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ABSTRACT

To study bar and host disk evolution in a dense cluster environment, we present a study of ~ 800 bright
(My < —18) galaxies in the Abell 901/2 supercluster at z ~ 0.165. We use HST ACS F606W imaging
from the STAGES survey, and data from Spitzer, XM M — Newton, and COMBO-17. We identify and
characterize bars through ellipse-fitting and other morphological features (spiral arms, prominence of
bulge) through visual classification. Our findings are: (1) To define the optical fraction of barred disk
galaxies, we explore 3 methods of selecting moderately inclined (i < 60°) disk galaxies. We find 350,
256, and 199 such systems, respectively, via visual classification, a Sérsic cut (n < 2.5), and a blue-cloud
cut. These last two methods miss 36% and 50% of visually-identified disks, respectively, especially the
many red, bulge-dominated disk galaxies prevalent in clusters. (2) Nonetheless, the three methods of
disk selection yield a similar global optical bar fraction (foar—opt) of ~ 33%=+ 8% (115/350), 29%+ 8%
(58/199), and 28%=+ 8% (72/256), respectively. (3) We explore foar—opt as a function of host galaxy
properties and find that it rises in brighter galaxies and those which are less bulge-dominated. Within a
given My bin, fpar—opt is higher in visually-selected disk galaxies that have no bulge as opposed to those
with bulges. Conversely, for a given visual morphological class, fpar—opt rises at higher luminosities.
Both results are similar to trends found in the field. (4) We find no significant trend of fpar—opt With
local environment density tracers such as &, 319, ICM density, and projected distance to the nearest
cluster center. (5) Furthermore, the cluster optical bar fraction is similar within + 10% to the published
field values for bright nearby galaxies, for SDSS early Hubble type systems and faint, disk-dominated
galaxies. Our results suggest that the optical bar fraction is not a strong function of local environment.

Stellar bars are one of the most important internal
drivers of disk galaxy evolution. For field galaxies in the
local universe, bars are known to be the most efficient
way to redistribute material in the galaxy disk (Combes

1. INTRODUCTION & Sanders 1981; Weinberg 1985; Debattista & Sellwood
1998, 2000; Athanassoula 2002). Bars channel gas into the
central regions of galaxies, where powerful starbursts can
ignite (Schwarz 1981; Shlosman, Frank, & Begelman 1989;
Kormendy & Kennicutt 2004; Jogee 1999; Jogee, Scoville,
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& Kenney 2005; Sheth et al. 2005), building central disky
structures known as ‘pseudobulges’ (Kormendy 1982; Ko-
rmendy 1993; Jogee 1999; Jogee, Scoville, & Kenney 2005;
Fisher 2006; Weinzirl et al. 2008).

As early as 1963, de Vaucouleurs used visual classifi-
cation on photographic plates to find that approximately
30% of nearby galaxies appear strongly barred in the op-
tical band, with the fraction increasing to approximately
60% if very weak bars are considered. Quantitative studies
for the optical bar fraction at z ~ 0 yield a mean value of
45% to 52% with a typical uncertainty of 8% from ellipse-
fits (Marinova & Jogee 2007, hereafter MJO7; Barazza,
Jogee, & Marinova 2008; hereafter BJMO8; Aguerri et
al. 2008) and ~ 47% from bulge-disk-bar decomposition
(Reese et al. 2007). The lower value from these quanti-
tative methods compared to the 60% value from de Vau-
couleurs (1963) stems from the fact that many weak bars
(with RC3 class ‘AB’) are obscured by dust and star for-
mation (SF), caused by the presence of curved shocks/dust
lanes (e.g., Athanassoula 1992) on the leading edges of the
bar. Many such bars may fail to meet rigorous quantita-
tive criteria for characterizing bars via ellipse-fit or bulge-
disk-bar decomposition, but their presence can sometimes
be guessed via visual inspection (see MJOT for detailed
discussion). In the near infra-red (NIR), where obscu-
ration by dust and SF is minimized, different quantita-
tive methods, such as ellipse-fit (Menendez-Delmestre et
al. 2007; MJOT), bulge-disk-bar decomposition (Weinzirl
et al. 2008) and Fourier decomposition (Laurikainen et
al. 2004) all yield a NIR bar fraction of ~ 60% for bright
nearby samples.

The above values of the bar fraction at z ~ 0 refer to the
globally-averaged value over a wide range of Hubble types
and luminosities. Several studies have performed more de-
tailed explorations to look at how bars relate to the prop-
erties of the host spiral galaxies. Recent studies based
on SDSS (BJMO08; Aguerri et al. 2008) using ellipse-fits
report that the optical bar fraction rises in spiral galax-
ies which appear to be disk-dominated, quasi-bulgeless, or
have a morphology suggestive of a low bulge-to-disk ratio.
A similar trend was observed by Odewahn (1996) using
visual classes: he found that the optical fraction of strong
bars in disk galaxies rises from Sc galaxies towards later-
types. Similar results are found in the near-infrared by
Weinzirl et al. (2008) using 2D bulge-disk-bar decomposi-
tion on nearby bright spiral galaxies.

Recently, studies performed at intermediate redshifts
with the Advanced Camera for Surveys (ACS) on the Hub-
ble Space Telescope (HST) have allowed bars to be probed
at earlier epochs. Several studies have shown that the opti-
cal fraction of strong (e > 0.4) or prominent bars is ~ 30%
on average over z ~ 0.2 to 1 (Elmegreen et al. 2004; Jo-
gee et al. 2004; Zheng et al. 2005). In particular, Jogee
et al. (2004) find that the optical fraction of strong bars
does not show an order of magnitude decline, but is fairly
constant, varying from 36%+6% over z ~ 0.2 to 0.7 to
24%+ 4% over z ~ 0.7 to 1.0. A much larger study finds
a similar variation in the optical fraction of strong bars
from 27%+1% to 12%+1% (Sheth et al. 2008). Interpre-
tations differ on whether the observed decline 1s simply
due to systematic effects such as loss of resolution and ris-
ing obscuration with redshift (Jogee et al. 2004; MJOT7;

BIMO08) or whether it reflects an intrinsic decline (Sheth
et al. 2008) in the true bar fraction.

While bars have been studied extensively in the field, lit-
tle is known about the fraction of bars and their properties
in dense environments. We can use galaxy clusters as a lab
to test our theories of bar formation and evolution. Also,
the presence of bars can be used to test galaxy properties in
a cluster environment. In particular, what is the relation-
ship between environmental effects in dense clusters and
internal drivers of galaxy evolution such as stellar bars?
The detailed process of bar formation is not yet known,
but simulations suggest that a cold disk, with low velocity
dispersion, o, favors the formation of spontaneous disk in-
stabilities. External triggers, such as tidal interactions can
also induce bars in a dynamically cold disk (e.g., Hernquist
& Mihos 1995). Thus, cluster processes can have compet-
ing effects on bar formation. Frequent tidal interactions
can induce stellar bars, however they may also heat the
disks and make them less susceptible to bar formation.
Dubinski et al. (2008) explored these effects by modeling
the interaction of a hundred DM satellites on M31. They
found that while the satellites did not have a large heating
effect on the disk, encounters close to the galaxy center
could produce strong non-axisymmetric instabilities such
as stellar bars. However, in dense clusters, disk galaxies
that are deprived of their cold gas through ram-pressure
stripping may be too dynamically hot to form bars. In
the scenario whereby clusters grow by accretion of field
galaxies, these processes may have no effect on an already
existing bar. Therefore, the fraction of barred galaxies in
a cluster depends on the interplay between these effects,
on the epoch of bar formation, and on the evolutionary
history of clusters.

There have been only a handful of observational studies
that have explored the impact of environment on barred
disks. Using a uniform sample of 930 galaxies from the
Shapley-Ames catalog, where bar classifications were per-
formed through visual inspection of optical images, van
den Bergh (2002) found no difference between the bar
fraction in the field and in clusters, and therefore con-
cluded that the bar fraction depends solely on host-galaxy
properties. It should be noted that for this study, the en-
vironment assignments were largely qualitative, made by
inspecting the region around the galaxy on the image, and
looking at luminosities and radial velocities of surrounding
galaxies. Varela et al. (2004) found that the bar fraction is
almost twice as high in galaxies that are interacting, com-
pared to isolated galaxies. This study relied on redshifts
from the CfA survey to determine whether a galaxy was
being perturbed by a close companion, however their mor-
phological bar classifications came from LEDA and NED
which have been known to be notoriously inhomogeneous.
The results of Varela et al. (2004) confirm previous stud-
ies (e.g., Kumai 1986; Elmegreen et al. 1990; Giuricin et
al. 1993), who find a higher number of barred galaxies
in binary systems. Recently, Mendez-Abreu, Aguerri, &
Corsini (2008) studied the effects of environment on barred
galaxies using ~ 3000 galaxies at 0.01 < z < 0.04 from
SDSS-DR5, and found that the bar fraction and proper-
ties were not correlated to galaxy environment. Bars were
identified using ellipse fits. However, they excluded inter-
acting galaxies from their study. Barazza et al. (2008, sub-



mitted) study the impact of environment on disk galaxies
using ~ 2000 galaxies at intermediate redshift (z = 0.4—1)
from the EDisCS project.

We are now in a position to make further progress in
this largely unexplored aspect of galaxy evolution with
the STAGES panchromatic dataset (§ 2), which includes:
a b x b square degree HST ACS mosaic in F606W of the
A901/2 supercluster, spectrophotometric redshifts from
COMBO-17, coverage with XM M — Newton, GALEX,
and Spitzer, as well as dark matter maps. In § 3 we outline
the techniques for characterizing bars and disks. It should
be noted that traditionally the bar fraction fhar—opt is de-
fined as the fraction of disk galaxies that are barred. Hence
calculation of fuar—opt Tequires disk galaxies to be reliably
identified. In this paper, we draw attention to the fact
that many automated methods commonly used to iden-
tify disks in the field may fail in clusters. Motivated by
this, we explore different ways of identifying disks (e.g.,
color cut, Sérsic cut, visual classification, § 4.1) and ex-
plore the effect on frar—opt. We explore the frequency of
bars as a function of host disk properties (§ 4.3, 4.4, 4.5),
and as a function of cluster radius, galaxy number density,
ICM density, and DM density (§ 4.6). The comparison of
our results to those from field studies is given in § 4.7.
We also explore the SF properties of barred and unbarred
disks (§ 5). In § 6 we give the summary and conclusions.

2. DATA AND SAMPLE SELECTION

The Abell 901/902 supercluster consists of three galaxy
clusters and a group at z ~ 0.165, with an average separa-
tion of 1 Mpc. The properties of this system are described
in detail in Gray et al. (2002). The STAGES survey (Gray
et al. 2008) covers a 0.5 x 0.5 square degree field centered
on the supercluster, consisting of an 80-tile mosaic with the
HST ACS F606W. The ACS point spread function (PSF)
of 0.1" corresponds to ~ 282 pc at z ~ 0.1652%. Spectro-
photometric redshifts are available for all galaxies from
COMBO-17 (Wolf et al. 2004; 2005) with éz/(1+z) ~ 0.02
to Rvega = 24. The multi-wavelength dataset includes X-
ray maps of the ICM density from XM M — Newton, UV
from GALEX, Spitzer 24y coverage, and dark matter
maps from weak lensing (Heymans et al. 2008). Total
star formation rates (SFRs) derived from UV and Spitzer
24 luminosities (Bell et al. 2005), as well as stellar masses
(Borch et al. 2006) are also available for this field.

Cluster galaxies are selected using photometric redshifts
(see Gray et al. 2008 for a detailed description). This pro-
vides a sample of 1990 cluster galaxies. For this paper, we
focus on galaxies brighter than My < — 18. We choose
this cutoff, because it tends to separate well the regimes
where normal and dwarf galaxies dominate on the luminos-
ity functions of clusters (Binggeli, Sandage, & Tammann
1988). We do not consider dwarf galaxies in this study for
two reasons. First, our resolution of ~ 282 pc may be in-
sufficient in many cases to reliably identify morphological
structures such as bars in smaller dwarf galaxies. Second,
the contamination of the sample by field galaxies at mag-
nitudes fainter than My > — 18 becomes significant.
This leaves us with a sample of 786 bright (My < —18),
cluster galaxies.

3. METHODOLOGY
3.1. Characterization of Bars

We use the standard TRAF task ‘ellipse’ to fit ellipses to
the galaxy isophotes out to amayx, Where @y is the radius
at which the surface brightness reaches sky level. This
method of ellipse fitting has been widely used to identify
and characterize bars (e.g., Wozniak et al. 1995; Friedli
et al. 1996; Regan et al. 1997; Jogee et al. 1999, 2002a,
2002b, 2004; Knapen et al. 2000; Laine et al. 2002; Sheth
et al. 2003; Elmegreen et al. 2004; MJ07; Menéndez-
Delmestre et al. 2007). We employ an iterative adaptive
wrapper, developed by Jogee et al. (2004), which runs
the task ‘ellipse’ up to a maximum number of N itera-
tions. Each iteration uses the previous fit to produce an
improved guess for the isophote parameters. N is typi-
cally set to 300, but for most objects we obtain a good fit
in only a few iterations. A good fit is one where an ellipse
is able to be fitted at every radial increment out to amax.
As described in detail in MJ07, the goodness of the ellipse
fits is characterized by the harmonic amplitudes A3, B3,
A4, and B4. The amplitudes of these components signify
how well the shape of the actual isophote is approximated
by the fitted ellipses (e.g., Jedrzejewski 1987). For this
sample, we find typical amplitudes of 0-15% in the bar
region. We were able to successfully fit 762/786 (97%) of
galaxies in our bright cluster sample. The galaxies where
‘ellipse’ fails generally do not have a regularly decreasing
surface brightness profile, which is necessary to define the
center for the fitting routine.

We overlay the fitted ellipses onto the galaxy images
and plot the radial profiles of surface brightness (SB), el-
lipticity (e), and position angle (PA). We use both the
overlays and radial profiles to classify the galaxies as ‘in-
clined’, ‘unbarred’, or ‘barred’ using an interactive clas-
sification tool developed by Jogee et al. (2004). Galax-
ies classified as ‘inclined’ have an outermost isophote with
e > 0.5, corresponding to ¢ > 60°. Because it is dif-
ficult to identify morphological structures in such highly
inclined galaxies, we do not attempt to classify them as
‘barred’ or ‘unbarred’. For galaxies with moderate incli-
nations (i < 60°), we classify a galaxy as barred if: (1) the
e rises smoothly to a global maximum, ey, > 0.25, while
the PA remains relatively constant (within ~ 20°) and
(2) the e then drops by at least 0.1 and the PA changes
at the transition between the bar and disk region. These
criteria have been shown to work well in i1dentifying barred
galaxies (e.g., Knapen et al. 2000; Jogee et al. 2002a,b,
2004; Laine et al. 2002). After discarding highly inclined
galaxies (230 or 30%) and those with visually-identified
poor fits (57 or 7%), we are left with 475 moderately in-
clined (i < 60°), bright (My < — 18) cluster galaxies.
Note that this number includes all moderately inclined,
bright galaxies and not just disk galaxies, as ellipse-fitting
was performed on the whole sample.

The luminosity and color distributions of the total fitted
sample of 762 bright, cluster galaxies and the moderately
inclined sample of 475 galaxies are over-plotted in Fig-
ure 1(a) and (b), respectively. An example of the overlays
and radial profiles of a barred cluster galaxy are shown in
Figure 2. Because we are looking at optical wavelengths,

20 We assume in this paper a flat cosmology with Qs =1 — Q, = 0.3 and Hy =70 km s~! Mpc—1.
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in rare cases the criterion of constant PA in the bar region
may not be satisfied. This can happen in galaxies where
the bar is weak, and the dust lanes along the leading edges
of the bar are curved, producing a ‘twisting’ in the PA ra-
dial profile (Athanassoula 1992b). We find 37 such cases
(8%), which we classify as ‘unbarred’ because they do not
satisfy the constant PA criterion. The advantages and lim-
itations of the ellipse-fitting method are further discussed
in detail in MJO7.

In addition to quantitatively identifying and character-
izing bars using ellipse fitting, we also visually classify all
galaxies in the sample. The identification of bars through
visual inspection provides an independent check for the
detection of bars through ellipse-fits. The visual bar clas-
sification agrees with the ellipse fits for over 90% of cases.
For the cases where a bar is found through visual classi-
fication, but not through ellipse-fitting, it is because dust
and gas mask the bar signature, making the PA twist. We
conservatively take the error in the optical bar fraction as
the sum in quadrature of the binomial term and the error
of 8% caused by isophotal twists. Representative barred
galaxies from the cluster sample are shown in Figure 3.

3.2. Methods for Selection of Disk Galazies

In all studies conducted to date (e.g., deVaucouleurs
1963; Sellwood & Wilkinson 1993; Eskridge et al. 2000;
Knapen et al. 2000; Mulchaey & Regan 1997; Jogee et
al. 2004; Laurikainen et al. 2004; Elmegreen et al. 2004;
Zheng et al. 2005; Buta et al. 2005; MJ07; Menéndez-
Delmestre et al. 2007; BJMO08; Sheth et al. 2008), the
bar fraction, fhar—opt has been defined as the number of
barred disk galaxies divided by the total number of disk
galaxies:

N barred

Nbarred
fbaI‘—Opt Niisk Nparred + Nunbarred . (1)
Note that in the above studies, as well as in this paper, we
use the term ‘disk galaxies’ to describe all galaxies with
a disk component (e.g., S0-Sm), which may or may not
be accompanied by a bulge. The bar fraction is only
quoted with disk galaxies in mind, because bars are be-
lieved to be an m = 2 instability in the disk component
of galaxies. Also, if the bar fraction were calculated over
all galaxies, changes in the morphological distribution be-
tween disk and spheroidal galaxies would influence the bar
fraction and make it hard to compare across different sam-
ples. In the local universe, for nearby galaxies, catalogs
like the RC3 (deVaucouleurs et al. 1991) contain visual
classifications of galaxy morphology, making it possible to
select a sample of disk galaxies for bar studies. In large
surveys such as the SDSS and GEMS, two quantitative
methods have been used to pick out disk galaxies: (1) us-
ing a blue-cloud color cut in color-magnitude space (Jogee
et al. 2004; BJMO08) and (2) using a Sérsic index, n, from
a single component fit to select disks (Jogee et al. 2004;
Barden et al. 2005; Ravindranath et al. 2004). In the
color cut method, only blue cloud galaxies are selected on
a color-magnitude diagram. The Sérsic cut method in-
volves selecting only galaxies with Sérsic index n < 2.5.
This is motivated by the fact that a pure disk has a Sérsic
index of 1, while a deVaucouleurs profile typically used to
describe a spheroid has a Sérsic index of 4. Inspection of
a visually selected sample (e.g., Bell et al. 2004; Jogee et

al. 2004; McIntosh et al. 2005) has shown that n < 2.5
is a good dividing line in separating disk galaxies from
spheroids. In fact, most disk galaxies have Sérsic index
n < 3 (Weinzirl et al. 2008), although the scatter is large
within a given Hubble Type.

Using a blue-cloud or Sérsic cut to pick out disk galax-
ies works fairly well in the field. However, these methods
can fail in a cluster environment, where the galaxy popula-
tions are different than those in the field. Gas stripping of
spirals could quench their star formation and make them
look redder. These galaxies might then be missed by a
color cut. On the other hand, the prevalence of bulge-
dominated SO-type disk galaxies in clusters (Dressler 1980)
could be missed by a Sérsic cut. For this reason, we use
a third method to pick out disk galaxies: visual classifica-
tion.

We visually classify the whole sample and put galaxies
into different groups according to the galaxy morphology
(§ 3.3). A galaxy is identified as a disk galaxy if it exhibits
the dynamical signatures of disk instabilities such as a stel-
lar bar and spiral arms. In the absence of such structure,
disks are picked by an identifiable break between the bulge
and disk component either in the image itself and/or us-
ing an estimation of the brightness profile with the Smith-
sonian Astrophysical Observatory visualization tool DS9.
Three classifiers (.M., A.H.,S.J.) completed a training set
of several hundred galaxies, and two classifiers (A.H., T.M.)
classified the full cluster sample, with the third classifier
performing random checks. Subsequently, uncertain cases
were reviewed by all three classifiers. In our fitted sample
of 762 galaxies, 744 of them could be classified into the vi-
sual classes described above. The remaining galaxies were
either too messy to classify, too compact to classify, or un-
classifiable for other reasons, such as noise or edge effects.
We could not reach agreement on 4% of cases regarding
whether a galaxy was a pure bulge or contained a disk
component. Results from the different methods of disk
selection are presented in § 4.1.

3.3. Visual Classification of Secondary Morphological
Parameters

For our cluster sample, we visually classify secondary
morphological parameters such as the prominence of the
bulge and the presence of gas and dust.

Because we are only interested in studying large-scale
bars that extend well beyond the bulge region of the
galaxy, the prominence of the bulge is not key for deter-
mining the bar fraction. It is interesting, however, for
studying and interpreting correlations between bar and
host disk properties (see § 4.3-4.5). Our goal is not
to finely measure the bulge-to-total light (B/T) ratio in
galaxies, but to identify galaxies with extreme B/T, such
as systems that appear nearly bulgeless and likely have
very low B/T, and those with prominent bulges, sugges-
tive of high B/T. We thus classify galaxies into three
broad groups: ‘pure bulge’(Fig. 4a,b), ‘pure disk’ (Fig. 4g—-
1), and ‘bulge+disk’ (Fig. 4c—f). ‘Pure disk’ galaxies are
those where no central spheroidal component is seen. Con-
versely, a galaxy is classified as a ‘pure bulge’ if its mor-
phology is spheroidal and there is no break in the bright-
ness profile, indicative of the transition between the bulge-
dominated and disk-dominated region. In addition, ‘pure



bulge’ galaxies do not exhibit disk features such as spi-
ral arms or stellar bars. In our cluster sample of bright
galaxies, we find that 23% =+ 13% of galaxies are visu-
ally classified as ‘pure disk’, 60% + 12% are classified as
‘bulge+disk’, and 17% + 1% were classified as ‘pure bulge.’
These results are summarized in Table 3. The values
quoted are from the averaged classifications of A.H. and
I.M. and the percent errors indicate the sum in quadra-
ture of the dispersion between classifiers and the binomial
term of the statistical error. The disagreement is due to
the inherent difficulty in separating ellipticals from disk
galaxies, when the disk is smooth and has no unambigu-
ous disk signature, such as a bar or a spiral arm.

We also visually classify galaxies into those with a
clumpy or smooth disk, motivated by the following con-
siderations. Firstly, the presence of gas, dust, and star
formation along the bar can prevent its detection in optical
images, particularly for weak bars. In weak bars the dust
lanes are curved because of weaker shocks (Athanassoula
1992). In addition, weaker shocks can induce star forma-
tion along the bar, while strong shocks are accompanied
by straight dust lanes and tend to suppress star forma-
tion along the bar (e.g., Elmegreen 1979; Das & Jog 1995;
Laine et al. 1999; Jogee, Scoville, & Kenney 2005). The
curved dust lanes and star formation regions in weak bars
produce a pattern that causes fitted ellipses to have vary-
ing PA along the bar, and to sometimes fail to satisfy the
criterion of a flat PA plateau along the bar (§ 3.1). In very
gas/dust-rich galaxies, even strong bars can be masked by
dust and star formation. These effects make it more diffi-
cult to identify bars at optical wavelengths (e.g., Block et
al. 1994). Several studies (Laurikainen et al. 2004; MJO0T)
show that, because of obscuration by gas, dust, and star
formation regions in the optical, the bar fraction is higher
in the infrared (TR) band by a factor of ~ 1.3 for galaxies
at z ~ 0. In cluster environments, the correction factor
for bar obscuration is unknown.

Secondly, it is useful to explore the relationship between
clumpiness, the visual prominence of the bulge (or B/T ra-
tio), and bars in cluster environments, where the situation
might well differ from the field. In the field, along the
traditional Hubble Sequence, on average the visual promi-
nence of bulge and the tightness of the spiral arms in-
crease from Sd to Sa, while the clumpiness of the spiral
arms decreases. In field galaxies, there is a wide range of
B/T for each Hubble type, with low B/T galaxies being
present across SO to Sc (Laurikainen et al. 2007; Weinzirl
et al. 2008; Graham & Worley 2008), but the average
B/T tends to fall in later Hubble types (Laurikainen 2007;
Weinzirl et al. 2008; Graham & Worley 2008). In clus-
ters, where a number of processes, such as ram-pressure
stripping or galaxy harassment can alter the gas content of
galaxies, the relationship between B/T and gas/SF content
or clumpiness of the disk may break down. For example,
in the Virgo cluster, the central concentration of galaxies
does not correlate with their star formation properties, as
it does in the field (Koopmann & Kenney 2001).

Motivated by these considerations, we attempt to visu-
ally characterize the presence of gas and dust in galaxies
(see Table 3). The degree of ‘clumpiness’ in a galaxy is
used as a rough proxy for estimation of the presence of
gas and dust. We allocate galaxies into two broad classes:
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(1) ‘smooth’ galaxies that show no patchy obscuration by
gas and dust or (2) ‘clumpy’ galaxies with gas and dust.
We find that 74% + 9% (551/744) of the bright galaxies
in our supercluster sample appear mostly smooth (contain
little or no gas and dust), while 26% + 9% (199/744) of
the bright galaxies appear clumpy (contain some gas and
dust). Examples of ‘smooth’ galaxies are shown in Fig. 4,
panels a—d and i—j. ‘Clumpy’ galaxies are shown in panels
e~h of Figure 4.

4. RESULTS AND DISCUSSION
4.1. Selection of Disk Galazies in Clusters

How well do the Sérsic and blue-cloud cut methods
pick out disk galaxies when compared to visual classifica-
tion? Our moderately inclined (i < 60°), bright sample
(My < —18), with good ellipse-fits, totals 475 galaxies.
All numbers quoted hereafter are derived from this sam-
ple. Out of these, we identify 350 disk galaxies through
visual classification (see § 3). Figure 5 compares the disk
galaxies identified through three different methods: visual
classification, blue-cloud color cut, and a Sérsic cut. Panel
(a) shows where the visually identified disk galaxies (filled
circles and open squares) lie in the rest-frame U — V' vs.
My plane. The systems are further split into disk galaxies
with a bar and/or spiral arms (filled circles) and ones with-
out (open squares). The black points represent all other
galaxies, not classified as disks. The solid line separates
the red sequence from the blue cloud galaxies, using the
equation

U—-V =(1.48—0.4%0.165—0.08 x (Myv+20.0))—0.25, (2)
derived for the STAGES sample by Wolf, Gray, & Meisen-
heimer (2005), where My is the V" absolute magnitude and
U —V is the rest-frame color. Panel (b) shows where visu-
ally identified disk galaxies lie in the U —V color vs. Sérsic
index n plane. Symbols are the same as in panel (a). The
solid line shows the cutoff of n = 2.5, which is supposed
to separate disk galaxies and spheroids.

Identifying disk galaxies as those with a Sérsic index
n < 2.5 (Fig. 5b) picks out 64%+ 4% (223/350) of galax-
ies visually selected as disks. The Sérsic cut method will
pick up many of the red disks that the color cut misses,
however the Sérsic cut method might miss some early-type
disk galaxies with very prominent bulges or very clumpy
galaxies with bright star formation regions in their outer
disks. In addition, the presence of an AGN will drive the
Sérsic index to high values. Figure 6a shows examples of
visually-identified disk galaxies missed by the Sérsic cut.

Our analysis suggests that the Sérsic cut misses
36%+ 4% of visually-identified disks. How robust is
this number? We consider the possibility that some
galaxies visually classified as disk galaxies (‘pure disk’ or
‘bulge+disk’) may in fact be misclassified ellipticals. This
i1s most likely to happen when the disk is smooth and has
no unambiguous disk signature, such as a bar or a spiral
arm. As stated in § 3.3, it is difficult to separate a ‘pure
bulge’ galaxy from an unbarred, smooth ‘bulge+disk’ (e.g.,
S0) without spiral arms. In addition, unbarred ‘pure disk’
galaxies without spiral arms that appear mostly smooth
could also be misclassified ellipticals. As a firm lower limit
to the number of visually-identified disk galaxies missed
by the Sérsic cut we consider disk galaxies (‘pure disk’ or
‘bulge+disk’) that have a clear disk signature such as a
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bar and/or spiral arms. This sets a firm lower limit on
the number of disk galaxies that are missed by a Sérsic
cut. We find that at least 24% (52/218) of the galaxies
with n > 2.5 are visually-identified disk galaxies. Thus,
in summary, we estimate that 24% to 36% of visually-
identified disk galaxies are missed by taking a Sérsic cut
(n < 2.5).

Selecting blue cloud galaxies only picks out 50%+ 4%
(178/350) of the visually-identified disk galaxies. The 172
galaxies missed are on the red sequence and the large num-
ber of these galaxies is consistent with the high number of
red disks in a cluster environment. Figure 6b shows some
examples of visually-identified disk galaxies on the red se-
quence, which would be missed if a blue-cloud color cut is
used to pick out disks.

We can look at the composition of the red sequence in
more detail. The 172 visually-identified disks make up
63% of the total population of 276 red sequence galax-
ies. Galaxies classified as ‘pure bulge’ (e.g., E’s) make up
38% (104/276). Out of the galaxies visually identified as
disks on the red sequence, 98% (168/172) are classified as
‘bulge+disk’ and only 2% (4/172) are classified as ‘pure
disk’ with no visible bulge component.

The large proportion of the red sequence consisting of
visually identified disk galaxies may seem surprising if one
typically thinks of the red sequence as made up mostly
of ellipticals. Again, we set a firm lower limit to the disk
galaxies on the red sequence, by considering disk galaxies
(‘pure disk’ or ‘bulge+disk’) that have a clear disk signa-
ture such as a bar and/or spiral arms. This gives a robust
lower limit of 24% (67/276) of galaxies on the red sequence
that are disks (‘bulge+disk’ or ‘pure disk’). Thus, in sum-
mary, our results suggest that 24% to 63% of the red se-
quence is made up of disks, with the large range primarily
caused by the difficulty in differentiating red, featureless
SO-type galaxies from spheroidals. A significant fraction of
dusty, red disk galaxies in the supercluster sample is also
found by Wolf et al. (2008, in prep), where the properties
of these galaxies are discussed in detail.

Unless otherwise stated, we use the visual classifications
to define a disk galaxy sample in the remaining analysis.

4.2. Global Optical Bar Fraction

The optical fraction of barred galaxies among all galaz-
ies brighter than My =-18, is 24%. However, this number
is not very useful as changes in this number can reflect a
change in the disk fraction, as well as the fraction of disks
that host bars. Furthermore, bars are stellar features and
m = 2 instabilities that occur only in disks, and insights
into their formation and evolution can be best gleaned by
inspecting the fraction of disks that are barred at different
epochs and in different environments.

This has motivated the definition of the bar fraction as
the fraction of disks that are barred as given by Equa-
tion 1. All studies of bars to date (e.g., deVaucouleurs
1963; Sellwood & Wilkinson 1993; Eskridge et al. 2000;
Knapen et al. 2000; Mulchaey & Regan 1997; Jogee et
al. 2004; Laurikainen et al. 2004; Elmegreen et al. 2004;
Zheng et al. 2005; Buta et al. 2005; MJ07; Menéndez-
Delmestre et al. 2007; BIMO08; Sheth et al. 2008) have
adopted this definition and thus provide complementary
comparison points for our studies.

For the STAGES cluster sample, three methods of se-
lecting disks are available: visual classification, blue cloud
selection, and Sérsic cut selection. As mentioned in § 3.2
and Eq. 1, it is necessary to identify a sample of disk
galaxies Ng;si, in order to determine the optical bar frac-
tion, foar—opt. Because of the problems in selecting disks
in a cluster sample using the quantitative color or Sérsic
cuts (see § 3.2 and 4.1), we estimate foar_opt using visual
classification to select disk galaxies. We obtain an optical
bar fraction of foar—opt = 33%= 8%. This value is similar
to the optical bar fraction foar—opt—Eniscs ~25% found
for galaxies brighter than My = — 19 in intermediate-
redshift (z = 0.4 — 1) clusters by Barazza et al. (2008).

For completeness, we also calculate the bar fraction us-
ing a blue-cloud color cut and Sérsic cut to select disk
galaxies. The results are shown in Table 1 for bright
(My < —18) galaxies, and in Table 2 for galaxies with
M. /Mg > 10°. In all cases, regardless of the disk selec-
tion method, we obtain an optical bar fraction fyar—opt of
27-33% with a typical error of & 8%. This result implies
that the optical bar fraction in blue galaxies picked out
by the color cut and that in low Sérsic index galaxies, is
similar to the total average bar fraction found through se-
lecting disk galaxies by visual classification (Table 1). For
M. /Mg > 107 galaxies, similar results are found (Table
2).

4.3. Optical Bar Fraction as a Function of B/T

We explore the relationship between the optical bar frac-
tion and host galaxy properties, such as the prominence
of the bulge.

The relationship between the bar, bulge, and disk com-
ponents is an area under active study both theoretically
and observationally (e.g., Reese et al. 2007; Laurikainen
et al. 2007; Weinzirl et al. 2008; BJMO0S8; Aguerri et
al. 2008). In one theoretical scenario, bars can form and
be maintained through the swing amplification of gravita-
tional instabilities (e.g., Toomre 1981; Binney & Tremaine
1987). Such bars are less likely to grow in galaxies where
a prominent bulge leads to an inner Lindblad resonance
(ILR), which cuts off the swing amplification loop. There-
fore, in this scenario, it is expected that late-type galaxies
with a low B/D ratio are more likely to host bars than
bulge-dominated galaxies (e.g., S0/Sa). Some observa-
tional evidence to this is provided by results showing a
higher optical bar fraction in late-type galaxies with lower
central light concentration (BJMO08; Aguerri et al. 2008).
It is also possible, however, that the gas-rich, dynamically
colder disk of late types may also play a part in the higher
observed optical bar fraction.

Another relationship between bars and bulges i1s that
some bulges may form via mechanisms tied to the bar.
Through the redistribution of disk material, bars can build
disky central concentrations known as pseudobulges (Ko-
rmendy 1982; Kormendy 1993; Jogee 1999; Athanassoula
2005; Sheth et al. 2005; Jogee, Scoville, & Kenney 2005;
Fisher 2006). TInterestingly, pseudobulges may also be
formed through minor mergers (Weinzirl et al. 2008).
Boxy/peanut bulges observed in edge-on galaxies (e.g.,
Lutticke, Dettmar, & Pohlen 2000; Bureau & Athanas-
soula 2005) are thought to be the central parts of bars
that undergo a process of vertical ‘buckling’ during their



evolution (Bureau & Freeman 1999; Athanassoula et al.
2005; Debattista et al. 2006; Martinez-Valpuesta et al.
2006) and/or due to a vertical ILR (Combes & Sanders
1981; Combes et al.1990, Sellwood 1993; Kuijken & Mer-
rifield 1995).

While we did not perform a structural bulge+disk+bar
decomposition to accurately characterize B/T (e.g., Lau-
rikainen et al. 2007, Weinzirl et al. 2008), we can
use the three broad visually-classified groups of galaxies:
‘bulge+disk’; ‘pure disk’, and ‘pure bulge’.

We plot the optical fraction of bars as a function of
morphological class in Figure Ta. Here the morphological
classes have been grouped by the visual prominence of the
bulge. Galaxies with a ‘bulge+disk’ component are in the
first bin, while ‘pure disk’ galaxies are in the second bin.
We find that foar—opt increases from 29%=+ 3% in ‘B+D’
galaxies to 47%+ 6% in ‘pure disk’ galaxies, suggesting
that the optical bar fraction rises in spiral galaxies, which
are disk-dominated and have very low bulge-to-disk ratios
(Table 3).

This result is further suggested by Figure 7b, which
shows the optical bar fraction as a function of central con-
centration in the host galaxy, as characterized by the effec-
tive radius normalized to the disk radius, 7e/a4;sx. The ef-
fective radius 7. is calculated from single-component Sérsic
fits (Gray et al. 2008). The disk semi-major axis agis
comes from the semi-major axis of the outermost ellipse
fitted to each galaxy, where the isophotes reach sky level
(see § 3.1). The optical bar fraction clearly increases with
decreasing central concentration, from 15%= 9% in galax-
ies with high concentration (re/ag;sx=0.15), to 50%+ 12%
in galaxies with low concentration (re/agis5=0.75). Note
that for this study, we focus on large-scale bars in bright
galaxies only, which are defined as having semi-major axis
larger than 1 kpc, and which extend significantly past the
bulge region. It is therefore very unlikely that this trend is
a systematic effect caused by difficulty in identifying bars
in galaxies with larger bulges.

The rise in the optical bar fraction as a function of the
prominence of the bulge or central concentration of the
host galaxy is in agreement with BJM08, who found that
the optical bar fraction in pure disk galaxies is a factor of
~ 2 higher than in disk galaxies with prominent bulges,
from an SDSS sample of My < — 18.6 galaxies and
redshift range 0.01 > z > 0.03. This result is confirmed
by Aguerri et al. (2008, in prep), who find that the op-
tical bar fraction increases from 30% in SO galaxies, to
52% in late-type (Sc-Sd) systems, using SDSS galaxies at
0.01 >z > 0.04. Similar results are found by Weinzirl et al.
(2008) using 2D bulge-disk-bar decomposition on nearby
bright spiral galaxies. For disk galaxies with Mg < —19,
the bar fraction increases from 31%= 13% in spirals with
B/T > 0.4, to 68%=+ 4% in spirals with B/T < 0.2 (see
their Table 8 and § 5.6).

4.4. Optical Bar Fraction as a Punction of Host
Luminosity

In Figure 8a-c we show the optical bar fraction as a func-
tion of host galaxy rest-frame My luminosity. The optical
bar fraction is calculated for all three methods of disk se-
lection (color cut, Sérsic cut, and visual classification). For
all three methods of disk selection, the optical bar fraction
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shows a decrease from ~ 60%=+ 10% at My = —21.5to
~ 20%+ 8% at My = — 18.5.

This result may seem counter-intuitive given the fact
that we find a lower optical bar fraction in bulge-
dominated galaxies, and we might expect such systems
to be on average brighter. In such a case, one might ex-
pect that the optical bar fraction falls for brighter disk
galaxies. However, Fig 9 explains why we find the op-
posite result. This figure shows the optical bar fraction
in a two-dimensional parameter space defined by mor-
phological class and luminosity. Here the morphological
classes refer to the four visually-classified disk morpholog-
ical classes: ‘bulge+disk smooth’, ‘bulge+disk clumpy’,
‘pure disk smooth’, and ‘pure disk clumpy’. Fig. 9 shows
that the optical bar fraction is higher at brighter My
for any given morphological class. Therefore, when all of
the visual morphological classes are grouped together and
foar—opt 1s calculated as a function of My in Fig. 8c, the
optical bar fraction is higher for brighter magnitudes.

This result is consistent with the findings of Barazza et
al. (2008) for cluster galaxies at intermediate redshifts
(z = 0.4 —1). This study also finds that, although
brighter, early Hubble type galaxies host less bars than
fainter, late-type galaxies, withing a given Hubble Type,
brighter galaxies on average have a higher optical bar frac-
tion.

4.5. Optical Bar Fraction as a Function of Host Color

We find no significant difference in the optical bar frac-
tion in disks on the red sequence and blue cloud. When
disks are selected through visual classification, the optical
bar fraction on the red sequence is fpar—rs ~ 31%=%+ 3%
while on the blue cloud, it is fyar—Bc ~ 32%=+ 4%. This
can be visualized by inspection of Fig. 5. The similar val-
ues for the blue cloud and red sequence explain in part
why the global optical bar fraction fpar—opt based on vi-
sual selection of disks, is similar to the one obtained by
selecting disks via a blue cloud cut.

Taking a global average of the optical bar fraction across
the blue cloud and red sequence may not reveal the true
dependence of the optical bar fraction on color, because
the relative number of bright to faint galaxies is different
on the blue cloud and red sequence, with the red sequence
having more bright galaxies (Fig. 5). The latter have a
higher optical bar fraction than fainter galaxies, since the
optical bar fraction rises at higher luminosities for each
given morphological type (§ 4.4; Fig. 9).

Therefore, we repeat the exploration of the optical bar
fraction as a function of color, by looking at the break-
down of the optical bar fraction in the rest-frame U — V
vs. My plane (Fig. 10a), and the rest-frame U — V
vs. visual morphological class (bulge+disk vs. pure
disk) plane (Fig. 10b). We find that for galaxies fainter
than My ~  — 20, at given luminosity, the optical
bar fraction increases as rest-frame U — V color becomes
bluer (Fig. 10a). However, for galaxies brighter than
My ~ — 20, at given luminosity, the optical bar frac-
tion decreases as rest-frame U — V color becomes bluer
(Fig. 10a). Fig. 10b shows that for a given morphologi-
cal class, the optical bar fraction remains about the same
as rest-frame U — V color becomes bluer, however for the
class ‘bulge+disk smooth’; it decreases at bluer colors.
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4.6. Optical Bar Fraction as Function of Kappa, ¥10,
ICM density, and Distance to Nearest Cluster
Center

Bars can act as a tool to probe the evolution of galax-
ies. Frequent tidal interactions can induce stellar bars in
dynamically cold disks (Quinn et al. 1993; Hernquist &
Mihos 1995; Mihos et al. 1995; Dubinski et al. 2008).
However, they may also drive gas from the disk to the
central regions of galaxies, and tidally heat them, mak-
ing them less bar unstable. These competing effects are
prevalent in cluster environments.

How does the local environment affect the optical bar
fraction, and where do barred galaxies live with respect to
the density peaks in the supercluster environment? In this
section, we make a first step in exploring these questions
using four traces of local environment density: the line-
of-sight projected surface mass density x (Heymans et al.
2008), local galaxy number density Y10 (WGMO05, Gilmour
et al. 2007), ICM density as characterized by the X-ray
emission from hot intra-cluster gas, and the projected dis-
tance to the nearest cluster center. We calculate X1y by
finding the radius enclosing the ten nearest neighbors to
a galaxy. This is used to calculate a galaxy number den-
sity, quoted in (Mpc/h)=? (see Heiderman et al. 2008, in
prep).

Figure 11 shows the variation of the three measures of
local environment density (k, X109, and ICM density) with
distance to the nearest cluster center. It is evident from all
three tracers, that local density decreases with increasing
distance from the nearest cluster center. We take the core
radius to be at 0.25 Mpc, because the number density of
galaxies shows a sharp break at this radius (Heiderman et
al. 2008, in prep). The outer region is defined as lying
between the core radius at R = 0.25 Mpc and the virial
radius of the cluster, Ryiy = 1.2 Mpc. Beyond the virial
radius is the outskirt region.

Figure 12 shows the variation of the optical barred
galaxy fraction function of: (a) distance from nearest clus-
ter center, (b) log X1, (¢) &, and (d) ICM density. We find
no strong trend of the optical bar fraction with local density
for any of the tracers shown in Fig. 12. This result sug-
gests that the optical bar fraction is not a strong function
of the local environment. Rather, the optical bar fraction
and properties depend more strongly on the properties of
the host galaxies (e.g., B/T, luminosity). This result is
in agreement with recent results on bars in dense envi-
ronments by Mendez-Abreu, Aguerri, & Corsini (2008),
who find no variation of the optical bar fraction with Xq.
The optical bar fraction shows a slight increase toward the
innermost bin in panels b—d. In panel a, there is a slight
increase in the optical bar fraction toward the cluster core,
however number statistics are too low in the very inner-
most bin.

Several previous studies have found an enhanced optical
bar fraction toward cluster centers (Barazza et al. 2008,
in prep; Thomson 1981; Andersen 1996). Because bulge-
dominated galaxies are prevalent in cluster cores and they
have a lower optical bar fraction (§ 4.3), one might ex-
pect the optical bar fraction to be lower in the core re-
gion. However, galaxy interactions are more frequent, and
these can induce bars, resulting in a higher bar fraction.
Interestingly, higher bar fractions have been reported for

groups of galaxies and binary pairs (e.g., Kumai et al.
1986; Elmegreen et al. 1990; Giuricin et al. 1993; Varela
et al. 2004).

4.7. Comparison of the Optical Bar Fraction and
Properties in the Supercluster and the Field

To understand what impact cluster processes have on
the evolution of bars and disk galaxies, we must compare
their properties to galaxies unaffected by such processes
found in low density environments. We compare the re-
sults on bars and disks from the STAGES sample to those
from the Ohio State University Bright Spiral Galaxy Sur-
vey (OSUBSGS; Eskridge et al. 2002) and the Sloan Dig-
ital Sky Survey (SDSS; Abazajian et al. 2004). Specif-
ically, we use the results of MJ07, BJMO08, and Aguerri
(2008, in prep), where bars are identified and character-
ized through ellipse-fits. Before we compare the results
obtained for bars in the cluster with those from the field
studies, we must determine if the underlying galaxy pop-
ulations in the samples are the same. Figure 13a—b shows
the absolute My magnitude and rest-frame U-V color dis-
tributions of the STAGES, OSUBSGS, and SDSS samples.
The OSUBSGS sample is brighter than both the SDSS and
STAGES samples, and somewhat bluer than the STAGES
sample. Also, it should be noted that the OSU survey is
only complete for galaxies with My of —20.3 and brighter.
The stellar mass distribution of the OSU, STAGES, and
SDSS samples are over-plotted in Fig. 14. The masses for
the OSU sample are calculated using the equation

M = Vigm x 10(-0-62841:305xBV=-0.10) (3)

where
‘/]um — 10(—0.4><(Mv—4.82)’ (4)

and BV is the B-V color (Bell et al. 2003). The OSU
and STAGES samples have a similar range in stellar mass,
however, the OSU sample is comprised of slightly more
massive galaxies on average. The SDSS sample has a much
narrower range in mass, with most galaxies lying between
M, /Mg = 10°° and 10'%% where the SDSS sample is
complete. These are important caveats to keep in mind
for the following analysis.

4.7.1. The Global Optical Bar Fraction

We have shown that the optical bar fraction is a strong
function of B/T and luminosity, and somewhat a function
of color. A comparison to the field is therefore non-trivial
because of these factors. We attempt to compare to the
same range of absolute magnitude and B/T galaxy type
between the cluster and the field. We do not impose any
color restrictions, because galaxies of the same luminos-
ity and B/T can have a large color variation between the
cluster and the field.

The optical bar fraction in STAGES is found to be
~ 30%= 8% for all methods of disk selection. The total op-
tical bar fraction in OSUBSGS is 44% + 7% (MJ07), and
in the SDSS it is 48%—52% (BJMO08). We cannot make a
direct comparison of the OSU sample with the STAGES
sample, because STAGES is dominated by much fainter
galaxies and the OSU sample is only complete for galaxies
brighter than My ~ — 20.3 (Fig 13a). For the brighter
subsample (My < — 20.3), we find an optical bar frac-

tion in STAGES of 47%=+ 8% (58/124) and an optical bar



fraction in OSU of 40%=+ 8% (36/90). Thus, within the
error margins, the optical bar fraction is comparable.

The SDSS sample is complete only for galaxies in the
narrow magnitude range between My = —18.6 — —20.5,
and the total optical bar fraction is 48%-52%. In the
STAGES sample, the optical bar fraction for galaxies in
the magnitude range My = —18.6 - —20.5,1is 30%+ 9%
(65/211). this comparison will be expanded ...
note to Fabio - could you calculate a separate bar
fraction in SDSS for bulge-dominated and disk
dominated galaxies within the above magnitude
range?

Aguerri et al. (2008, in prep) study the bar fraction
in the field from an SDSS sample at 0.01 < z < 0.4,
and find a total optical bar fraction of 45% for galaxies
brighter than M, of —20. This is comparable to our total
optical bar fraction of 33%=+ 8% within the error margins.
In addition, Aguerri et al. quoted an optical bar fraction
of 30% for SO-type systems and 52% for late-type spirals
(e.g., Sc-Sd). This is in agreement with our rough morpho-
logical visual classification, where we find that 25%4 8%
of ‘bulge+disk smooth’ (e.g., SO) galaxies are barred, and
47%+ 8% of ‘pure disk’ (e.g., Sc-Sd) galaxies are barred.

We have not found compelling evidence that the pro-
cesses present in cluster environments directly affect the
bar fraction. We have found that the cluster optical bar
fraction is similar within & 10% to the published field val-
ues for bright nearby galaxies (e.g., MJO7, BJMO08, Aguerri
et al. 2008, in prep). We have also found that the bar
fraction does not show any strong trend with local den-
sity (see § 4.6). Our results suggest that the formation
and/or destruction of a bar is strongly influenced by the
properties of the host disk itself rather than on large-scale
environmental effects.

4.7.2. Bar Size and Strength Distribution

Figure 15a-b shows the peak ellipticity epqsy distribu-
tions for the STAGES and OSUBSGS samples, respec-
tively. In panel (a) the pink and green lines show the
€par distributions for galaxies classified as ‘bulge+disk’ and
‘pure disk’, respectively. In panel (b) the distributions are
split into bulge-dominated galaxies (S0-Sbc; pink) and (Sc-
Sm; green). In both cases, galaxies with bulges appear to
host weaker bars than galaxies with small bulges or no
bulge at all. In addition, the bars in the STAGES super-
cluster sample have lower e, values overall than the bars
from the OSUBSGS field sample. The result of lower ey
in STAGES compared to OSU could be due to more bulge-
dominated hosts in STAGES than OSU. Bars in galaxies
with large bulges appear weaker (i.e., rounder). This ef-
fect has been observed in the STAGES sample, as well as
in SDSS by BJMOS, and could be an artifact due to the
dilution of the bar ellipticity by the bulge. It could also
be an intrinsic effect.

We compare the epq distributions of the STAGES su-
percluster sample and the field SDSS sample in Fig-
ure 16a-b. For the STAGES galaxies, the ep,. distribu-
tions are split to show the blue-cloud and red-sequence,
while the SDSS sample is comprised of blue-cloud galaxies
only. Tt is evident in panel (a) that blue-cloud galaxies ap-
pear to host stronger bars than those on the red sequence.
This result is likely caused by the same bulge-dilution ef-
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fect discussed above, as 98% of the disk galaxies on the
red-sequence are visually classified as ‘bulge+disk’.

5. OPTICAL BAR FRACTION IN STARBURST AND
NON-STARBURST GALAXIES

We may include one extra section to see if the optical
bar fraction is higher in circumnuclear starburst versus
non-starburst galaxies as expected theoretically, and as
seen in the field. There are several issues here:

1) Starbursts (intense, short-lived episodes of SF) should
really be defined as systems with high SFR and high
SFR per unit *gas* mass (i.e, short gas consumption
timescales), but we only have SFR per unit stellar mass
(SSFR), which is not quite the same.

2) The theoretical prediction is for circumnuclear star-
bursts not global starbursts. One could get around this
by citing results showing that most of the IR luminosity
tends to come from the inner few kpc.

3) Issues on small fraction of sample with Spitzer detec-
tion.

6. SUMMARY AND CONCLUSIONS

We have used the STAGES HSTACS survey of the
Abell 901/902 supercluster in F606W at z~0.165 to study
the properties of barred and unbarred disks in a dense en-
vironment. Ellipse-fitting was used to identify and charac-
terize the properties of bars in our sample. Visual classi-
fication was used to characterize secondary morphological
parameters such as the prominence of the bulge, clumpi-
ness, and spiral arms. Galaxies were grouped into the
broad classes: ‘pure bulge’, ‘bulge+disk’, and ‘pure disk’.
In addition, the galaxies were classified as either ‘clumpy’
or ‘smooth’. To identify the optical bar fraction foar—opt,
three methods of disk selection were used and compared:
visual classification, color cut, and Sérsic cut. Using our
sample of 475 moderately inclined (i < 60°), ellipse-fitted,
bright (Mv < -18), cluster galaxies, we find the following
results.

1. Disk selection in clusters: In order to define the
optical fraction of barred disk galaxies, we ex-
plore three methods of selecting moderately inclined
(i < 60°) disk galaxies. We find 350, 256, and 199
such systems, respectively, via visual classification,
a Sérsic cut (n < 2.5), and a blue-cloud cut. The
traditional methods of disk selection such as taking
a color cut or Sérsic cut, are problematic in a clus-
ter environment. A color cut misses 50%3+ 4% of
visually-identified disk galaxies. A Sérsic cut misses
36%= 4% of disk galaxies with n > 2.5. Therefore,
a blind application of a color cut or Sérsic cut would
miss many red, bulge-dominated galaxies that are
prevalent in a cluster environment.

2. Global optical bar fraction: For the three meth-
ods of disk selection (visual, color cut, Sérsic cut),
we obtain a similar optical bar fraction foar—ops of
33%+ 8%, 29%=+ 8%, and 28%=+ 8%, respectively.
We explore fuar—opt as a function of host galaxy
properties and find that it rises in brighter galax-
ies and/or those which are less bulge-dominated.
Within a given My bin, fpar—opt is higher in
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visually-selected disk galaxies that have no bulge
as opposed to those with bulges. Conversely, for
a given visual morphological class, foar—opt Tises
at higher luminosities. Both results are similar
to trends found in the field. We find no signifi-
cant trend of fpar—opt With local environment den-
sity tracers such as k, X19, ICM density, and pro-
jected distance to the nearest cluster center. Fur-
thermore, the cluster optical bar fraction is simi-
lar within & 10% to the published field values for
bright nearby galaxies, for SDSS early Hubble type
systems, and faint disk dominated galaxies. Our
results suggest that the optical bar fraction is not
a strong function of local environment.

3. Optical bar fraction as a function of B/T and lumi-
nosity:
We explore fpar—opt as a function of host galaxy
properties and find that it rises in spiral galaxies,
which are less bulge-dominated and /or are brighter.
The optical bar fraction is a factor of ~ 1.8 higher
in galaxies classified as ‘pure disk’ compared to
galaxies visually classified as ‘bulge+disk’. When
the normalized effective radius re/agisk is used to
trace central galaxy concentration, the bar fraction
is ~ 2.7 times higher in galaxies with the lowest
central concentration (re/aqisk = 0.75) compared to
the galaxies with the highest central concentration
(re/aqisk = 0.15). In fact, within a given My bin,
Joar—opt 15 higher in visually-selected disk galazies
that have no bulge as opposed to those with bulges.
Furthermore, we find that for a given visual mor-
phological class, fpar—opt rises at higher luminosi-
ties.

4. Optical bar fraction as a function of k, Y19, ICM
density, and distance from nearest cluster center:
We find no strong trend of the fraction of barred
disks with any of the four traces of environment
density. However, there is a weak increase in the

optical bar fraction inside the core radius of the
clusters. This may be tied to the triggering of bars
by frequent tidal interactions in the dense cluster
cores.

5. Comparison to field studies: We compare our re-
sults to those for field samples, specifically MJO7
(OSUBSGS), BIMO08 (SDSS), and Aguerri et al.
(SDSS; 2008, in prep), where bar identification and
characterization was done in the same way as for
the STAGES sample. If we consider only galaxies
with My > —20.3 in both the STAGES and OS-
UBSGS samples, then we obtain a bar fraction in
STAGES of 47%= 8% and a bar fraction in OSU of
40%=+ 8%. Thus for the brightest galaxies, the bar
fraction is comparable within the range of uncer-
tainty. Our results also agree with those of Aguerri
et al. (SDSS; 2008, in prep) for early-type bulge-
dominated galaxies and very late-type disk domi-
nated galaxies.
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TABLE 1
OPTICAL BAR FRACTION FROM DIFFERENT METHODS TO IDENTIFY DisKk GALAXIES AMONG My < —18, 1 < 60° SYSTEMS

Method Naisk Niparrea fhar,opt
Visual 350 115 33% + 8%
Color 199 58 29% £ 8%
Sérsic 256 72 28% + 8%
Note. — All optical bar fractions are for
galaxies with My < — 18. Columns are:

(1) Method for selecting disk galaxies. See § 3.2
and § 4.1 for details; (2) Number of disk galax-
ies, Naisk; (3) Number of barred disk galaxies,
Nparred. Bars are detected through ellipse fit-
ting; (4) Optical bar fraction, frar—opt, defined
as in Eq. 1. Error bars include the sum in
quadrature of the binomial term in the statisti-
cal error and the uncertainty caused by isopho-
tal twists, causing bars to be missed by ellipse-
fitting.

TABLE 2
OPTICAL BAR FRACTION FROM DIFFERENT METHODS TO IDENTIFY DisKk GALAXIES AMONG M./Mg > 107, 1 < 60° SYSTEMS

Method Naisk Npar fhar,opt
Visual 409 130 33% + 8%
Color 226 70 31% + 8%
Sérsic 321 88 27% + 8%
Note. — All optical bar fractions are for

galaxies with M. /Mg > 10°. Columns are:
(1) Method for selecting disk galaxies. See
§ 3.2 and § 4.1 for details; (2) Number of
disk galaxies, Naisk; (3) Number of barred
disk galaxies, Nparea. Bars are detected
through ellipse fitting; (4) Optical bar frac-
tion, fpar—opt, defined as in Eq. 1. Error
bars include the sum in quadrature of the bi-
nomial term in the statistical error and the
uncertainty caused by isophotal twists, caus-
ing bars to be missed by ellipse-fitting.

TABLE 3
OPTICAL BAR FRACTION AS A FUNCTION OF VISUALLY CLASSIFIED SECONDARY MORPHOLOGICAL PARAMETERS

Nan Naisk Nbar fhar,opt
Pure bulge 116 — — —
B+4D 111%4135%423° 269 7 29% + 8%
Pure disk 81 81 38 47% + 8%
Clumpy 105 105 47 45% + 8%
Smooth 361 245 68 28% + 8%
Note. — Columns are : (1) Morphological parameters from

visual classification (a - number of ‘bulge+disk’ galaxies with
bar/spiral arm; b - number of ‘bulge+disk’ galaxies without
bar/spiral; ¢ - number of bulge+disk galaxies without bar and no
spiral arm class); (2) Total number of galaxies in class; (3) Num-
ber of disk galaxies in class; (4) Number of barred disk galaxies,
where bars are from ellipse fitting; (5) Optical bar fraction calcu-
lated as in Eq. 1.
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FiGg. 1.— (a) The dotted line shows the histogram of My absolute magnitude of our cluster sample of 762 ellipse-fitted, bright (M v < —18)
galaxies. Most galaxies have —20 < My < —18. The solid line shows the My distribution of the final cluster sample, after excluding highly
inclined (7 > 60°), and poorly fitted galaxies. (b) Rest-frame U — V' color distribution of the whole ellipse-fitted sample of 762 galaxies (dotted
line) and final sample, after excluding highly inclined galaxies and bad fits (475 galaxies; solid line). Excluding the highly inclined galaxies
does not have a significant effect on the absolute My magnitude, or rest-frame U — V' color distributions.
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Fia. 2.— Left: Ellipse fit overlays on the F606W image of a barred cluster galaxy. In the middle and bottom panels, the contrast is adjusted
to show the inner regions and outer disk regions, respectively. Right: Radial profiles of the surface brightness (SB), ellipticity e, and position
angle (PA). The bar signature is evident in the smooth rise of the e to a global maximum, while the PA remains relatively constant in the
bar region. The e then drops and the PA changes, indicating the transition to the disk region. See § 3.1 for details.



FiGg. 3.— Examples of representative bright (My <

15

— 18) barred galaxies identified through ellipse-fitting in the A901/902 supercluster.
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Fig. 4.— Examples of the visual classification of secondary morphological properties (§ 3.3) for the bright (My < — 18), moderately
inclined (¢ < 60°) sample. Galaxies are grouped according to the visual prominence of the bulge into three groups: ‘pure bulge’ (a,b),
‘bulge+disk’ (c—f), and ‘pure disk’ (g—j). Note that it is difficult to visually separate the classes ‘pure bulge’ and ‘bulge+disk’ (e.g., b vs. c)
when the galaxy appears smooth and shows no disk signatures such as bars or spiral arms.



17

2 :‘ T ‘:

e o $°4° m.&. o o O .

L ) - ('3 g 0 o* O ’\ﬂ‘. o o . . .

i . th b i

C : - . > J

O r ° oo &b Pod - E=

=~ B o o o0 ° ® =

8 r ) ° ° o8 % o ...D. ...?E[DD.:.D%:‘ ;“l%."j D%D.

r ° e . e o '.Dw ° o’ Dg] 'ﬁj

>\ B o ° ® Pl oa Treny g

> op . =

[ Disks (visual) with bar and/or spiral arms, N=152 ]

[ Disks (visual) without bar or spiral arms, N=168 ]

[ Disks (visual) without bar and with no spiral arm class, N=30 ]

— 1 ENon—disk (v‘isug\) galoxies, N=125 ]
—23 —22 -2 —20 —-19 -18

M\/

2 L | | | | | | | | | | | ]

: E

: R

C r 1

0 TF o 9

O [ ]

© C ]

= : ]

> OF .

e ;

iw [ N

O
N
o~
@)}
00

Fia. 5.— This figure compares the disk galaxies identified through three different methods: visual classification, blue-cloud color cut, and
a Sérsic cut for the bright (My < — 18), moderately inclined (¢ < 60°) sample. Panel (a) shows where the visually identified disk galaxies
(filled circles and open squares) lie in the rest-frame U — V' vs. My plane. The systems are further split into disk galaxies with a bar and/or
spiral arms (filled circles) and ones without (open squares). The pink points show visually-identified, unbarred disk galaxies that had no
spiral arm classification. The black points represent all other galaxies, not classified as disks. The solid line separates the red sequence from
the blue cloud galaxies. A blue-cloud color cut selecting disks only below this line captures 178 out of 350 visually-identified disk galaxies.
The remaining 172 or ~ 50%=+ 4% of visually-identified disks lie on the red sequence. Panel (b) shows where visually identified disk galaxies
lie in the Sérsic index n vs. My plane. Colors are the same as in panel (a). The solid line shows the cutoff of n = 2.5, which is supposed
to separate disk galaxies and spheroids. Again, if such a cut is used to select disks, 223 of the visually-identified disks are captured, but the
remaining 127 (36%=+ 4%) with n> 2.5 are missed.
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Fig. 6.— Examples of bright (My < — 18), moderately inclined (¢ < 60°), visually-identified disk galaxies missed by a Sérsic cut with
n < 2.5 (a) and blue-cloud cut (b).
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F1Gg. 7.— (a) The optical bar fraction as a function of visual morphological class. The total bar fraction (32%+ 8%) using visual disk selection

is shown as the horizontal dashed line in both panels. The first bin contains galaxies classified as ‘bulge+disk’, while the second bin contains
galaxies classified as ‘pure disk’. The bar fraction shows a rise from 29%=+ 3% to 47%+ 6% from galaxies classified as ‘bulge+disk’ to ‘pure
disk’. The error bars represent the statistical errors in each bin. (b) The optical bar fraction as a function of central galaxy concentration,
as characterized by the effective radius normalized to the disk radius, 7e/aqisx. Only bins with significant number statistics are shown. The
bar fraction increases from 15%+ 8% in galaxies with high concentration (re/aqisx ~ 0.15), to 50%=+ 12% in galaxies with low concentration
(re/aqisk ~ 0.75). Again, the error bars show the statistical Poisson errors in each bin.
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Fic. 8.— We plot the optical bar fraction as a function of galaxy luminosity My for the three methods of disk selection: (a) a blue-cloud
color cut; (b) a Sérsic (n< 2.5) cut; (c) visual classification. For all three methods of disk selection, the optical bar fraction shows a decrease
from ~ 60%+ 10% at My ~ — 21.5to ~ 20%+ 5% at My = — 18.5. The error bars show the statistical Poisson errors in each bin.
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Fic. 9.— We show the optical bar fraction in a two-dimensional parameter space defined by morphological class and luminosity. Here,

the morphological classes refer to the four visually-classified disk morphological classes: bulge+disk smooth, bulge+disk clumpy, pure disk
smooth, and pure disk clumpy. It is evident that within a given morphological class, the bar fraction increases at brighter My . Also, at a
given absolute magnitude, the bar fraction increases for disk-dominated galaxies. Thus, the optical bar fraction depends on both luminosity
and the relative bulge-to-disk ratio of a disk galaxy.
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F1G. 10.— The optical bar fraction is shown in the rest-frame U — V' color vs My plane (left), and the rest-frame U — V color vs disk
morphological class (right). Here the morphological classes refer to the four visually-classified disk morphological classes: bulge+disk smooth,
bulge+disk clumpy, pure disk smooth, and pure disk clumpy.
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F1Gg. 11.— We plot the variation of the three measures of environment density (%, £10, ICM density) as a function of distance to the nearest
cluster center. All three measures show a decrease in density as a function of cluster-centric distance. The vertical dashed lines denote the
core radius at 0.25 Mpc and the virial radius at 1.2 Mpc. The error bars show the statistical Poisson errors in each bin.
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F1Gg. 12.— The fraction of barred galaxies a function of: (a) distance from nearest cluster center, (b) logZ1g, (c) &, and (d) ICM density.
Bar classifications are from ellipse fits and disks are identified by visual classification. The vertical dashed lines denote the core radius at
0.25 Mpc and the virial radius at 1.2 Mpc. Within the errors, there is no strong trend of the optical bar fraction with local environment
density. The error bars show the statistical Poisson errors in each bin.
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FiG. 13.— The absolute magnitude My (a) and rest-frame U — V' color (b) distributions are shown for the STAGES (solid line), OSUBSGS
(dashed line), and SDSS (dotted line) samples. The OSUBSGS sample is brighter than both the SDSS and STAGES samples, and somewhat
bluer than the STAGES sample. U-V of SDSS to be added in panel b
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F1G. 14.— The stellar mass distribution of the OSU (dashed line), STAGES (solid line), and SDSS (dotted line) samples are over-plotted.
The OSU and STAGES samples have similar range in stellar mass, however, the OSU sample is comprised of slightly more massive galaxies
on average. The SDSS sample has a much narrower range in mass, with most galaxies lying between My /Mg =10°® and 10103
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FiG. 15.— (a) Distribution of bar peak ellipticity ey, for the STAGES sample. The solid black line shows the ellipticity distribution
for all bars. The pink and green lines show the ellipticity distributions for bars in galaxies visually classified as ‘bulge+disk’ and ‘pure
disk’, respectively. Bars in galaxies classified as ‘bulge+disk’ appear rounder than those in ‘pure disk’ galaxies. (b) Distribution of bar
peak ellipticity ep,, for the OSUBSGS sample. The pink and green lines show the ellipticity distributions for bulge-dominated (S0-Sbc) and
disk-dominated (Sc-Sm) galaxies, respectively. Again, bars in bulge-dominated galaxies appear rounder. In addition, bars in the STAGES
supercluster sample appear weaker on average than those in the OSUBSGS sample. The result of lower ey ,, in STAGES compared to OSU
could be due to more bulge-dominated hosts in STAGES than OSU. This effect could be an artifact due to the dilution of the bar ellipticity
by the bulge. It could also be an intrinsic effect.
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F1G. 16.— (a) epar distributions for the STAGES supercluster sample. The distributions are split to show the blue-cloud and red-sequence.
It is evident that blue-cloud galaxies appear to host stronger bars than those on the red sequence. (b) ep,, distribution for the SDSS field
sample. This sample is made up of only blue-cloud galaxies.
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