE

B) = 54"

magritude/arcsec”

magritude/arcsec?
IS

—— BULGE 0.212  NGC 5406 0109 NGC 5406 0.066  NGC 5406

—— DISK 0.788 bd —— DISK 0.851 bdbar —— DISK 0.839 bdbarBL
BT =0212 EAc 010 B/T =0.109 N ‘B[AF:) U(:.f)49 BT =0.066
n(B) = 347 n@) = 1.85 ” i n(B) = 0.80

—— BULGE

B - 18 s B = 10

magritude/arcsec?

R

Fig. 4. Three decomposition models (B/D, B/D/bar, and B/D/bar/bl) shown for the galaxies NGC 7563 and NGC 5406. In the upper panels, the
2D representations of the surface brightness profiles are shown; black dots show the fluxes of the image pixels as a function of distance in the sky
plane, and the white dots those of the total model images. The colors illustrate the fitted models of various structure components. Lower panels:
7’-band mosaic images overplotted with the effective radii of the fitted models.

by a positive 8 value in Ferrers function can affect B/T. Chang-
ing S8 from 1.9 to 0 in the decomposition for NGC 7563 changes
B/T only from 0.085 to 0.081 and in IC 1755 from 0.104 to
0.107, which means that the B/T using both 8 values are prac-
tically the same. Clearly, the large values of a used in earlier
decompositions stem from the omission of the central barlens
component.

5.4. Decompositions for a synthetic simulation image

Similar decompositions, such as those shown for the observed
galaxies in Fig. 4, were also made for a simulation snapshot,
taken from the N-body simulation model by Salo & Laurikainen
(2017). These are stellar dynamical models with no gas or
star formation carried out with Gadget-2 (Springel 2005) with
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Fig. 5. Bulge-to-total (B/T) flux ratios for the 46 galaxies decom-
posed in this study. The values in three type of models are shown:
bulge/disk (B/D, upper panel), bulge/disk/bar (B/D/bar, middle panel)
and bulge/disk/bar/bl (B/D/bar/bl, lower panel). The B/T values for
the individual galaxies are shown in Table 1. Compared to the B/D
and B/D/bar models, the number of the B/D/bar/bl models is smaller
because only half of the decomposed galaxies were fitted with a sepa-
rate bulge component
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Fig. 6. Relation between the visually estimated barlens size (semimajor
axis of the fitted ellipse) and the barlens effective radius that comes
out in our decompositions. The dashed line shows the relation R, =
0.36a, which was obtained by a linear fit, to the values obtained in the
decompositions in which barlens R, was a free parameter. The linear
correlation coefficient between R, and a is 0.83.

self-consistent initial galaxy models. For the disk component,
5 x 10% particles were used and to have good enough resolu-
tion a gravity softening € = 0.01 hg was used, where Ay is the
scale length of the disk. The model mimics a typical Milky
Way galaxy with a stellar mass of M, /Mgy = 5 x 10'°, a small
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Fig. 7. Surface brightness profiles for the theoretical Ferrers function
using different values for the parameters @ and 3, related to the sharp-
ness of the outer truncation and the central slope of the profile, respec-
tively. The lines indicate different combinations of @ and 3; the red line
shows the typical values obtained in the current study. The different
curves are normalized to correspond to the same total bar flux.

preexisting bulge (B/T = 0.075, R, = 0.07 hg), an exponential
disk, and a spherical halo. The decomposed snapshot (same as
used in Fig. 1) was taken 3 Gyrs after the bar was formed and
then stabilized. The model developed a vertically thick inner bar
component, which is X shaped in edge-on view (see the lowest
panel in Fig. 1), and a barlens morphology in more face-on view.
During the simulation the bulge changed very little.

Our decompositions are shown in Fig. 8. It appears that the
original bulge light fraction B/T is overestimated both in the
B/D and B/D/bar decompositions (these yield B/T = 0.25 and
B/T = 0.16, respectively), whereas the B/D/bar/bl decomposi-
tion recovers very well the small original bulge (B/T = 0.075)
and the particles representing the barlens. The contribution of
the bar is slightly overestimated in the B/D/bar model. The mor-
phology and surface brightness profile of the simulated barlens
galaxy is remarkably similar to those of the galaxies NGC 7563
and NGC 5406.

Representative examples of the decompositions for the bar-
lens galaxies are shown in Figs. 10, E.1a, and E.1b. The output
decomposition files with the parameters of the different compo-
nents of all the decomposed galaxies are shown in the web page?.

6. Comparison with MA2017

The galaxies that we decomposed have been previously decom-
posed by MA2017 using B/D/bar models. For comparison with
their work we divided our decompositions into two groups: (a)
galaxies in which the barlens had no clear central peak in the
surface brightness profile, and (b) those in which a central peak
appeared and were fitted with a separate Sérsic function. The
mean parameter values are given in Table 2, where the values
given by MA2017 are also shown. It is worth noticing that this
division is to some extent artificial. This is the case because even
those galaxies in which no separate bulge component was fit-
ted might have some low luminosity central components, which
possibly affects the Sérsic index.

3 http://www.oulu.fi/astronomy/CALIFA_BARLENSES
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Table 2. Mean parameter values of barlenses in group (a), and of bar-
lenses and separate bulge components in group (b).

This study  MA2017

Group (a):

bl(bulge)/T 0.13+0.02 0.13+0.02
Sérsic n 1.38+0.10 1.38+0.10
R. (kpc) 0.60+0.06 0.64+0.07
Group (b):

B/T 0.06+£0.00 0.21+0.02
Sérsic n 1.10+0.11 2.30+0.22
R. [kpc] 0.23+0.03  1.23+0.13
bljT 0.13+0.02

Sérsic n 0.71+0.05

R. [kpc] 0.94+0.15

Notes. For comparison the bulge parameters obtained by MA2017 are
also shown. The groups are explained in Sect. 6. We note that what we
determine to be a barlens in group (a), is called a bulge by MA2017.

We used group (a) to test the robustness of our decompo-
sition method by comparing its results to MA2017. While we
used GALFIT, MA2017 used GASP2D for their decomposi-
tions. Both codes use Levenberg-Marquardt algorithm to search
for the model parameters. For non-exponential disks MA2017
used two truncated disks, while we used a Sérsic function with
n < 1. In spite of these differences, our comparison shows that
the B/D/bar decompositions in the two studies are in good agree-
ment: both studies find the mean values of (bl (bulge)/T) = 0.13,
(n) = 1.38, and (R.) = 0.60—0.64. This means that our method is
robust: it is neither user dependent, nor is it sensitive to the code
used or to the way in which the underlying non-exponential disk
is fitted. However, our interpretation of the flux on top of the

disk (after subtracting the bar) is different. We consider the cen-
tral Sérsic component in the decompositions as a barlens, while
MA2017 interpreted it as a separate bulge component.

For the galaxies in group (b), with both bulge and bl
components in the decompositions, we found similar barlens
parameters (bl//T = 0.13) as we also found for the galaxies
in group (a). However, MA2017 find clearly higher values for
the bulges, i.e., (B/T) = 0.21 and (n) = 2.3. In our decom-
positions less than 10% of the total galaxy flux was left for a
possible separate bulge component, which agrees with the pre-
vious study by Laurikainen et al. (2014) for barlens galaxies in
the S*G+NIRSO0S surveys. In both groups the surface bright-
ness profiles of barlenses are nearly exponential; the mean val-
ues are (n) = 1.4 and 0.7 in the groups (a) and (b), respectively.
The similarity of the barlenses in these two groups makes sense
because their galaxies also have similar mean Hubble stages
Ty =2.1+£0.1 and (T) = 2.3 £0.1) and similar mean galaxy
masses (log M, /Mg = 10.80 £ 0.04 and 10.69 + 0.06 in groups
(a) and (b), respectively). The similarity of the relative barlens
fluxes in the two galaxy groups is illustrated in Fig. 9. The bl/T
distributions are very similar once the contribution of the sepa-
rate bulge component is taken away.

The reason for the differences in our models and those
obtained by MA2017 for the galaxies in group (b) can be under-
stood by looking at individual galaxies. For NGC 7563 three
decomposition models were shown in Fig. 4. It appears that
the values B/T = 0.53 and n = 2.1 obtained by MA2017 are
equivalent with those of our B/D/bar model with B/T = 0.54
and n = 2.4. However, in our final model B/T = 0.09 and
bl/T 0.31. In this galaxy the unsharp mask image clearly
shows a barlens in favor of our model (see Fig. 10). Also, the
surface brightness profile inside the bar radius is better fitted in
our best model than in the more simple B/D/bar model. Other
similar galaxies in our sample are NGC 5378 and NGC 7738. In
NGC 5000 (see Fig. E.1a) the central mass concentration is less
prominent, and therefore the difference in B/T between the two
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Fig. 9. Twenty-six barlens galaxies are divided into groups (a; upper
panel) and (b; lower panel) as explained in Sect. 6. The blue histograms
indicate the barlens flux fraction BL/T. Additionally, the red histogram
(same as in Fig. 5, lowermost frame) in the lower frame shows the rel-
ative fluxes of the separate bulge components in the group (b) galaxies.

studies is also much smaller (B/T = 0.07 and 0.03 in MA2017
and our study, respectively). However, while MA2017 finds Sér-
sic n = 3.9 for this galaxy, we find n = 0.7. It is unlikely that
this galaxy has a de Vaucouleurs’ type surface brightness profile
because in the unsharp mask image X-shaped feature appears,
which confirms the bar origin of the bulge. MA2017 also finds
fairly large B/T and Sérsic n values for the galaxies NGC 0036
and NGC 1093, which are doubtful because these galaxies are
late-type spirals with only a small amount of flux on top of the
disk.

7. CALIFA data cubes and SDSS colors
7.1. CALIFA data cubes and SDSS colors

We used the CALIFA data cubes by Sdnchez et al. (2016a) to
obtain the stellar ages, metallicities, and velocity dispersions (o)
for the different structure components. For the average values of
these parameters the SSP.cube.fits cubes were used, whereas to
calculate the radial profiles of populations of different age and
metallicity bins we used the SFH.cube.fits. The field of view
(FOV) of the observations is 74” X 64, covering 2-3 R, of
the galaxies. The FWHM = 2.5 arcsec corresponds to 1 kpc
at the average distance of the galaxies in the CALIFA survey.
CALIFA has two gratings, V500 and V1200, with the wave-
length ranges of 2745-7500 A with 1/A1 = 850, and 3400
4750 A with A/Ad = 1650, respectively. We used the V500
grating data-cubes, of which the pipeline data reductions are
fully explained by Sanchez et al. (2016b). The spectral resolu-
tion is 327 km s~!. It was shown by Sanchez et al. that for
the o measurements there is a one-to-one relation between the
two gratings when o > 40km s~'. For the V1200 grating
Falcén-Barroso et al. (2017) estimated 5% uncertainties for o >
150 kms™!, 20% for o = 40 kms~!, and 50% for o = 20 kms~!.
With the V500 grating this translates to uncertainties of 10% at
o > 150kms™!, and 40% at o = 40 km s~!. With the S/N~50 and
having prominent stellar absorption lines, Falcon-Barroso et al.
(2017) have reported that reliable o values can be obtained down
to 30 km s~! within the innermost r ~ 10”, without binning.
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The pipeline (Pipe3D) reductions of the stellar popula-
tions and metallicities are explained by Sdnchez et al. (2016b).
Their spectral fitting included the following steps: First a
simple Single Stellar Population (SSP) template is used to
fit the stellar continuum, which is used to calculate the
systemic velocity, central o, and the dust attenuation. After
that the emission lines were subtracted from the original spec-
trum and more sophisticated SSP templates were used to
obtain stellar populations, metallicities, and star formation his-
tories. The library covers 39 stellar ages (between 1 Myr
and 13 Gyrs) and 4 metallicities in respect to solar metal-
licity (log,y Z/Zo = -0.7, 0.4, 0.0 and 0.2). The templates
used are a combination of the synthetic stellar spectra from
the GRANADA library (Martins et al. 2005), and the libraries
provided by the MILES project (Sanchez-Blazquez et al. 2006;
Falcon-Barroso et al. 2011; Vazdekis et al. 2010). The Salpeter
(Salpeter 1995) initial mass function was used. Sdnchez et al.
(2016b) estimated that with S/N > 50 the stellar populations
are well recovered within an error of ~0.1 dex.

We also calculated the average (¢’—r") and (r’'—i") colors of
the structure components using the SDSS mosaic images. As we
are only interested in relative values between the structure com-
ponents; no extinction corrections were made. The flux calibra-
tion parameters were taken from the image headers. The colors
were calculated from the ratio of total fluxes in different bands,
using the measurement regions described in the next subsection.

7.2. Definitions of the measured regions

Mean stellar ages and metallicities were calculated for different
structure components of the galaxies, in the regions illustrated in
Fig. 11, and defined in the following manner:

C (galaxy center): an elliptical region around the galaxy center
that has the same position angle and b/a axis ratio as the bar-
lens, and an outer radius r = 0.3ry;. This size is clearly larger
than the maximum FWHM = 1.4 arcsec of the SDSS r’-band
mosaic images, and larger than the FWHM = 2.5 arcsec of the
V500 grating CALIFA data cubes. The radius was large enough
to cover possible nuclear rings. This parameter is calculated for
all galaxies, independent of whether a separate bulge component
was fitted in the decomposition or not.

bl (barlens). an elliptical zone inside the barlens radius, but
excluding the galaxy center C and the region overlapping with
the bar. The b/a axis ratio and the position angle were those
obtained from our visual tracing of barlenses (see Sect. 4).

bar (elongated bar). an elliptical region inside r = 1y, exclud-
ing the barlens. We used the measured position angle of the bar,
and a fixed axial ratio b/a = 0.25.

disk (disk). an elliptical stripe between ry and 2 ry,), excluding

the zone covered by the bar. The ellipticity and position angle
were the same as for the barlens.

Almost similar measurement regions were used in
Herrera-Endoqui et al. (2017) for SDSS colors of the S*G-
galaxies: in the current study “C” corresponds to what was
denoted as “nuc2” in their study, and “bl” denoted as “blc” in
Herrera-Endoqui et al.

8. Mean stellar populations, metallicities, and
velocity dispersions

The mean stellar ages and metallicities of the structure com-
ponents are shown in Table 3. The galaxies decomposed with
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Fig. 10. Examples of our multicomponent decompositions. Large panel: black dots show the surface brightnesses (' magnitude/arcsec?) of the
pixels in the two-dimensional image, white dots the values in the final model image, and the colors the values corresponding to the different struc-
ture components of the model. Bulges, disks, and barlenses were fitted with a Sérsic function, and bars with a Ferrers function. The decomposition
parameters, galaxy masses (log M, ), galaxy inclinations (i), and Hubble stages (T) are shown in the upper right. Lower panels (from left to right):
region of the r’-band SDSS mosaic image, the same image with the model components plotted on fop of that, and the unsharp mask image. The
image in the large panel shows the full galaxy image. For more examples, see Appendix E.

(“bulge”) and without (“no bulge”) a separate bulge component
are also shown separately (groups (a) and (b) in Sect. 6, respec-
tively). Both mass (“m”) and light (“1”) weighted values are
given. In the same table the mean stellar velocity dispersions
o, and the (¢’-7") and (#’-i") colors are also shown. For these
parameters the differences between barlenses and central galaxy
regions (C-BL), and between barlenses and bars (BL-BAR) are
illustrated in Fig. 12. The average values were obtained by find-
ing all spaxels in the region of interest and calculating the den-
sity or luminosity weighted means of the corresponding (“m”
and “I”, respectively) data cube values.

The measurement regions inevitably correspond to a super-
position of more than one structure component. In Fig. 13 we
estimate the amount of contamination assisted by our decompo-
sition models. The figure shows, for each measurement region,

how much of the total flux in the decomposition comes from the
structure we intend to measure. It appears that for the barlens
measurement regions typically 20%—-50% of the flux is due to
the barlens; the rest is mainly due to the underlying disk. For the
bar the disk contamination is slightly less; the contribution from
the bar itself amounts to 30%—60%.

8.1. Stellar velocity dispersions

Bars generally have old stellar populations, which means that
prominent stellar absorption lines appear in the spectrum. The
S/N in the bar region is also high because many spaxels are aver-
aged. We find that bars and barlenses typically have fairly high
velocity dispersions (o0 = 130-160 kms™"), whose values are
practically the same for both components (Ac ~ 20kms™).
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Fig. 11. Illustration of the measured galaxy regions, as defined in
Sect.7.2. Left panel: original r’-band mosaic image of NGC 5000 to
show the bar region. Right panel: definitions of the regions. Red indi-
cates galaxy center (C), turquoise indicates barlens (bl), blue indicate
bar, and green indicates disk.

Also, there is practically no difference in o between bars and
barlenses while comparing the galaxies with and without a sepa-
rate bulge component. However, o is clearly higher in the galaxy
centers (o = 207 + S5kms™"). Figure 12 shows that the cen-
tral galaxy regions have always higher o values than the sur-
rounding galaxy components. The radial dependence of o for
the CALIFA sample has been shown by Falcén-Barroso et al.
2017.

8.2. Colors, stellar ages, and metallicities

We find that bars and barlenses have on average similar mean
(g’-r') and (#'-i") colors, confirming the previous result by
Herrera-Endoqui et al. (2017) for the S*G galaxies. The mean
value (¢’-r') ~ 0.82 is typical for K-giant stars (Lenz et al.
1998). The central galaxy regions have clearly redder (g'—r") col-
ors (A(g’—r") ~ 0.06), which is again in agreement with Herrera-
Endoqui et al.. Most probably this is a dust effect because the
stars in the central galaxy regions are also similar as in barlenses
(light weighted average ages are 8.8 + 0.2 and 8.7 + 0.2 Gyrs,
respectively).

The stellar ages in our analysis show gradients. The mass-
weighted ages of the central regions are ~0.5 Gyr, and the
luminosity-weighted ages ~1.6 Gyr older than for the disks. These
gradients are in a qualitative agreement with those obtained for
the whole CALIFA sample, by Garcia-Benito et al. (2017) for
the mass-weighted ages, and by Gonzélez Delgado et al. (2014)
for the luminosity-weighted ages. It is remarkable that despite
these age gradients, the ages of bars and barlenses, which appear
at different radial distances in our measurements, are similar.
Their mass-weighted mean ages are ~9 Gyrs and the luminosity-
weighted mean ages ~5 Gyrs.

We also show a metallicity gradient of log,, Z/Z, ~ 0.1
(using both mass and light weighted values) in a sense that the
disks are less metal rich than the bars and barlenses. The galaxy
centers are more metal rich than the rest of the galaxy, both
using the mass and luminosity-weighted indices. These gradients
are again in a good qualitative agreement with those obtained
by Gonzélez Delgado et al. (2015) for the whole CALIFA sur-
vey. Like the ages, the metallicities are similar for bars and bar-
lenses; their mean luminosity-weighted values are log,, Z/Z, =
—0.09 £ 0.02 and —0.10 + 0.02, respectively.

Figure 12 illustrates the similarity of all the measured param-
eter values of bars and barlenses, and also the way in which the
central galaxy regions in many parameters are at least marginally
different from bars and barlenses.
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9. Radial profiles of stellar ages and metallicities

We used the CALIFA SFH cubes to analyze the radial distribu-
tion of different age and metallicity populations. For the analysis
we selected typical barlens galaxies, galaxies with dust lanes,
and barlens galaxies in which X-shaped features also appear.
The age and metallicity profiles are shown in Figs. 14, E.2a, and
E.2b. The decompositions for the same galaxies were shown in
Figs. 10, E.1a, and E.1b. The profiles are azimuthally averaged
in a few arcsecond bins after deprojecting the galaxies to face-
on. This means that in the barlens regions and galaxy centers the
stellar parameters are well captured, but the bar regions might
be slightly contaminated by younger stellar populations of the
disks. The four metallicity bins are as given in the CALIFA
data cubes (SFH.cube.fits). The original stellar age bins were
rebinned into three bins corresponding to young (age < 1.5 Gyr),
intermediate age (1.5 < age < 10 Gyrs), and old (age >10 Gyrs)
stars. According to the headers of SFH.cube.fits files, the spaxel
values of the SFH data cubes correspond to luminosity fractions
of different age and metallicity bins. Our comparisons indicated
that the mean ages and metallicities calculated from the SFH
cube distributions are close to the mean of metallicity and lumi-
nosity averaged mean ages and metallicities, as given in the SSP
cubes.

9.1. Typical barlens galaxies

NGC7563 (T = 1). This is the type of galaxy in which bar-
lenses were originally recognized (Laurikainen et al. 2011). The
surface brightness profile (Fig. 10) shows a possible separate
bulge component, and a nearly exponential barlens that dom-
inates the photometric bulge. The bar and barlens are dom-
inated by metal-rich (log,, Z/Z, = 0.20) intermediate age
stars. There is also a contribution of very old stars (>10 Gyrs),
but their relative fraction decreases within the barlens and
drops in the galaxy center. The bar is surrounded by a dis-
persed ringlens, which is also dominated by metal-rich stars, but
also contains an increasing fraction of less metal-rich stars. It
appears that the density peak in the surface brightness profile
is not made of old metal-poor stars early in the history of this
galaxy.

NGC 5406 (T = 3.5). The distributions of the oldest and
intermediate age stars in the bar/barlens regions are similar to
NGC 7563, i.e., the fraction of the oldest stars drops at the galaxy
center compared to the barlens region. Outside the barlens the
fraction of younger stars increases owing to the prominent spiral
arms. However, the disk is dominated by very metal-poor stars
(log,y Z/Z5 = —0.7), whose fraction starts to drop in the bar
region so that in the galaxy center those stars have disappeared.
Therefore, in this galaxy as well the bar and barlens have had
repeated episodes of stars formation that have enriched the gas
in metals. In the disk outside the bar that has happened to a lesser
extent than in NGC 7563. The galaxy center has a higher veloc-
ity dispersion (oo = 214 km s~!) than the bar or barlens (o = 128
and 142kms~', respectively), most probably related to higher
stellar density.

NGC 7321 (T = 3). This galaxy has qualitatively similar stellar
age and metallicity distributions as NGC 5406, but the photomet-
ric bulge is less prominent. The fraction of the most metal-poor
stars (log,q Z/Zo = —0.7) starts to drop at r ~ 18" already, cor-
responding to the high surface brightness region extending well
outside the bar. There is clearly migration of stars inside the high
surface brightness disk.
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Table 3. Mean parameter values calculated for the different structure components using the CALIFA V500 data cubes (e.g., Sdnchez et al. 2016a).

C bl bar disk N
o (all) 210+5 157 +9 132+9 - 25
o (bulge) 212+7 147 + 15 127+ 12 - 11
o (no bulge) 207 +7 165+ 10 137+ 14 - 14
Age (m, all) 8.8+0.2 8.7+0.2 8.3+04 8.3+0.1 25
Age (m, bulge) 9.0+04 8.8+0.2 8.7+0.3 8.3+0.2 11
Age (m, no bulge) 8.7+0.2 8.7+0.2 79+0.6 8.2+0.2 14
Age (1, all) 53+0.5 54+04 52+04 4.1+0.3 25
Age (1, bulge) 5.8+0.7 57+0.6 5.6+0.6 45+0.5 11
Age (1, no bulge) 49+0.7 51+0.5 4.8+0.5 3.9+0.3 14
logi0 Z/Zs (m, all) -0.06+0.02 -0.02+0.03 -0.04+0.03 -0.12+0.02 25
logio Z/Z (m, bulge) -0.04+0.03 -0.03+0.03 0.00+0.03 -0.09+0.02 11
logi0 Z/Zs (m, no bulge) —-0.01+0.04 -0.03+0.04 -0.06+0.04 —-0.14+0.04 14
logi0 Z/Z (1, all) -0.10+0.02 -0.10+£0.02 -0.09+0.02 -0.19+0.02 25
logi0 Z/Z (1, bulge) -0.08+0.03 -0.09+0.03 -0.06+0.03 -0.17+0.02 11
logi0 Z/Zs (1, no bulge) -0.12+0.03 -0.10+0.03 -0.11+0.04 -0.20+0.03 14
g’ —r' (all) 0.885+0.013 0.824+0.010 0.825+0.010 0.769+0.011 25
g’ —r' (bulge) 0.887+0.022 0.816+0.012 0.815+0.013 0.767+0.016 11
g’ —r’ (no bulge) 0.884+0.017 0.830+0.016 0.833+0.014 0.772+0.015 14
r'—=i’ (all) 0.404+0.017 0.419+0.005 0.400+0.017 0.395+0.017 24
r'—i’ (bulge) 0.415+0.006 0.410+0.007 0.410+0.007 0.409+0.009 10
r'—i’ (no bulge) 0.395+0.031 0.426+0.007 0.390+0.031 0.382+0.030 14

Notes. The regions used are shown in Fig. 11, explained in Sect.7.2. The galaxies with (bulge) and without (no bulge) a separately fitted bulge
component are shown separately. The parameters are stellar velocity dispersion (o) [kms™'], mass (“m”) and light (“1”) weighted stellar ages
[Gyrs], and metallicity in respect to solar metallicity (log;o Z/Zs). The (g9’-r") and (+’'-i’) colors obtained from the SDSS mosaic images are also
shown. The uncertainties are calculated from the sample standard deviation, divided by square-root of sample size. One of the galaxies did not

have an i’-band image.

UGC 10811 (T = 2). This galaxy (and NGC 0180) is exceptional
in our sample in the sense that the barlens is dominated by the
oldest (>10 Gyrs) fairly metal-poor (logiy Z/Zs = —0.40) stars,
whose fraction increases toward the galaxy center. The photo-
metric bulge is dominated by the barlens, which has a nearly
exponential surface brightness profile (n = 1.5). The disk out-
side the bar is dominated by young metal-rich stars (logg Z/Zs =
0.20), but also has many other metallicities. Most probably the
bar was formed early, but galaxy modeling is needed to interpret
how the mass was accumulated to the barlens.

NGC 0776 (T = 3). The barlens dominates the bar in such a level
that the morphology approaches a non-barred galaxy (i.e., has
a barlens classification “f” by Laurikainen & Salo 2017). How-
ever, in spite of that the stellar and metallicity properties are very
similar as in such prototypical barlens galaxies as NGC 5406.
The unsharp mask image shows a nuclear ring, also showing a
significant contribution of the young stellar population.

9.2. Galaxies with X-shapes

NGC6941 (T = 3), UGCS8781 (T = 3), and NGC5000
(T = 4). In these galaxies the barlenses also show X-shaped
features in the unsharp mask images, which confirms that they
are vertically thick inner bar components. Therefore, it is inter-
esting that in these galaxies the bar/barlens regions have simi-
lar age and metallicity distributions as the prototypical barlens
galaxies discussed above, i.e., they are dominated by metal-rich
(logio Z/Z- = 0.20) intermediate age stars with a significant con-
tribution of the oldest stars (age > 10 Gyrs). In UGC 08781 and
NGC 5000 the fraction of the oldest stars is similar in the galaxy
center and in the bar/barlens region, whereas in NGC 6941 their

fraction drops in the galaxy center. In these galaxies the metal-
licity starts to drop toward the galaxy center already at the edge
of the bar.

NGCO0180(T = 3). The bl/X is dominated by old (age > 10 Gyrs)
metal-poor (logg Z/Z, = —0.40) stars, in a similar manner as the
barlens in UGC 10811. In the galaxy center the fraction of the
oldest stars drops. The mean velocity dispersions of the bar, bl/X,
and the galaxy center are o = 118, 137, and 181 km s~h respec-
tively. Very old metal-poor stars with high random motions are
generally interpreted as manifestations of merger built classical
bulges. However, in NGC 0180 the barlens is dominated by an
X-shaped feature, which challenges that interpretation.

9.3. Barlenses with dust lanes

NGC 7738 (T = 3). This is a prototypical barlens galaxy, similar
to NGC4314 (Laurikainen et al. 2014). The arc-like dust fea-
tures in the unsharp mask image are illustrative because they hint
at the fact that the whole high surface brightness disk surround-
ing the bar probably forms part of the bar structure. Two dust
lanes penetrate through the barlens ending up at the galaxy cen-
ter, where young stars (age < 1.5 Gyr) appear at r ~ 5 arcsec.
This galaxy is enriched in metallicity particularly in the bar-
lens region. Clearly, fresh gas has penetrated through the barlens
fairly recently triggering central star formation. Most probably
star formation has also occurred in the barlens, leaving behind a
metal-rich stellar population, but that star formation has already
ceased a long time ago (lack of young stars in the barlens).

NGC5378 (T = 3). Two dust lanes appear: one lane pene-
trates through the barlens ending up at the galaxy center, and
another weaker lane follows the outer edge of the barlens. As
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Fig. 12. Differences of the parameter values between the central
galaxy regions and barlenses (C-BL), and between barlenses and bars
(BL-BAR), are shown for the sample of 26 galaxies. Positive and neg-
ative deviations are shown with red and blue colors, respectively. The
parameters are the same as in Table 3.

in NGC 7738, in this galaxy particularly the barlens and bar are
places of metallicity enrichment.

NGCO0171 (T = 3). This is a barlens galaxy seen nearly
face-on. The unsharp mask image shows an elongated feature
along the bar major axis at low surface brightness levels. A
nuclear ring is manifested as an obscuration by dust. The metal
enrichment has occurred particularly at the edges of the bar and
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Fig. 13. Amount of contamination in the measurements of average val-
ues for different structure components from decomposition models from
Sect. 5. The plot shows the distribution of the fractional contribution of
the component itself to the total flux in the measurement region of that
structure component, as defined in Sect. 7.2.

barlens. However, contrary to the other barlens galaxies the frac-
tion of the metal-poor stars (logjo Z/Z, = —0.70) starts to drop
at r ~ 24 arcsec already, where the two-armed prominent spi-
ral arms start. It seems that mixing of different stellar ages and
metallicities appear in a large galaxy region, starting well outside
the bar via the prominent spiral arms.

10. Cumulative age and metallicity distributions

Above we have discussed the mean stellar ages and metallicities
and looked at their radial distributions in individual galaxies. In
order to make a more clear comparison between the structure
components, cumulative distributions of the mean stellar ages
and metallicities were derived and are shown in Fig. 15. Both
luminosity and mass-weighted distributions are shown. While
constructing these distributions, we used the measurements in
the zones as defined in Fig. 11.

It appears that bars and barlenses have remarkably simi-
lar age and metallicity distribution. The luminosity-weighted
mean stellar ages are typically 4-8 Gyrs, and the mass-weighted
indices show stars older than 8 Gyrs (with a few exceptions).
Using the mass-weighted indices, the oldest stars in barlenses
are as old as the oldest stars in the galaxy centers (~11 Gyrs),
which are not much older than those in bars (i.e., ~10 Gyrs).
The metallicities are near solar, but vary from slightly sub-
solar (logigZ/Zs = —0.3) to slightly supersolar metallicities
(logi0 Z/Z; = 0.1). In some galaxies the central regions are dom-
inated by younger stars of 3—6 Gyrs, which can be explained
by more recent star formation in possible nuclear rings, which
are not well resolved in the used data cubes. The disks within
the bar radius have typical luminosity-weighted stellar ages of
3-6 Gyrs, and the oldest stars are ~9 Gyrs old. The disks are on
average more metal poor than the bars and barlenses, whereas
the central galaxy regions are more metal rich.

The KS tests find no significant differences between the
age and metallicity distributions of bars and barlenses. Judging
by eye the center regions and barlenses seem to deviate more.
However according to the KS test, their differences are not sta-
tistically significant. On other hand, the disks have clearly differ-
ent luminosity-weighted stellar age and metallicity distributions


https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201833138&pdf_id=12
https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201833138&pdf_id=13

E. Laurikainen et al.: Barlenses in the CALIFA survey: combining photometric and stellar population analyses

Deprojected radius (arcsec)

Deprojected radius (arcsec)

1.0 T 1.0 T
N 7 c c
F;C ‘ 56‘3 N—H = OLD > 10 Gyr \—H logy, Z/Z,=
BAR BAR
30 = — INTERMEDIATE —
0.8 b 0.8 071
— YOUNG < 1.5 Gyr - — 040
20 2
b /"M z ——— — 000
10 g 06r 1 £ osf 022
£ 2 \,
° £ W/N\/\ <
5 04r \-w 1 g o4f —
-10 [ g
[ ;‘
-20 0.2 b 0.2 T
30 E M/ /‘H
G L i LA 0.0 Lz ; . 0.0 ; . .
30 -20 -10 O 10 20 30 0 10 20 30 40 0 10 20 30 40
Deprojected radius (arcsec) Deprojected radius (arcsec)
1.0 T 1.0 T
N 4 c ¢
F;C ‘5 96 = OLD > 10 Gyr \ log,, Z/Z,=
y + BAR BAR
\ — INTERMEDIATE —0.71
08 g 08} -
— YOUNG < 1.5 Gyr - — 040
£
£ 2 — 000
5]
g 06F MY 1 goef — om ,
r= @
£ £
S £
g 04 \ 1 g o4r N
£ 3
1 E '
02 B 021 R
| T SO
0.0[Z] . . . 0.0 Z . . .
0 10 20 30 40 0 10 20 30 40
Deprojected radius (arcsec) Deprojected radius (arcsec)
1.0 T 1.0 T
c [}
NGC 7321 = OLD > 10 Gyr log,, Z/Z,=
z : ! BAR BAR N
30 | — INTERMEDIATE —
0.8 1 08} o
— YOUNG < 1.5 Gyr - — 040
20 1 . 5
5 2 — 000
5]
10 3 % 0.6 4 % 0.6 o ]
@
£ £
0 i & \H\ £
'é 0.4 b S 0.4 T
-10 E g
w
-20 e 0.2 " 0.2 '
-30 E —/
0.0 Il L L 0.0 I L L
0 10 20 30 40 0 10 20 30 40
Deprojected radius (arcsec) Deprojected radius (arcsec)
T 1.0 c T
= OLD>10G =
BAR s BAR 109, 212,
30 4 — INTERMEDIATE —
] 08 0.71
— YOUNG < 1.5 Gyr - — 040
20 3 a
£ 2 — 0.00
S
10 & % 7 % 0.6 — 022 7
@
; : :
) £
g f b ‘S 0.4r T
-10 4 g
w
20 3 “""\,\/\\ 4 0.2 ( 4
-30 El 1
L L I L L L L L L 0.0 L L
30 -20 -10 O 10 20 30 10 20 30 40 0 10 20 30 40

Fig. 14. Left: deprojected SDSS r’-band mosaic image. Overplotted are the elliptical zones (see Sect.7.2) used in the measurement of structure
averages shown deprojected to the disk plane (original measurements were carried out in non-deprojected images). Middle: Fractions of stars in
the three stellar age bins, as a function of the deprojected radial distance. The profiles are constructed using the V500 grating data cubes from
Sanchez et al. (2016b), loaded from CALIFA database (SFH.cube.fits). These profiles correspond to averages over mass and luminosity-weighted
star formation histories. The vertical lines show the deprojected semimajor axis lengths of the bars, barlenses, and the central galaxy regions.
Right: fractions of stars in four different metallicity bins, as given in the CALIFA data cubes. The meaning of the vertical lines are the same as in
the middle panel. For more examples, see Appendix E.

than barlenses: p = 0.031 and 0.002, respectively, although the
difference is no more statistically significant when the distri-
butions from mass-weighted indices are compared. It is worth
keeping in mind that our number of galaxies is fairly small
for these kinds of statistical tests; also the overlap of flux

between various components tends to dilute possible underlying

differences.

In summary, based on our analysis the stellar age and metal-
licity distributions of bars and barlenses are very similar, and
therefore barlenses must have been formed in tandem with bars.
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Fig. 15. Cumulative distributions of the average ages and metallicities in the different structure components, measured in regions as defined in
Fig. 11. Included are the 26 barlens galaxies in our sample. The V500 data cubes by Sdnchez et al. (2016a) (SSP.cube.fits) were used, loaded
from the CALIFA database. Distributions are based on median values of the pixels covered by the structure components; practically identical
distributions are obtained when using flux-weighted means. Labels indicate the p-values in KS-tests comparing the distribution with that of

barlenses; p < 0.05 indicates a statistically significant difference.

Barlenses have a range of stellar ages and metallicities, which
means that their masses must have been accumulated in several
episodes of star formation. An important fraction of those stars
were formed early in the history of the galaxy.

11. Discussion

In the previous sections we have analyzed the photometric
bulges, i.e., the excess mass and flux on top of extrapolated disk
profile. In which way this mass has accumulated in galaxies is an
important question in cosmological models of galaxy formation
and evolution. The photometric bulge can consist of a classical
bulge, which is a spheroidal formed in non-dissipative processes
(but see also Falcon-Barroso et al. 2018; Hopkins et al. 2009), a
disky pseudo-bulge (or simply a pseudo-bulge), which is a small
dissipatively formed inner disk, or it can be a boxy/peanut/bl
structure, related to the inner orbital structure of bars. If the
classical bulge is small all types of structures can form part of
the same photometric bulge. Not only the boxy/peanut/bl, but
also the elongated bar can comprise an important part of the
photometric bulge. Only the classical bulges are real separate
bulge components that are not related to the evolution of the
disk.

However, distinguishing the origin of the photometric bulges
has turned out to be complicated. Depending on which emphasis
is given to each analysis method different answers are obtained,
and in particular not much has been done to investigate how
the boxy/peanut/bl bulges should appear in the different analysis
methods. As examples of such controversial results three recent
papers are discussed below. All papers used mostly CALIFA IFU
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observations for kinematics, and in the structure decompositions
the bar flux, if present, is taken away from the photometric bulge.

11.1. Interpretation of photometric bulges in three recent
studies

Neumann et al. (2017) studied 45 non-barred galaxies with a
large range of Hubble types. Their conclusion was that using
the Kormendy relation (logjy R. vs. i) and the concentration
index (Cy50), pseudo-bulges can be distinguished from classi-
cal bulges with 95% confidence level. In the Kormendy rela-
tion these bulges appeared as outliers toward lower surface
brightnesses. Other parameters such as B/T, Sérsic n, and the
central o profile appeared as expected for the two type of bulges.
They found that even 60% of the bulges in their sample were
classical bulges.

Costantin et al. (2017) studied 9 low mass late-type spirals.
In spite of the low galaxy masses, the bulges of these galax-
ies followed the same fundamental plane and the Faber—Jackson
relation as the bulges of bright galaxies. In the Kormendy rela-
tion these bulges appeared as low surface brightness outliers as
expected for their low galaxy masses. For these similarities in
the photometric scaling relations, Costantin et al. concluded that
there is only a single population of bulges that cannot be disk-
like systems, i.e., all bulges are classical.

Méndez-Abreu et al. (2018) studied 28 massive SOs, but did
not find any correlation between the photometric (B/T, Sér-
sic n) and kinematic (the angular momentum A parameter, and
Viot/0) parameters of the bulges. They reached the conclusion
that perhaps all bulges were formed dissipatively. For massive
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SOs this already happened at high redshift, for example, after
major mergers. The authors reached the opinion that identifica-
tion of bulges photometrically is not meaningful at all.

How do we understand these controversial results? It appears
that in the sample by Neumann et al. (2017) a large majority of
the galaxies they classified as having pseudo-bulges have Sc—
Scd Hubble types (i.e., have low galaxy masses), and a sim-
ilar fraction of their classical bulges have SO-Sb types (i.e.,
have high galaxy masses). Having in mind that the Kormendy
relation strongly depends on galaxy mass (Ravikumar et al.
2006; Costantin et al. 2017), the low surface brightness out-
liers in the Kormendy relation, interpreted as pseudo-bulges by
Neuman, Wisotzki, and Choudhury, have a natural explanation,
which is reflected also in the concentration parameter Cyg 50 i.€.,
bulges in low mass galaxies often have disk-like properties (e.g.,
Fisher & Drory 2008, 2016). It is worth noticing that the bulges
of the low mass galaxies in their study also have other indices
of pseudo-bulges, i.e., recent star formation or spiral arms pene-
trating into the central galaxy regions. In the study by Costantin
et al. only the scaling relations were used to distinguish the type
of bulges. However, the bulges of the low mass galaxies in their
study, interpreted as classical bulges, have recent star formation
or spiral arms penetrating into the central galaxy regions, which
are actually characteristics of disk-like pseudo-bulges.

Méndez-Abreu et al. (2018) made Schwarzschild models,
which are able to build up galaxies by weighting the stellar orbits
using the observed gravitational potential derived from observa-
tion. This makes it possible to calculate the kinematic param-
eters as in real galaxies, look at the galaxies at different view-
ing angles, and approximate possible disk contamination on the
bulge parameters. That they did not find any correlation between
the photometric and kinematic parameters of bulges is inter-
esting because bright SOs are known to have the most massive
bulges in the nearby universe. We come back to this question in
the next section.

In conclusion, it seems that the bulges identified as disky
pseudo-bulges in the Kormendy relation are generally low mass
galaxies that can be recognized as such also via specific mor-
phological, photometric, or star formation properties. However,
lacking these indicators does not necessarily mean that the
bulges are classical, not even in case when they follow the
same scaling relations (Kormendy, Faber—Jackson, fundamen-
tal plane) as bright ellipticals. The scaling relations were intro-
duced to describe virialized systems such as elliptical galaxies.
Fast rotating systems can also have fairly large velocity disper-
sions, and it is not well studied what kind of deviations from the
scaling relations of ellipticals are expected for such structures as
the boxy/peanut/bl components.

11.2. Nature of barlenses in the CALIFA survey

In the current study a different approach was taken. We
first identified all the vertically thick inner bar components
(boxy/peanut/X/bl) in the CALIFA survey, then made detailed
B/D/bar/bl decompositions for 48 barlens galaxies (out of which
46 were considered reliable), and in a half of these also studied
the stellar populations and metallicities of the different structure
components.

A number histogram of the minor-to-major (b/a) axis ratios
of the CALIFA galaxies is shown in Fig. 16, and on top of
that histograms of the galaxies with barlenses and X-shape fea-
tures are also shown. As expected, the X-shaped galaxies reside
preferably in highly inclined galaxies and the barlenses in more
face-on systems and there is a significant overlap between the
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Fig. 16. Distributions of the minor-to-major (b/a) axis ratios of the
galaxies hosting barlenses (bl; our sample 2) and X-shaped features (X;
our sample 3) in the CALIFA sample. The combined bl+X distribution
is compared with that of the complete sample of CALIFA galaxies (our
sample 1), scaled by a factor of 0.25. The histograms for both bl and
X include the 15 galaxies in which both features appear. In the com-
bined bl+X histogram these galaxies are included only once. The b/a
values are from our measurements when available, otherwise from
HyperLEDA. However, use of HyperLEDA inclinations would yield
very similar distributions.

two. An important fact is that the combined distribution of bar-
lenses and X-shapes forms a very similar histogram as obtained
for the complete CALIFA sample. As the fraction of the verti-
cally thick inner bar components should not depend on galaxy
orientation, the distributions are consistent with the interpreta-
tion that barlenses and X-shaped features are manifestations of
the same structure seen at different viewing angles. The same
conclusion for the S*G+NIRS0S galaxies (z < 0.01) was pre-
viously made by Laurikainen et al. (2014). Taking into account
that in 5-10% of the cases the geometry is not favorable for
distinguishing such components, and assuming that half of the
galaxies are barred, ~50% of the barred galaxies in CALIFA
are estimated to have vertically thick inner bar components.
This is practically the same percentage as the 46% found by
Laurikainen et al. (2014) for the S*G+NIRS0S galaxies. The
number is also consistent with that obtained by Li et al. (2018),
who found that 38% of barred galaxies with inclinations i < 70°
in the Carnegie-Irvine Galaxy Survey, have either a barlens or a
boxy/peanut. The galaxies they studied are at similar distances
and have similar host galaxy masses as those in S*G+NIRS0S.
Nearly 60% (16/28) of the kinematic sample of
Meéndez-Abreu etal. (2018) form part of our sample of bar-
lens galaxies, ten of which we decomposed. In their study the
B/D/bar decompositions from MA2017 were used. All the bulges
in Méndez-Abreu etal. (2018) followed the same Kormendy
relation as the bright elliptical galaxies (see their Fig. 8), includ-
ing the 16 barlens galaxies. However, if we use the (V/o)—e
plane diagnostics*, using the kinematic parameters of bulges
within 1 R., given by Méndez-Abreu et al. (2018), the 16 barlens
galaxies fall above the bright elliptical galaxies. These galaxies
are typically slowly rotating systems (see Fig. 17) which have
lost their opportunity to become fast rotating systems anymore
because they are heated systems (see Emsellemetal. 2011).

4 (V/o)is the luminosity weighted rotation velocity within the bulge R..,
and € = (1 — axial ratio) within the same radius.
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Fig. 17. Sixteen barlens galaxies common with Méndez-Abreu et al.
(2018) and this work are shown in the V/o—e plane. The parame-
ters refer to values measured within one R, of the bulge (see Table 2
in Méndez-Abreu et al. 2018). They are corrected for pixelation and
resolution effect (as explained in the original paper). The solid line
shows the expected relation for rotationally flattened oblate spheroids
seen edge-on, following the approximation V/o = +€/(1 — €) given in
Kormendy (1982). The dashed line (V/o = 0.31 /€) shows the region in
which the slowly rotating bright ellipticals fall in the study by Emsellem
etal. (2011; see their Fig. 6a). Also indicated in the figure are the Milky
Way (MW) bulge (red cross) and NGC 4565 (star) using the values from
Rich et al. (2008).

Barlenses appear in the same region with the fast rotating ellipti-
cals, which adds one more complexity for the interpretation of this
diagram,i.e., the vertically thick inner bar components (barlenses)
can have similar kinematic properties as those classical bulges
formed by wet major or minor mergers (see Naab et al. 2014).
This diagram also shows that barlenses are not oblate systems as
expected in case of disky pseudo-bulges (Pfenniger & Norman
1990; Friedli & Benz 1995).

A novelty of our study is to make a hypothesis that the
photometric bulges in the barred CALIFA galaxies are largely
dominated by barlenses, of which clear examples with identi-
fied barlenses were studied. Although our starting point was
morphological, the studied physical parameters are also found
to be consistent with this picture. Taking this view, the incon-
sistencies in the literature, using the different analysis methods
applied to barlens galaxies, become more understandable. We
find that not only the (¢’—") and (r'—i") colors, but particularly
the cumulative distributions of stellar ages and metallicities are
very similar in bars and barlenses. The stars in barlenses accu-
mulated over a large time period in several episodes of star for-
mation, manifested in a range of stellar ages of (4-11 Gyrs)
and metallicities. It seems that barlenses gradually increased
in mass in tandem with the rest of the bar. The bar origin of
the barlens further confirmed for a few galaxies showing X-
shape features in the unsharp mask images. The mass-weighted
stellar ages of barlenses are also similar as those obtained by
Pérez et al. (2017) for the X-shaped bar in NGC 6032 (mean age
> 6 Gyrs). Prominent dust lanes in some of the barlens galax-
ies in our sample show how gas can penetrate through the bar-
lens possibly triggering star formation in the galaxy center and
at some level also in the barlens itself. The relative fluxes of bar-
lenses (bI/T) in our decompositions do not correlate with the
stellar velocity dispersions measured in the same galaxy regions
(see Fig. 18).
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Fig. 18. Relative flux of barlens (b//T) as a function of velocity dis-
persion o of the same component. The barlenses in our subsample of
26 galaxies are plotted.

Our finding that the old and intermediate age stars dominate
bars and barlenses is consistent with the kinematic analysis of
the C ALIFA survey by Zhu et al. (2018). The kinematic decom-
positions by Zhu et al. uses the parameter A, (orbit angular mom
entum relative to circular orbit with the same energy) as a divid-
ing line. The orbits in their study are defined as cold when A, >
0.8, hot when A, < 0.1, and warm in between these two A, val-
ues. In their study the photometrically identified bulges (flux on
top of the disk) are dominated both by hot and warm orbits, cor-
responding to our old and intermediate age stars. The bulges are
only dominated by hot orbits in the most massive galaxies with
M, >10"" (not included in our sample).

If photometric bulges in Milky Way mass disk galaxies were
dominated by bars and barlenses there is no reason why they
should appear in the same location as elliptical galaxies in the
V/o—e plane. Neither should they behave in a similar manner as
star forming pseudo-bulges in the disk plane. Barlenses can be
dynamically hot, have fairly high effective surface brightnesses
(ue) for given effective radii (R, ), and also have fairly old stellar
populations, which in some analysis methods can mislead the
interpretation of their origin.

11.3. Comparison with the Milky Way bulge

The Milky Way (MW) bulge is known to have strong evi-
dence for being of bar origin. The bulge is X-shaped and
cylindrically rotating, as detected in the distribution of the red
clump giant stars (Wegg & Gerhard 2013; Ness & Lang 2016).
From our point of view it is important that the MW bulge can
also be considered a barlens. In face-on view the bulge has
been suggested to have a similar morphology as the barlens in
NGC 4314, which is a galaxy seen nearly face-on (see the review
by Bland-Hawthorn & Gerhard 2016). In CALIFA, for example
NGC 7563 has a similar galaxy/barlens morphology.

The MW bulge is dominated by old red clump giant stars
(McWilliam & Rich 1994; Zoccali et al. 2008), but has also
stars with intermediate ages (Clarkson et al. 2011; Bensby et al.
2011), which is qualitatively in agreement with what we see
also in barlenses. The main body of the stars have slightly
subsolar metallicities and ages between 9 and 13 Gyrs, and a
small contribution of stars younger than 5 Gyrs. The X fea-
ture in the MW bulge has been detected in the distribution of
the red clump stars (MacWilliam & Zoccali 2010; Nataf et al.
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2010; Wegg & Gerhard 2013; Ness & Lang 2016), but not in
that of the very old RR Lyrae stars (e.g., Wegg & Gerhard
2013), which has provoked a discussion of a possible addi-
tional classical bulge in the MW. The MW bulge has also a
nuclear disk at » < 200 pc, showing recent star formation
(Launhardt et al. 2002). Nuclear disks with stellar ages of <4
Gyrs also appear in some of the barlens galaxies in our sample.
In fact, many barlenses in the local universe have embedded star
forming nuclear rings or disks (Laurikainen et al. 2011). How-
ever, in CALIFA sample the resolution is not ideal for detecting
those.

In the MW bulge high-metallicity (HM) stars are con-
centrated in the X feature and close to the Galactic plane
(Zoccali et al. 2008; Gonzalez et al. 2013; Johnson et al. 2011),
whereas the low-metallicity (LM) RR Lyrae stars form a more
round component (Dékany et al. 2013), which is also centrally
peaked (Pietrukowicz et al. 2015). Together the LM and HM
stars make the observed metallicity gradient, so that the metal-
licity decreases toward higher galactic latitudes. For barlenses
we do not have information about the vertical metallicity distri-
butions, but as we are looking at the galaxies in fairly face-on
view, most probably we see a superposition of both components
manifested as a large range of stellar metallicities. Both in the
MW bulge and in the barlenses the oldest metal-poor stars form
a minority in their stellar populations. As shown in Fig. 17, in
the V/o—e plane the MW bulge appears slightly below the oblate
line, and is clearly above the bright elliptical galaxies (Rich et al.
2008; Minniti & Zoccali 2008). In fact, this is what we also see
for barlenses in our sample. It is interesting that in that diagram
the MW bulge, seen almost end-on (¢ = 27°; Wegg & Gerhard
2013), appears almost in the same location with NGC 4565,
which is considered as a twin of the MW; NGC 4565 is seen
nearly end-on and has an X-shaped bulge (Kormendy et al. 2010;
Laurikainen et al. 2014).

11.4. Explaining the boxy/peanut/X/bl structures

The backbone of the vertically thick inner bar components con-
sist of both stable periodic orbits and unstable periodic orbits
linked to chaos (see the review by Athanassoula 2016). It
has been suggested (Abbott et al. 2017; Wegg & Gerhard 2013;
Portail et al. 2015) that the boxy/X-shaped bulge of the MW con-
sists of a superposition of various types of bar orbits, a major-
ity of which are non-resonant box orbits (constituting 60% of
bar orbits). Only the banana-type X1 and the resonant boxlet
(i.e., fish/brezel) orbits make the X-shaped feature. Most prob-
ably barlenses are a superposition of similar orbital families.
In the simulation models the X features are like horns that
are extended both in xy and xz-directions (Athanassoula et al.
2015; Salo & Laurikainen 2017). When the galaxy inclination
decreases the banana-type orbits, which are visible in edge-on
view, gradually become overshadowed by the more circular or
chaotic orbits possibly making the barlens appearance. In the
overall morphology this is shown with the simulation models
by Salo & Laurikainen (2017), and is also manifested in the
CALIFA sample as a gradual changing of the X-shaped fea-
tures into barlenses toward lower galaxy inclinations (Fig.
16). If the fraction of the central concentration is not high
enough or even if the resolution in the simulation models
is insufficient, for example, because of large gravity soft-
ening, the vertically thick inner bar component is centrally
pinched at all galaxy inclinations (Salo & Laurikainen 2017).
Such pinched structures in face-on view are also shown in
the simulation models by Sahaetal. (2018). However, in

observations such pinched structures in nearly face-on view are
rare.

In the interpretation of the MW bulge a critical point has
been to explain why the fairly round component with old metal-
poor RR Lyrae stars exists and what causes the vertical metal-
licity gradient. Depending on the model, either a small or no
classical bulge has been suggested, superimposed with the boxy
bulge. In the simulation models of Shen et al. (2010) the relative
flux of the classical bulge is 8-10% at most, which is consistent
with that we obtained in the barlens galaxies: i.e., <10% of the
total galaxy flux appears in a component, which could be inter-
preted as a possible classical bulge.

Detailed models for the MW bulge have shown that it is
possible to explain, not only the X-feature, but also the more
round LM component without invoking the concept of a classical
bulge. Pérez-Villegas et al. (2017) explained the old metal-poor
population of the MW bulge as an inward extension of the slowly
rotating metal-poor stellar halo. The mix of stars in their N-body
models is due to the gravitational interaction between the bar
and the boxy/peanut when they form and evolve. In the chemo-
dynamical models by Athanassoula et al. (2017) the MW bulge
morphology is coupled with the kinematics, metallicity, and stel-
lar ages. The different metallicity bins have specific velocity dis-
persions and different locations in the bulge. The LM population
makes the more round component including the thick disk, stel-
lar halo, and a possible small classical bulge, whereas the HM
population contributes only to the X feature. The coupling of
stellar ages and metallicity with the kinematics and morphology
in the MW bulge has been discussed in detail by Portail et al.
(2015).

It seems that although detailed information of the stellar pop-
ulations of the MW bulge is available, it has not been possible
to show unambiguously that there also exists a small classical
bulge embedded in the boxy bulge. At some level we have the
same concerns regarding our analysis of barlenses in this study.
In half of the studied galaxies separate bulge components were
fitted, whose components are potential small classical bulges.
However, instead of being dominated by the oldest stars (>10
Gyrs) as expected for merger built structures, in many barlens
galaxies the fraction of the oldest stars even drops in the galaxy
center. The most prominent barlenses in the simulation models
form in centrally peaked galaxies (Salo & Laurikainen 2017),
but the question remains about whether the central mass con-
centration or barlens forms first. Also, in half of the barred MW
mass galaxies in the CALIFA sample no vertically thick inner
bar components were identified. It needs to be further investi-
gated in which physical conditions they form in galaxies. An
interesting observation pointed out in this study was a drop of
the most metal-poor stars, both in the galaxy center and bar-
lens region, and in some galaxies in the elongated bar as well.
In the simulation models by Pérez et al. (2017) some migration
of stars occurred within the boxy/peanut, but the stars formed in
the galaxy center and in the outer part of the bar stayed in their
original locations.

11.5. Bars in the context of galaxy formation and evolution

It has been shown by Scannapieco & Athanassoula (2012) that
realistic bars can form in hydrodynamical cosmological simu-
lations. The disk and even the dark matter halo keep growing
while the bar forms. They reran one of their simulations with
higher resolution using the Tree-PM SPH code, including star
formation and chemical enrichment. The model ended up form-
ing bars that have morphologies, sizes, and surface brightness
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profiles similar to those observed at z = 0. Athanassoula et al.
(2017) studied the bar/bulge regions of galaxies starting from
merging proto-galaxies composed only of dark matter and gas.
In their models, the stars that ended up as bulge and halo stars
formed in a short time period (1.4 Gyr) before the galaxy merger.
The stars born during the merger at high redshift contributed to
a thick disk and a spheroid, whereas the gas accreted from the
halo formed a thin disk, including the bar and boxy/peanut bulge.
So, based on these models the stellar populations of the classical
bulges are expected to have clearly older stellar populations than
the boxy/peanut/bl bulges.

The galactic halos can interact with the environment and
therefore continuously evolve. Although a small fraction of stars
in the halos might be accreted as small satellites, most of the
halo stars were formed in starbursts, which stars are ~1 Gyr
younger, have higher metallicities, and are less a-enhanced than
the accreted stars (Tissera et al. 2018). According to the sim-
ulation models (Hirschmann et al. 2013; Hopkins et al. 2014;
Stinson et al. 2013; Woods et al. 2014) gas accretion to the disk
is decoupled from the halo assembly, which allows continuous
gas accretion keeping the star formation rate in the disk constant
(Christensen et al. 2016; Oppenheimer et al. 2010; Ubler et al.
2014). As a consequence, the structures formed of disk stars are
expected to have a large range of stellar ages and metallicities,
which is also what we see in bars and barlenses in this study.

The boxy/peanut/bl structures are suggested to be trig-
gered by vertical buckling instability (Rahaetal. 1991;
O’Neill & Dubinski 2003; Merritt & Sellwood 1994) or via
trapping of disk stars at vertical resonances (Combes 1981;
Combes et al. 1990; Quillen 2002). If the bar buckling is the dom-
inant mechanism, most probably several buckling events have
occurred during the lives of the galaxies (Martinez-Valpuesta et al.
2006) mixing the stellar populations, which again is consistent
with our observation that barlenses are dominated by stars in a
large range of stellar ages and metallicities. In the simulation
models by Pérez et al. (2017) there is a time delay of a few Gyrs
between the bar formation and the first buckling event. There are
many morphological features and parameters that link barlenses
to bars. For example, in the models by Athanassoula et al. (2015)
and Salo & Laurikainen (2017), barlenses formed in the simu-
lation models have very similar relative sizes as the barlenses
in observations, which is also the case with the galaxies in the
CALIFA sample (r(bl)/r(bar) ~ 0.5). In the simulation models by
Collier et al. (2017) the evolved strong bars have also ansae, i.e.,
flux concentrations at the two ends of the bar. Such features are
observed in nearly half of the barlens galaxies (Laurikainen et al.
2013).

The way in which the bars evolve also depends on the prop-
erties of their halos. In axisymmetric halos, bars lose angu-
lar momentum to the halos, and as a consequence the bars
grow in size, temporarily weaken, and after growing again after
the second buckling, stabilize (Martinez-Valpuesta et al. 2006;
Pérez et al. 2017). However, if the halos are spinning fast (1 >
0.06), the bars are predicted to become hot (Collier et al. 2017).
Because the bar is dominated by chaotic orbits, it can no longer
reform and ends up as an oval-shaped slow rotating structure.
In the models by Collier, Shlosman and Heller the bars formed
in slowly spinning halos (1 < 0.03) are long and fast rotating,
and they have typically offset dust lanes, which are manifesta-
tions of standing shocks in the gas flow (Athanassoula 1992).
We find such dust lanes in some of the barlenses in the CALIFA
sample (see Fig. E.1b). On the other hand, barlenses such as that
observed in NGC 0776 (see Fig. E.2b) might be a consequence
of the evolution in a fast spinning halo. This example (and other

A34, page 20 of 35

similar cases shown by Laurikainen & Salo 2017) opens a possi-
bility that the photometric bulges, even in many galaxies classi-
fied as non-barred, might have been formed in a similar manner
as in barred galaxies. Possible formation of nearly axisymmetric
boxy bulges was first suggested by Rowley (1988) and later by
Patsis & Xilouris (2006).

12. Summary and conclusions

The CALIFA survey of 1064 galaxies was used to identify ver-
tically thick inner bar components that are X shaped in edge-on
view and have a barlens morphology in less inclined galaxies.
A subsample of 46 barlens galaxies was successfully decom-
posed to different structure components using the r’-band mosaic
images of SDSS-DR12. A subsample of 26 galaxies was further
analyzed using the publicly available CALIFA IFU data cubes
with V500 grating. The CALIFA survey consists of galaxies
with the mass range of M, /My = 10°7-10'"* at redshifts z =
0.005—0.03. While identifying and fitting the boxy/peanut/X/bl
structures, the simulation models by Salo & Laurikainen (2017)
were used as a guide.

This is the first time that barlens galaxies have been stud-
ied by combining photometric multicomponent decompositions
with IFU stellar population analysis. Using GALFIT, we made
new multicomponent B/D/bar/bl decompositions for obtaining
the relative fluxes of the different structure components. In com-
parison to the previous decompositions made by MA2017, a
novelty of our study was that barlenses were also fitted with a
separate function. In order to reduce the number of free parame-
ters in the decompositions, the sizes and ellipticities of bars and
barlenses were measured from direct images. The CALIFA data
cubes were properly binned to cover the different structure com-
ponents, for which bins mass and luminosity weighted stellar
ages and metallicities and stellar velocity dispersions (o) were
calculated. The properties of the structure components were
studied, based on the mean values, obtaining cumulative frac-
tions of the stellar ages and metallicities, and showing the radial
profiles of the parameters for individual galaxies.

The main results are summarized below:

— We found that the distribution of the minor-to-major (b/a)
axis ratios of the host galaxies is similar for the combined
bl+X sample and for the complete CALIFA sample (see
Fig. 16). This supported the idea that barlenses are the face-
on counterparts of the X-shaped bars. Assuming that half of
the galaxies are barred, ~50% of the bars in the complete
CALIFA sample are estimated to have vertically thick inner
bar components.

Multicomponent decompositions.

— In our decompositions bulges, barlenses, and disks were fit-
ted with a Sérsic function and bars were fitted with a Fer-
rers function. A comparison to MA2017 showed that our
B/D/bar decomposition method is robust: it is not sensitive
to the algorithm used, or how the underlying disk was fitted
(with Sérsic n < 1 or with two truncated disks).

— In the final models the bar radial profile shape parameters
were not fixed, leading to values of @ ~ 0.15 in the Fer-
rers function, which was important in our B/D/bar/bl mod-
els. This corresponds to relatively flat bars with sharp outer
truncations because the central bright component of the bar
is correctly accounted for by the bl component.

— We showed that fitting the central density peak and the bar-
lens flux with separate Sérsic functions is of critical impor-
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tance. Doing so, we found that on average 13% of the total
galaxy light is associated with barlenses and <10% is associ-
ated with possible separate bulge components. Both compo-
nents were found to be nearly exponential or to have Sérsic
n < 1. We compared B/D, B/D/bar and B/D/bar/bl decompo-
sitions: the typical B/T-value decreases from B/T ~ 0.3, to
~0.15, and to ~0.06 in the three models, respectively.

— A simulation snapshot was decomposed in a similar man-
ner as real galaxies. The snapshot was taken from the N-
body simulations of Salo & Laurikainen (2017), in which
a barlens formed during the galaxy evolution, and a small
preexisting bulge was present at the beginning of the simu-
lation. Our decomposition retrieved well both the flux of the
preexisting bulge, and the distribution of the particles form-
ing the barlens structure.

Using the CALIFA V500 data cubes.

— Barlenses were found to have similar cumulative fractions
of stellar ages and metallicities as bars, both using the mass
and light weighted indices (see Fig. 15). This means that bar-
lenses were accumulated in tandem with the bars over a large
time period. Also their mean stellar velocity dispersions are
very similar (Ao ~ 20 kms™).

— The mass and light weighted stellar ages of bars and bar-
lenses are on average ~9 and ~5 Gyrs, respectively. The
range of light weighted ages is 4-8 Gyrs. The oldest stars
are ~11 Gyrs, which are as old as the stars in galaxy centers.
In the centrally peaked barlenses the stars are on average ~1
Gyr older than in the non-centrally peaked barlenses.

— The mean metallicities of bars and barlenses are near solar,
but there is a range of metallicities between log;, Z/Z, =
—0.3 to +0.1. The galaxy centers are more metal rich than
barlenses, whereas the disks are less metal rich. In barlenses
the fraction of the most metal-poor stars (log,, Z/Zs = —0.7)
rapidly drops, which in some galaxies already starts in the
bar region.

We have shown that the photometric bulges (i.e., flux on top of
the disk) in barred CALIFA galaxies are dominated by vertically
thick inner bar components (i.e., by barlenses), and not by any
separate bulge components. The obtained stellar ages and metal-
licities of barlenses are in a qualitative agreement with those
seen in the Milky Way bulge. We also discussed that in the tra-
ditional methods of distinguishing the various types of galac-
tic bulges, the vertically thick inner bar components are often
ignored, which can lead to contradictory interpretations of their
origin.
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Appendix A: Preparing images for decompositions
A.1. Mosaic images and masks

We use Montage software (Jacob et al. 2010) to create mosaics
of SDSS r’-band images from SDSS DR12 (Alam et al. 2016).
Montage uses the calibrated frames from SDSS and creates
mosaics with user defined image and pixel sizes, which are cen-
tered on the provided coordinates. The images in SDSS are sky
subtracted, but Montage performs internal background matching
and gradient removal to the frames before combining them to a
mosaic. We created mosaics with a size of 1000 x 1000 pixels
with the SDSS pixel size of 0.396 arcsec/pix. These images, cov-
ering 6.6 X 6.6 arcmin, extend much further out than the optical
radius of the CALIFA galaxies, thus allowing reliable estimation
of possible remaining sky background. We then used SExtractor
(Bertin & Arnouts 1996) to create masks for the mosaic images.
The masks were checked and manually edited as in Salo et al.
(2015).

We used a modified version of the pipeline developed for
the S*G survey decompositions by Salo et al. (2015) to measure
the galaxy center coordinates, sky background values, and the
position angle and ellipticity of the galaxy outer isophotes. The
inclinations (i) and positions angles (PA) of the disk are shown
in Table D.1.

A.2. Sigma-images

Sigma-images quantify the statistical uncertainties of the image
pixels. We followed the description given in the SDSS web pages
to calculate the pixel uncertainties in the corrected and calibrated
frames of the SDSS°. The calibration frames were used to con-
vert the SDSS images from “nanomaggies”, the units used in
SDSS, to raw “data numbers” (“dn”), and vice versa. For each
frame we also created sky, gain (e”/dn), and “dark variance”
(read-out noise + dark current) images (CAMCOL header key-
word and a table given in SDSS web-page were used).

Using Montage we then created sigma-image mosaics from
the individual sky, calibration, dark variance, and gain images
with the same parameters as used to create the mosaic data
images. Using the calibration and sky mosaics, the image pixel
values were converted to data numbers, and the previously sub-
tracted sky background was added back as follows:

image

dn = —————— + sky.
n calibration Sy

5 https://data.sdss.org/datamodel/files/BOSS_PHOTOOBJ/
frames/RERUN/RUN/CAMCOL/frame.html

The pixel value errors (dn,;) were calculated using the gain and
dark variance mosaic images, i.e.,

dn .
dne, = +/—— + darkvariance.
gain

These errors were converted back to SDSS image “nanomag-
gies” using the calibration mosaic, which gives the initial sigma
mosaic image (0in;)

Oini = dng;r X calibration.

The final sigma-image for the mosaic data image was calculated
with

1 2
O =0jppi X — X =

VN 3

where N is the number of frames used to construct each mosaic
pixel. The term % is an empirical correction factor used to match
the sigma image with the real noise measured from the mosaic
images. The produced sigma images match well the mean RMS
noise calculated from the sky measurement regions of the mosaic

data images.

A.3. PSF-images

Modeling the accurate PSF has turned out to be critical to acquire
the correct bulge parameters in the structure decompositions (see
Salo et al. 2015). The SDSS catalog provides PSF information
for all the individual calibrated and corrected science frames
(“psFields” files), which were downloaded from SDSS DR12
for constructing the mosaic images. The PSF-image was recon-
structed for each individual science mosaic frame. Mean SDSS
stack PSF was created by normalizing and stacking the individ-
ual PSFs. Then Gaussian + Moffat function was fitted to the
mean SDSS PSF (=SDSS fit PSF).

The Gaussian + Moffat fit PSF was then used in our decom-
positions. We found a good agreement with the obtained “fit
PSF” and the real PSF extracted from the mosaic images, also
containing the low-flux wings of the PSF. We find that the
PSF FWHM values for the r’-band images vary between 0.8
and 1.4 arcsec and the mean FWHM is 1.15 arcsec. These val-
ues are in agreement with those used in the decomposition
study by Méndez-Abreu et al. (2017), who used the same SDSS
data.
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Appendix B: Barlens identifications

Table B.1. Barlens (bl) identifications in the CALIFA survey, shown separately for the CALIFA “mother” and “extended” samples, and for the
galaxies in which barlenses and X-shaped features appear at the same time.

Galaxy Z M, (mag) logM,/M; KSD Comment
bl (mother):

ESO 540-G003  0.0108 -19.99 9.980 KSD uncertain
IC 0674 0.0264 -21.80 10.867 KSD

IC 0994 0.0269 -22.03 10.996 D

IC 1199 0.0179 -21.26 10.432 KSD

IC 3376 0.0257 -21.92 10.996

IC 3598 0.0274 -21.66 10.900

IC 4534 0.0185 -21.54 10.855 D

IC 4566 0.0210 -21.72 10.820 KSD
KUGO0210-078  0.0155 -20.59 10.371 D

NGC 0036 0.0197 -21.94 10.899 KSD

NGCO0165 0.0192 -21.29 10.511 D

NGCO0171 0.0129 -21.45 10.614 KSD

NGC 0309 0.0184 -21.89 11.143 D

NGC 0364 0.0166 -21.41 10.874 KD

NGC 0447 0.0183 -21.51 10.980 KD nbar,nr
NGC 0570 0.0178 -21.59 10.803 D

NGCO0776 0.0159 -21.30 10.489 KSD nr
NGC 1211 0.0103 -20.88 10.809 D nbar
NGC 1645 0.0160 -21.38 10.776 KSD

NGC 1666 0.0090 —-20.65 10.431 D

NGC 2253 0.0125 -21.34 10.504 KSD

NGC 2449 0.0169 -21.57 10.790 KSD uncertain
NGC 2486 0.0161 -21.09 10.655 KD

NGC 2487 0.0168 -21.63 10.998 KD

NGC 2540 0.0216 -21.49 10.214 KD

NGC 2543 0.0091 -20.50 10.265 D

NGC 2553 0.0165 -21.06 10.627 KD

NGC2572 0.0272 -21.73 10.855 D

NGC 2595 0.0153 -21.02 10.305 D

NGC 2692 0.0144 -21.08 10.768

NGC 2860 0.0152 -20.69 10.291

NGC 2874 0.0138 —-20.63 10.519

Notes. The redshifts (z), absolute ’-band magnitudes (M, ), and stellar masses (log M, /M), as given in the CALIFA database, are also shown.
The magnitudes are based on Petrosian aperture magnitudes, except for a few cases in which they are based on curve-of-growth magnitudes
(in italics). Calculation of the stellar masses was explained by Walcher et al. (2008). The table indicates whether the CALIFA V1200 grating
kinematics (K), and V500 grating stellar population SSP (S) data cube is available. The galaxies previously decomposed by MA2017 are denoted
with D. In comments uncertain bl-identifications are indicated. In a few galaxies a nuclear bar (nbar), nuclear ring (nr), or nuclear lens (nl) was
recognized.
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Table B.1. continued.

Galaxy z M, (mag) logM,/M, KSD Comment
NGC2880 0.0066  —20.54 10.530 KSD uncertain
NGC2927 0.0263 —22.25 10.998

NGC2959 0.0157 -21.89 10.863

NGC2968 0.0065 -20.34 10.724

NGC3230 0.0118 -21.58 10.912

NGC3237 0.0248 -21.99 11.083

NGC3300 0.0117 -21.23 10.683 KD
NGC3304 0.0243 -21.96 11.138

NGC3540 0.0228 —-21.65 11.080

NGC3648 0.0082  -20.34 10.360 uncertain
NGC3649 0.0162  -20.74 10.444

NGC3668 0.0130  -21.28 10.539

NGC3674 0.0086  —20.41 10.478

NGC3687 0.0100 -20.64 10.509 KD
NGC3772 0.0136  —20.80 10.485

NGC3825 0.0236  -22.25 11.118
NGC3832 0.0248 -21.97 10.814

NGC3947 0.0225 -21.89 10.738

NGC3968 0.0232  -22.63 11.078

NGC4003 0.0235 -21.83 10.976 KSD
NGC4210 0.0105 —20.63 10.192 KSD
NGC4227 0.0233 -22.31 11.276
NGC4233 0.0094  -21.03 10.850

NGC4290 0.0116  -21.30 10.592

NGC4475 0.0265 —-21.64 10.675

NGC4612 0.0033 -19.15 9.877

NGC4779 0.0111 —-20.78 10.289

NGC4795 0.0109  -21.12 10.684

NGC5157 0.0263 —22.27 11.011 D
NGC5205 0.0075 —-19.81 9.887 KSD
NGC5207 0.0276  -22.13 11.206

NGC5267 0.0216  -22.02 10.986 D
NGC5347 0.0097 -20.52 10.171

NGC5350 0.0096  -21.28 10.654

NGC5378  0.0121 —-20.92 10.603 KSD
NGC5406 0.0192  -22.26 11.065 KSD
NGC5443 0.0078 —-20.28 10.501 D
NGC5473  0.0085 -21.33 10.867 D
NGC5657 0.0151 —-20.61 10.295 KD
NGC5720 0.0275 -22.03 10.759 KSD
NGC5876 0.0126  -21.01 10.767 KD
NGC5947 0.0198 -21.16 10.559 KSD
NGC6004 0.0148 -21.41 10.626 KSD
NGC6154 0.0216  -22.24 10.949 SD
NGC6186 0.0117 —-20.90 10.536 KD
NGC6278 0.0111 -21.32 10.845 KD
NGC6427 0.0125 -21.04 10.653 KSD
NGC6497 0.0217 -21.97 10.901 KSD
NGC6945 0.0136  -21.55 10.942 KD
NGC7321 0.0238 —22.18 10.933 KSD
NGC7563 0.0139  -21.23 11.038 KSD
NGC7611 0.0109 -21.10 10.757 KD
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Galaxy Z M, (mag) logM,/M; KSD  Comment
NGC 7623 0.0125 -21.05 10.790 KD uncertain
NGC7671 0.0137 -21.54 10.946 KSD nl, uncertain
NGC 7738 0.0222 -21.96 11.096 KSD

NGC 7824 0.0201 -22.10 11.086 KD

UGCo01271 0.0164 -21.21 10.709 KD

UGC02018 0.0199 -21.51 10.731

UGC 02222 0.0164 -21.08 10.760 KSD uncertain
UGC02311 0.0230 -21.85 10.433 D

UGC 03253 0.0145 -21.00 10.328 KSD

UGC 03973 0.0226 -21.61 10.216 D

UGC04195 0.0170 -21.11 10.420 D

UGC 04416 0.0192 -21.44 10.747

UGC 04515 0.0174 -20.88 10.394

UGC 05859 0.0266 -21.72 10.878

UGC 06062 0.0103 -20.19 10.391

UGC06176 0.0104 -19.92 9.980

UGC07416 0.0246 -21.89 10.515

UGC 08539 0.0264 -22.00 10.849

UGC 09492 0.0299 -22.09 11.000 D

UGC 10811 0.0303 -21.70 10.818 KSD

UGC 11694 0.0175 -21.59 11.318

UGC 12767 0.0173 -22.36 10.992

bl(extended):

UGC 04455 0.0310 -21.70 10.878

NGC 0495 0.0135 -20.80 10.902

MCG+02-35-020  0.0247 -20.13 10.076

NGC 5794 0.0139 -20.72 10.627

IC 1078 0.0287 -21.68 10.645

NGC 6977 0.0204 -21.73 10.930 uncertain
NGCO0515 0.0170 -21.41 11.038

IC 0195 0.0122 -20.48 10.455

NGC 5947 0.0198 -21.16 10.559

NGC 1281 0.0141 -20.80 10.852 uncertain
NGC 2767 0.0165 -20.87 10.750

PGC 11179 0.0225 -21.41 10.915 uncertain
PGC 32873 0.0251 -21.21 10.934

bl+X:

IC 1755 0.0257 -21.57 10.878 K X/bl
IC 2434 0.0248 -21.85 10.748 X/bl
NGC0180 0.0172 -21.45 10.960 KSD X/bl
NGC 1093 0.0172 -21.29 10.431 KD X.,bl
NGC 5000 0.0207 -21.52 10.552 KSD X/bl
NGC5411 0.0216 -21.65 11.001 X/bl
NGC 5735 0.0145 -20.91 10.332 D X/bl
NGC 5957 0.0078 -20.83 10.265 D X/bl
NGC 06941 0.0216 -22.05 11.072 KSD X/bl
UGC 04280 0.0125 -20.11 10.045 K X/bl
UGC 06891 0.0245 -20.63 10.308 X/bl
UGC07145 0.0238 -21.05 10.329 KD X/bl
UGC 08781 0.0274 -22.22 10.931 KSD X/bl
UGC 09842 0.0315 -21.44 10.582 D X/bl
UGC 12185 0.0222 -21.38 10.574 KSD X/bl
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Appendix C: X-shape galaxies

Table C.1. Galaxies with X-shaped bars in the CALIFA survey, identified from the unsharp mask images.

Galaxy z M, (mag) logM,/M; KSD Comment
X (mother):

IC 0836 0.0107 -19.52 10.409 bar
IC 1652 0.0169 -20.83 10.599 KS bar
1C 2247 0.0150 -20.35 10.496 K

IC 2487 0.0156 -20.89 10.511 KS

IC 3203 0.0249 -21.06 10.965

1C 3704 0.0310 -21.68 10.366

MCG-01-01-012  0.0189 -20.84 10.791 S
MCG-01-10-015 0.0134 -19.94 9.864 D
MCG-02-02-030 0.0115 -20.75 10.301 KSD
MCG-02-08-014 0.0162 -20.27 10.574 boxy
NGCO0169 0.0151 -21.12 11.233 KS
NGCO0177 0.0126 -20.49 10.366 K

NGCO0217 0.0130 -21.56 10.994 K

NGC 0833 0.0125 -20.97 10.753

NGC 0955 0.0048 -19.52 10.261 bar
NGC 2481 0.0085 -20.66 10.605 K bar
NGC 2530 0.0174 -20.85 10.182 D

NGC 2558 0.0174 -21.59 10.721 D bar
NGC 2638 0.0136 -20.91 10.715

NGC 2735 0.0092 -19.99 10.322

NGC2769 0.0170 -21.62 11.066

NGC 2826 0.0223 -21.50 10.957

NGC 2854 0.0104 -20.30 10.053 bar
NGC 2906 0.0081 -20.60 10.463 KSD

NGC 3160 0.0243 -21.40 10.899 KS

NGC 3303 0.0224 -21.37 10.890 KS

NGC 3697 0.0226 -22.05 10.803

NGC 3753 0.0308 -22.13 11.264

NGC 3762 0.0129 -21.27 10.869

NGC 3869 0.0117 -21.18 10.930

NGC 3958 0.0127 -20.97 10.567 bar
NGC 3987 0.0168 -20.48 10.709

NGC4012 0.0158 -20.84 10.300

Notes. The columns are the same as in Table B.1. In comments the bar identifications in the direct mosaic images are indicated. In a few galaxies
boxy rather than X-shaped bar morphology appeared.
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Table C.1. continued.

Galaxy Z M, (mag) logM,/M; KSD Comment
NGC4175 0.0152 -19.90 10.525 boxy
NGC4180 0.0033 -18.54 9.583

NGC 4352 0.0034 -18.16 9.400

NGC 4405 0.0034 -18.69 9.437 bar
NGC4474 0.0034 -19.13 9.850

NGC 4570 0.0033 -19.91 10.390

NGC 4675 0.0174 -20.63 10.327 bar
NGC4676B 0.0216 —-18.73 10.007 KS

NGC 4686 0.0182 -22.10 11.362

NGC 4892 0.0216 -21.33 10.720 bar
NGC 4895 0.0302 -22.32 11.316

NGC 5081 0.0241 -21.73 10.715 bar
NGC5166 0.0174 -21.33 11.098

NGC 5208 0.0247 -22.32 11.355

NGC 5305 0.0207 -21.50 10.658 bar
NGC 5308 0.0084 -21.30 10.919

NGC 5349 0.0210 -21.04 10.559 bar
NGC 5353 0.0097 -22.00 11.338

NGC 5379 0.0071 -19.23 9.779 D

NGC 5401 0.0145 -20.69 10.494

NGC 5439 0.0082 -19.15 9.474

NGC 5445 0.0150 -21.19 10.800 bar
NGC 5448 0.0086 —-20.60 10.509

NGC 5475 0.0075 -20.21 10.165

NGC 5587 0.0095 -20.42 10.321 D

NGC5610 0.0190 -21.67 10.627 D

NGC 5659 0.0170 -21.00 10.528 D bar
NGC 5689 0.0090 -21.30 10.913

NGC 5888 0.0308 —22.55 11.212 KSD bar
NGC 5908 0.0127 -21.66 11.146 KS

NGC 6032 0.0163 -20.96 10.415 KSD bar
NGC 6081 0.0194 -21.69 11.100 KS

NGC 6150 0.0307 -22.41 11.237 KSD

NGC 6361 0.0141 -21.28 10.914

NGC 6394 0.0294 -21.79 10.862 KSD bar
NGC 6762 0.0109 -20.21 10.311 KSD
NGC7631 0.0125 -20.99 10.411 KSD bar
NGC 7783 0.0250 -22.21 11.359 KS
UGC00987 0.0152 -21.02 10.638 KD bar
UuGCo01062 0.0177 -21.50 10.825 bar
UGCo01123  0.0159 -20.84 10.581 bar
UGCO01274  0.0255 -21.59 11.103 bar
UGC01659  0.0267 -21.63 10.497 D bar
UGCO01749  0.0261 -21.35 10.762 bar
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Table C.1. continued.

Galaxy Z M, (mag) logM,/M; KSD Comment
UGC 02134 0.0149 -21.15 10.604 D bar
UGC 02403 0.0133 —-20.66 10.530 KSD

UGC 02465 0.0165 -21.40 10.742

UGC 02628 0.0221 -21.02 10.355

UGCO03151 0.0143 -21.30 10.523 K

UGC 04029 0.0153 -20.41 10.425 K

UGC 04136 0.0229 -21.34 11.119

UGC 04190 0.0172  -21.20 10.948

UGC 04308 0.0127 —20.48 10911 KD bar
UGC 04386 0.0163 -21.27 10.904

UGC 04461 0.0174  -20.76 9.980 D

UGC 04546 0.0182  -20.55 10.770

UGC 04938 0.0310  -21.67 11.025

UGCO05113 0.0235 -21.45 10.976 K bar
UGC 05267 0.0200 -21.21 10.815 bar
UGC 05481 0.0223 -21.55 11.059

UGC 05657 0.0242  -20.93 10.675 bar
UGC 05680 0.0243 -21.60 11.001 bar
UGCO05713 0.0225 -21.27 10.736 bar
UGC 05894 0.0233 -21.59 10.648

UGC 06106 0.0232 2147 10.631

UGC 06219 0.0224 2147 10.864

UGC 06273 0.0230  -21.66 11.051

UGC 06336 0.0276  -21.11 10.801

UGC 06397 0.0226  -21.08 10.842

UGC 06414 0.0272  -20.66 10.680

UGC 06545 0.0104 -1991 9.883

UGC 06653 0.0124  -20.14 10.201

UGC 06677 0.0302  -21.13 11.043

UGCO07141 0.0249 —20.84 10.011

UGC07367 0.0153 -21.51 10.928 bar
UGC 08025 0.0230  -21.36 11.008

UGCO08119 0.0305 —22.04 11.159

UGC 08498 0.0263 —22.05 11.075

UGC08778 0.0128 -20.23 10.149 KS

UGC 08902 0.0277 -22.12 11.059

UGC 08955 0.0143 -19.82 10.018

UGC 09539 0.0233 -21.29 10.719 X/boxy
UGC09711 0.0302  -21.27 10.963

UGC 10337 0.0313 -22.02 10.995 KD bar
UGC 10388 0.0175 —-20.86 10.547 KSD bar
UGC 11740 0.0220  -20.95 10.413 D

UGC 12274 0.0254  -21.73 11.101 KSD bar
UGC 12348 0.0253 -21.79 10.475 D bar
UGC 12810 0.0266  -21.76 10.810 KD bar
X (extended):

NGC 3600 0.0046  —18.54 9.132

NGC 3990 0.0052  -19.37 9.942 bar
NGC 0675 0.0175 -17.07 9.719

NGC 5358 0.0081 -19.09 9.796

PGC 32873 0.0251 -21.21 10.934
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Appendix D: Sizes of bars and barlengths

Table D.1. Measured semimajor (a) and semiminor (b) axis lengths of

bars, and barlenses, given in arcseconds.

Galaxy Structure a () b(’") PA(°) i(°)
IC 0674 bl 6.37 3.38 112.86

bar 529 132 175091

disk 117.75 69.08
IC 1199 bl 394 2.12 145.78

bar 428 1.07 49.40

disk 158.28 68.67
IC 1755 bl 4.66 1.66 127.30

bar 336 084 946

disk 154.33 75.97
IC 4566 bl 597 394 141.86

bar 7777 194 132.84

disk 140.38 54.87
NGC 0036 bl 6.49 4.89 24.02

bar 6.04 151 123091

disk 16.84 62.51
NGCO0171 bl 10.39 8.52 106.27

bar 15.08 3.77 124.32

disk 87.70 13.79
NGCO0177 bl 506 4.87 12.38

bar 8.19 205 4382

disk 844 7593
NGC0180 bl 6.46 6.13 157.37

bar 1049 2.62 141.82

disk 165.30 48.44
NGC 0364 bl 6.03 4.80 3545

bar 6.10 1.52 94.87

disk 31.05 46.25
NGC 0447 bl 11.66 10.27 99.53

bar 18.88 4.72 19.18

disk 62.11 22.33
NGCO0776 bl 798 6.96 84.01

bar 945 236 123.61

disk 56.46 26.29
NGC 1093 bl 328 241 93.44

bar 6.31 1.58 118.12

disk 97.44 5243
NGC 1645 bl 742 4.16 89.93

bar 598 150 17.42

disk 82.67 62.28
NGC 2253 bl 532 337 120.28

bar 6.12 1.53 176.17

disk 124.64 41.18
NGC 2486 bl 6.27 4.64 95.78

bar 6.28 1.57 4595

disk 91.19 56.12
NGC 2487 bl 11.62 10.07 85.89

bar 13.57 3.39 4l1.61

disk 123.13 35.02
NGC 2540 bl 337 221 12949

bar 436 1.09 36.10

disk 129.58 50.69

Notes. The position angles (PA in degrees) of these structures are also
given. For the disks positions angles and inclinations (i) are shown. The
r’-band images have a pixel resolution of 0.396 arcsec.

A34, page 30 of 35

Table D.1. continued.

Galaxy Structure a(’) b(") PA(°) i(°)
NGC 2553 bl 8.88 6.03 7441

bar 8.05 201 17849

disk 61.29 65.55
NGC 3300 bl 641 4.16 165.36

bar 7.30 1.82 46.06

disk 173.19 56.95
NGC 3687 bl 498 475 29.14

bar 7.32 1.83 174.59

disk 144.82 27.87
NGC 4003 bl 9.82 599 179.79

bar 14.66 3.66 144.70

disk 173.73 44.69
NGC4210 bl 6.05 4.06 102.30

bar 7.82 196 43.70

disk 98.42 39.83
NGC 5000 bl 550 494 81.93

bar 11.33 2.83 86.00

disk 16.85 39.22
NGC 5205 bl 526 3.89 139.84

bar 7.79 195 96.67

disk 168.13 56.30
NGC 5378 bl 13.61 10.19 81.74

bar 16.68 4.17 39.44

disk 83.61 41.86
NGC 5406 bl 746 623 93.73

bar 10.76  2.69 50.09

disk 108.37 36.61
NGC 5657 bl 496 1.73 149.22

bar 6.99 1.75 30.37

disk 166.53 67.42
NGC 5720 bl 436 3.33 123.71

bar 436 1.09 51.25

disk 132.69 43.72
NGC 5876 bl 11.23 7.00 54.18

bar 11.26 2.81 177.18

disk 51.52 65.32
NGC 5947 bl 4.07 4.04 2521

bar 642 1.60 25.29

disk 69.49 32.54
NGC 6004 bl 533 4.63 113.61

bar 7.66 191 12.30

disk 93.41 38.67
NGC6186 bl 15.15 9.83 59.16

bar 18.59 4.65 5252

disk 49.16 36.26
NGC 6278 bl 6.64 6.33 144.59

bar 10.25 2.56 108.56

disk 126.40 54.15
NGC 6497 bl 645 473 113.25

bar 7.10 1.77 159.47

disk 111.97 61.73
NGC 6941 bl 641 5.02 122.27

bar 9.31 233 113.09

disk 129.97 43.49
NGC 6945 bl 6.58 4.14 12394

bar 694 1.73 74.90

disk 124.94 50.28
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Table D.1. continued.

Galaxy Structure a () b (") PA(°) i(°)
NGC7321 bl 426 2.66 178.34

bar 726 1.81 65.60

disk 9.69 44.49
NGC 7563 bl 10.60 7.73 148.14

bar 11.39 285 84.67

disk 147.19 53.01
NGC7611 bl 425 3.85 125.66

bar 413 1.03 043

disk 135.24 63.37
NGC 7623 bl 945 8.52 584

bar 11.28 2.82 157.40

disk 522 4091
NGC 7738 bl 1571 10.73 52.01

bar 27.55 6.89 37.05

disk 67.35 47.23
NGC 7824 bl 4.02 256 131.16

bar 475 1.19 17.24

disk 14420 50.52
UGCO01271 bl 7.08 4.87 101.99

bar 8.11 2.03 4875

disk 106.99 58.39
UGC 03253 bl 6.03 342 9245

bar 8.01 2.00 3522

disk 84.74 59.30
UGC 08781 bl 6.11 4.61 146.09

bar 11.62 290 167.68

disk 160.43 55.33
UGC 10811 bl 3.83 278 89.53

bar 3.63 091 147.67

disk 91.50 69.62
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Appendix E: Examples of multi-component decompositions, and CALIFA stellar age and metallicity

profiles
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Fig. E.1. Examples of our multicomponent decompositions. See caption of Fig. 10 for explanation.
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Fig. E.1. continued.
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Fig. E.2. Deprojected SDSS r’-band mosaic image.
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Fig. E.2. continued.
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