A&A 679, A5 (2023)
https://doi.org/10.1051/0004-6361/202347500
© The Authors 2023

tronomy
Astrophysics

Properties of barred galaxies with the environment

I. The case of the Virgo cluster

3 2.4

J. Alfonso L. Aguerri’?®, Virginia Cuomo’®, Azahara Rojas-Roncero®*®, and Lorenzo Morelli®

! Instituto de Astrofisica de Canarias, C/ Via Léctea s/n, 38200 La Laguna, Tenerife, Spain
e-mail: jalfonso@iac.es
2 Departamento de Astrofisica de la Universidad de La Laguna, 38206 La Laguna, Spain
3 Instituto de Astronomia y Ciencias Planetarias, Universidad de Atacama, Avenida Copayapu 485, Copiapé, Chile
4 Institut d’Estudis Espacials de Catalunya (IEEC), C/ Gran Capita 2-4, 08034 Barcelona, Spain

Received 19 July 2023 / Accepted 19 September 2023

ABSTRACT

Context. Barred structures are widespread in a considerable fraction of galactic disks, spanning diverse environments and galaxy
luminosities. The environment likely exerts a significant influence on bar formation, with tidal interactions leading to the emergence
of elongated features resembling bars within galaxy disks. It is plausible that the structural parameters of bars resulting from tidal
interactions in high-density galactic environments differ from those that formed through internal disk instabilities in isolated galaxies.
To empirically test this scenario, a viable approach is to compare the structural parameters of bars in galaxies situated within distinct
environments.

Aims. The objective of this study is to study environmental effects on the properties of bars by conducting a comparison between
the two key structural parameters of bars, namely strength and radius, in galaxies situated within the Virgo cluster and galaxies of
comparable luminosities found in environments characterized by lower galaxy densities.

Methods. We have collected data on the bar radius and bar strength for a sample of 36 SBO and SBa galaxies located within the
Virgo cluster. These galaxies exhibit a large range of magnitudes, with values ranging from M, = —22 to M, = —17. Additionally, we
analyzed a sample of 46 field galaxies with similar morphologies and luminosity ranges. The measurements of bar parameters were
conducted by employing Fourier decomposition on the r-band photometric images of the galaxies.

Results. The analysis reveals that the bar radius exhibits a correlation with the galaxy luminosity, indicating that larger bars are
typically found in more luminous galaxies. When comparing galaxies with fixed luminosities, the field galaxies display larger bar
radii compared to those in the Virgo cluster. However, when the bar radius is scaled by the size of the galaxy, the disparity diminishes
and the scaled bars in the Virgo cluster and the field exhibit similar sizes. This is because galaxies of similar luminosities tend to be
larger in the field environment compared to the cluster and because the bars adapt to the disks in which they live. Regarding the bar
strength, no significant differences were observed for bright galaxies (M, < —19.5) between those located in the Virgo cluster and
those in the field. In contrast, faint galaxies (M, > —19.5) show stronger bars in the field than in the cluster.

Conclusions. The findings of this study indicate that the size of galaxies is the parameter that is influenced by the environment, while
the bar radius remains independent of the environment when scaled by the galaxy size. The findings of this study indicate that the
environment influences the size of galaxies rather than the bar radius, which remains independent of the environment when scaled
by the galaxy size. Regarding the bar strength, there is no influence of the environment for bright galaxies. However, bars in faint
galaxies are weaker in the cluster environment. This could be explained by an enhancement of disk thickness in dense environments
which is more efficient in faint galaxies. These results support the notion that the internal dynamics and intrinsic characteristics of
galaxies play a dominant role in the formation and evolution of bars, regardless of the surrounding environment.
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1. Introduction

Bars are elongated stellar structures found in a large fraction
of galaxies in both the nearby (Aguerri et al. 2009) and dis-
tant universe (Guo et al. 2023). The presence of a bar in a
disk galaxy strongly modifies its dynamics by exchanging angu-
lar momentum between different structures within the galaxy
(Debattista & Sellwood 2000; Athanassoula & Misiriotis 2002;
Athanassoula et al. 2013).

The formation of a bar is a complex process that depends
on a large number of internal and/or external properties of the
galaxy (see, e.g., Athanassoula et al. 2013). So far, three main
scenarios for bar formation have been proposed. In the first

scenario, bars are formed due to internal galactic properties,
such as the gas fraction or the shape of the dark matter halo.
In this case, the disk becomes unstable and forms a bar in
a timescale of about 1-1.5Gyr. The bar can undergo buck-
ling instabilities (Raha et al. 1991), temporarily weakening it,
before it grows continuously by secular evolution over sev-
eral gigayears, by exchanging angular momentum between the
disk and other structures within the galaxy (Athanassoula et al.
2013). In the second scenario, bars can be formed by tidal inter-
actions with another galaxy. These interactions produce elon-
gated bar-like features in the disks of the galaxies. In this case,
the bar formation process is different from the internal process,
and bars form over longer timescales and grow slowly due to the
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limited exchange of angular momentum between the disk and
other components of the galaxy (see Martinez-Valpuesta et al.
2016). A third scenario for bar formation has been recently
proposed by Yoon et al. (2019), suggesting that cluster—cluster
interactions can be responsible for the formation of these struc-
tures in galaxies.

The environment could influence the properties of the bars
in at least two of the proposed bar formation scenarios. For this
reason, we propose to analyze the influence of the environment
on the properties of a sample of bars located in one of the most
massive structures in the nearby universe: the Virgo cluster. The
effect of the environment on bar formation can be analyzed using
two different approaches. The first approach is to study the rela-
tion between the bar fraction and the environment where the
galaxies are located. The second approach is to analyze the prop-
erties of bars, such as the bar radius (Ry), strength (S), and pat-
tern speed (€2y), in different environments.

The impact of the environment on bar formation has been
extensively discussed in the literature. Several studies have
found a clear correlation between the bar fraction and the envi-
ronment of galaxies, indicating that bars are more frequent in
high-density environments (see Thompson 1981; Eskridge et al.
2000; Barway et al. 2011; Skibba et al. 2012; Lin et al. 2014,
for example). However, other investigations have failed to
identify a significant relationship between the bar fraction
and the environment (see van den Bergh 2002; Li et al. 2009;
Barazza et al. 2008; Aguerri et al. 2009; Cameron et al. 2010;
Méndez-Abreu et al. 2010; Marinova et al. 2012; Smith et al.
2022, for example).

The relationship between the bar fraction and the envi-
ronment might also be influenced by other galaxy properties
such as their luminosity or morphology. The distribution of
the bar fraction as a function of galaxy luminosity varies sig-
nificantly from the cluster to field environment. For instance,
Méndez-Abreu et al. (2012) studied the bar fraction in three dif-
ferent environments ranging from the field to the Virgo and
Coma clusters and found a large difference between the bar frac-
tion distributions as a function of the galaxy luminosity in the
field and Coma cluster, with Virgo being an intermediate case.
Barred galaxies peaked at M, ~ —20.5mag in clusters and at
M, =~ —19.0mag in the field. This was interpreted as a varia-
tion in the effect of the environment on bar formation depend-
ing on the galaxy luminosity: brighter disk galaxies are stable
enough against close interactions to maintain their disks cold, so
bar formation is triggered by interactions when the galaxies are
probably in a pre-cluster stage. For fainter galaxies, interactions
become strong enough to heat up the disks, inhibiting bar forma-
tion. This trend has been recently confirmed up to z ~ 0.4, using
data from the JWST telescope (Méndez-Abreu et al. 2023).

Similar conclusions were drawn by Lin et al. (2014), who
analyzed ~30 000 barred galaxies in the local Universe and their
environment with Sloan Digital Sky Survey (SDSS) data. After
removing any dependence on the stellar mass, color, or stellar
surface mass density, they found that the clustering of barred
and unbarred galaxies is different when splitting the sample into
early- and late-type galaxies. In fact, early-type barred galaxies
seem to be more strongly clustered on scales from a few hun-
dred kiloparsecs to 1 Mpc when compared to early-type unbarred
galaxies. At these intermediate scales, the correlation function
is dominated by the one-halo term, which would indicate that
barred early-type galaxies are more frequently satellite systems.
This is similar to what Barway et al. (2011) found in SO galax-
ies: a higher bar fraction in clusters rather than in the field.
Moreover, barred late-type galaxies have few neighbors within
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~50kpc since tidal forces from close companions suppress the
formation and growth of bars.

In the study by Tawfeek et al. (2022), the distribution of
barred galaxies was analyzed across 32 galaxy clusters, revealing
that bars were present in approximately ~30% of the analyzed
galaxies when studied in the optical bands. The study found
that the bar fraction exhibited a dependence on both the galaxy
mass and morphological type, being highest for massive late-
type galaxies. However, the fraction of barred galaxies decreased
with increasing cluster mass and decreasing clustercentric dis-
tance. When accounting for the morphological type, the higher
fraction of barred galaxies was consistently found among the
latest morphological types, regardless of their location within
the cluster. This suggests that the presence of bars is driven by
the galaxy morphological transformation associated with infall
toward the cluster, leading to the formation of dynamically hot
systems with an early-type morphology. At larger clustercentric
distances, the bar fraction increased with the distance to the near-
est neighbor galaxy, suggesting that bars could be suppressed
or even destroyed by the presence of a companion. The sample
of analyzed barred galaxies consisted of either early-type, star-
forming galaxies located within the virial radii of the clusters, or
late-type quenched galaxies located in the outer regions of the
clusters.

In contrast, Castignani et al. (2022) introduced the effect of
the cosmic web on the bar fraction, analyzing the bar frac-
tion in various environments, including clusters, filaments, and
fields. The study observed a slight decrease in the bar fraction
from high-density environments such as clusters to filaments and
fields.

The structure of bars in galaxies can be described by three
main parameters: their radius, strength, and pattern speed. The
radius and strength of a bar are related to the prominence of the
non-axisymmetric component of the galactic disk potential, with
larger and stronger bars indicating more significant changes in
the disk structure. The pattern speed of the bar determines its
dynamics and the location of the bar resonances, which play a
crucial role in the formation of different orbit families. However,
the relationship between these bar parameters and the galactic
environment has received less attention in the literature.

In their study, Smith et al. (2022) investigated how the envi-
ronment affects various properties of galaxies, including spiral
arms, bars, concentration, and quenching. They observed that for
field galaxies, there is no significant correlation between the bar
strength and stellar mass. However, they did find a weak correla-
tion between the two for cluster galaxies. Additionally, the study
revealed a strong correlation between the galaxy concentration,
which refers to the prominence of the bulge, and the bar strength
in both field and cluster galaxies. This result contradicts the idea
that there is an excess population of tidally induced bars in clus-
ters due to the expected enhancement of bar strengths by tidal
forces from the cluster as a whole (Lokas 2020). The researchers
also examined the specific star formation rate (sSSFR), which is
the star formation rate per unit of stellar mass, and its relation-
ship with the bar strength. No clear correlation was found for
either field or cluster galaxies.

Additionally, Marinova et al. (2010) studied the properties
of barred galaxies in the central region of the Coma cluster,
the densest environment in the nearby universe. They focused
on disk galaxies, which are dominated by lenticular ones, and
they identified an optical bar fraction of almost 50%. The bars
ended up being relatively small (with R, < 2kpc) and not par-
ticularly strong, as observed in SO galaxies within less dense
environments.
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Erwin et al. (2012) studied the surface-brightness profiles of
disks in SO galaxies in the local field and those in the Virgo
cluster. While in the field, disks present the following three main
types: types I, II, and III corresponding to single-exponential,
truncated, and anti-truncated, respectively. In Virgo, truncated
disks are not present, while single-exponential ones are signifi-
cantly more common. This could be due to environmental and/or
bar effects. Erwin et al. (2008, 2012) did indeed suggest that
truncations are predominantly related to the bar-OLR interac-
tions, which in turn are strengthened by the presence of signifi-
cant amounts of gas in the outer disk. SOs in the field may be able
to retain gas in their outer disk long enough to show the effects of
bar-OLR interactions and develop type II profiles. On the other
hand, SO galaxies in Virgo may have lost their gas, particularly
in the outer disk, due to a combination of ram-pressure stripping
and strangulation, which explain the observed lack of truncated
disks. Additionally, the analysis of the structural parameters of
the disks of galaxies located in high-density environments shows
differences with similar disks in the field. In particular, the scale
length of the disks of galaxies in the Coma cluster was found to
be smaller than that of similar galaxies in the field (Aguerri et al.
2004; Gutiérrez et al. 2004).

Lokas et al. (2016) analyzed the formation of a tidal-induced
bar in a Milky Way-like disk located in the Virgo cluster. In
all simulations, tidally induced bars were formed for all studied
orbits after the first pericenter passage. The formed bars were
longer, stronger, and slower than those that formed in isolation.
These bars were formed by transferring angular momentum from
their stellar component to their dark matter halos. Few strip-
pings of the stellar component were accounted for in these mod-
els. The simulations proposed by Aguerri & Gonzdlez-Garcia
(2009) formed bars by tidal interactions in galaxies losing a
large fraction of their total and stellar mass. In all models, bars
appeared in the remnants of the disks. These bars showed a
large bar radius (R,) compared with the scale lengths (h) of
the disks (Ry/h =~ 2). Other simulations analyzing fast close
galaxy encounters did not find differences in the structural
parameters of the bars before and after the interaction occurred
(Martinez-Valpuesta et al. 2017). In some cases, no bars were
formed by interactions (see Gnedin 2003; Smith et al. 2015).

This work focuses on analyzing the properties of bars (Ryp
and Sp) in a sample of barred galaxies located in the Virgo
cluster. We have selected a range of barred galaxies with dif-
ferent luminosities in the cluster and compared their bar radii
and strengths with galaxies of similar luminosities located in the
field. The paper is organized as follows: in Sect. 2, we present
the selected galaxies. In Sect. 3, we describe the measurement
of the bar properties and compare galaxies in different environ-
ments. Finally, Sects. 4 and 5 present the discussion and con-
clusions, respectively. The cosmology adopted for this work is
Hy =70kms™'Mpc™!, Q, = 0.3, and Q5 = 0.7.

2. Sample of barred galaxies

Two samples of barred galaxies were chosen for this study to
investigate the impact of the environment on the structural char-
acteristics of bars. One sample included barred galaxies located
within the Virgo cluster, while the other sample included barred
galaxies not located in a cluster environment. Both samples were
limited to galaxies with SBO and SBa morphological types, to
avoid possible morphological differences, and with intermedi-
ate disk inclinations (25° < i < 75°) to facilitate the necessary
isophotal and Fourier analysis required for measuring the bar
parameters.

A&A 679, AS (2023)

Table 1. Number of barred SBO and SBa galaxies catalogated as mem-
bers, possible members and background galaxies in the VCC and EVCC
catalogs.

Members Possible members Background
SBO 11 3 8
SBa 14 8 16

2.1. Barred galaxies from Virgo

The Virgo cluster is the closest massive structure to us, with a
total mass of 1.2x 10" M, and a virial radius of Ry, = 1.72 Mpc
(Hoffman et al. 1980). This cluster contains a diverse range of
galaxy types and environments due to the fact that it is not yet
virialized. Indeed, several groups of galaxies are falling into the
cluster (Kashibadze et al. 2020). This makes the Virgo cluster a
suitable environment for studying galaxy evolution. Its proxim-
ity (at a distance of 18.7 Mpc, Davies et al. 2014) allows us to
achieve a spatial resolution such that 1 arcsecond on the sky cor-
responds to 0.09 kpc. This spatial resolution provides an oppor-
tunity to resolve structures as small as a few kpcs, such as bars in
galaxies located in the Virgo cluster. The sample of barred galax-
ies in Virgo was selected using information from two catalogs
of galaxies: the Virgo Cluster Catalog (VCC) and the Extended
Virgo Cluster Catalog (EVCC).

The VCC was first published by Binggeli et al. (1985), and
it includes 2096 galaxies distributed across an area of approx-
imately 140 deg? around the center of the Virgo cluster, which
is located at the position of the central galaxy M 87. The cata-
log provides information on visual morphological classification
and cluster membership, among other parameters. The EVCC,
an extension of the VCC, was created by Kim et al. (2014) using
additional data from the Sloan Digital Survey Data Release 7
(SDSS-DR7, Abazajian et al. 2009). This catalog covers a larger
area of approximately 725 deg® around the cluster center and
includes 1589 galaxies.

A total of 174 galaxies were morphologically classified as
barred (SB) in the VCC and EVCC catalogs, with 48 and 126
from VCC and EVCC, respectively. The number early-type
barred galaxies (SBO or SBa types) reduces to a final sample
of 60 galaxies. The catalogs provided information on the clus-
ter membership classification of galaxies, with classifications
as cluster members, possible cluster members, or background
objects based on their recession velocity or morphological fea-
tures. The composition of the sample according to their mor-
phological type and cluster membership is shown in Table 1.
Figure 1 displays the distribution of the galaxies in the phase—
space diagram for those with radial velocity reported. Barred
galaxies classified as cluster members (red points) are located
inside the virialized cluster region, while those cataloged as pos-
sible cluster members (blue points) are located in the infalling
region. In this study, galaxies cataloged as possible cluster mem-
bers were considered members, resulting in a total of 36 barred
galaxies as cluster members.

Total r-band magnitudes were obtained for all selected
galaxies and converted to absolute r-band magnitudes M, using
the galaxy distance reported by NED! based on the radial veloc-
ity with respect to the cosmic microwave background reference
frame and assuming a value of Hy = 70kms~' Mpc™'. The

! The NASA/IPAC Extragalactic Database is available at https://
ned.ipac.caltech.edu/

A5, page 30f 9


https://ned.ipac.caltech.edu/
https://ned.ipac.caltech.edu/

Aguerri, J. A. L., et al.: A&A 679, AS (2023)

A ]
0.0 0.5 2.5

Fig. 1. Distribution of the barred galaxies cataloged as cluster mem-
bers (red points) and possible cluster members (blue points), for which
recession velocity is available. The gray points represent other galax-
ies in the VCC and EVCC catalogs. The diagonal dashed line separates
the virialized (bellow the line) and the infalling (above the line) cluster
regions (see Oman et al. 2013).

sample of barred galaxies in the Virgo cluster covers a range
of absolute magnitudes in the -band of [-21.3, —16.0].

2.2. Barred galaxies from the field

In order to compare bar properties of galaxies in different envi-
ronments, we compiled a sample of barred galaxies from the
field. To ensure a comparable range in absolute magnitude, we
gathered results from various analyses.

Firstly, we collected the SBO and SBa galaxies from the VCC
and EVCC catalogs classified as background objects. This sam-
ple of field galaxies is formed by 8 SBO and 16 SBa galaxies
(see Table 1). This sample of 24 objects span a range of absolute
magnitude in the r-band of [-19.5, —18.0].

Secondly, we collected barred galaxies from the literature
to complete the bright part of the sample. Two set of barred
galaxies from the literature were considered. The first one is
form by barred SB0 and SBa galaxies with measured bar param-
eters included in Corsini (2011), for which SDSS images are
available. These galaxies were selected because the correspond-
ing bar properties were already available, being measured using
techniques comparable to those used here. This includes 7 SBO
and 3 SBa galaxies. Finally, we revised the galaxies from Calar
Alto Legacy Integral Field Area survey (CALIFA, Sanchez et al.
2012), whose aim was to measure the properties of a statisti-
cally significant sample of nearby galaxies with integral field
spectroscopy. From the CALIFA mother-sample, which includes
~950 objects with available SDSS images, we selected all the
strongly barred galaxies, which were visually classified as SB
by Walcher et al. (2014). Using both the morphological classifi-
cation from the survey and from NED, we selected all the SBO
and SBa included in the CALIFA mother-sample, correspond-
ing to 102 galaxies. We adopted disk properties (position angle
PA and inclination 7) from the photometric-decomposition on the
SDSS r-band images presented by Méndez-Abreu et al. (2017),
when available, or performing an isophotal analysis in the disk
region following the prescriptions of Cuomo et al. (2019a) and
Buttitta et al. (2022), after retrieving the SDSS r-band images
from the science archive of the DR17 (Abdurro’uf 2022). We
ended up with 10 SBO and 12 SBa galaxies, after identifying
galaxies with the selected inclination range.

AS, page 4 of 9

1.0 777
0.8

0.6 B

Fraction

04

0.2

0.0t N S R R

—-6.0 -5.5 -5.0 4.5 —4.0 -3.5 -3.0
log(z,) [Gal kpc™]

Fig. 2. Local environment of the galaxies in the Virgo cluster (full
black line), barred member galaxies (red line), and field barred galaxies
(dashed black line).

The total sample of field galaxies includes 32 objects, with
17 SBO and 15 SBa galaxies. Total r-band magnitude were
retrieved for all the selected galaxies, and translated into abso-
lute r-band magnitude M,. The sample of field galaxies covers a
range [-22.6,—18.0] in absolute r-band magnitude.

2.3. Galaxy densities for the cluster and field samples

We calculated the galaxy density around all galaxies in both the
cluster and field samples using data from SDSS-DR17. To obtain
this density, we downloaded a catalog from SDSS-DR17 con-
taining galaxies located within a 10-deg radius from the Virgo
cluster center, assumed to be at the position of M87. Within
this catalog, we considered objects with radial velocity within
v. = 30 as Virgo galaxies, where v, and o are the Virgo clus-
ter velocity and velocity dispersion, respectively. For the barred
galaxies in the field sample, we downloaded catalogs from
SDSS-DR17 containing galaxies located within 500 kpc around
each galaxy in the sample. The galaxy density (Z,) around each
galaxy was measured by taking into account the number of
galaxies with r-band magnitude m, > 18.0 located within a
radius of 500 kpc and within +1500 kms~! around each galaxy
in the sample. We adopted the magnitude limit of m, = 18.0
given the SDSS spectroscopic magnitude limit. Furthermore, we
corrected the galaxy density by the spectroscopic completeness
of the SDSS data.

Figure 2 shows the cumulative distribution functions of the
galaxy density for galaxies in the Virgo cluster, barred galaxies
from this study in both the cluster and field samples. The plot
clearly shows that the entire sample of galaxies from the Virgo
cluster and the subsample of barred ones have similar cumulative
distribution functions, indicating that barred galaxies are equally
distributed as non-barred ones within the Virgo cluster. In con-
trast, the sample of field galaxies used in this study is located in
regions with lower galaxy densities.

We note that the galaxy sample from the field is more diverse
compared to the sample of barred galaxies in the Virgo cluster.
Our intention was to acquire two sets of galaxies covering the
same range of luminosities and situated in distinct galactic den-
sity surroundings. Nevertheless, we lack information concern-
ing whether the field galaxies are located within groups or are
isolated.
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3. Results
3.1. Bar structural parameters: Radius and strength

Fourier analysis has been largely used to detect different galac-
tic structures, and it is particularly suited to characterize bars,
which correspond to bisymmetric departures from axisymmetry
(Ohta et al. 1990; Athanassoula 2003; Cuomo et al. 2019b). In
this work we derived the photometric properties of bars apply-
ing a Fourier analysis on the azimuthal light distribution of
the galaxy (Aguerri et al. 2000) derived from the SDSS r-band
images. The analysis was applied to the sample of barred galax-
ies from Virgo and to those from the field for which a similar
analysis was not available from the literature. Figure 3 shows an
example of the Fourier analysis performed here.

First, we deprojected the images of the galaxy by stretching
the original ones along the disk minor axis by a factor equal
to 1/ cosi, and conserving the flux. Then, we decomposed the
deprojected azimuthal surface brightness profile I(r, ¢) of each
sample galaxy, assuming polar coordinates in the galaxy disk
(r, ¢) into a Fourier series

Aoz(r) + ) An(r) xcos(me) + Y By(r) xsin(mg). (1)

We derived the radial profiles of the amplitudes of the Fourier
components I,,,(r) as

Io(r) = Ag(r)/2
Lu(r) = (A%(r) + B5(")'?

I(r,¢) =

@)

form = 0,1,2,3,4,5,6 and of the phase angle ¢, of the m =
2 Fourier component as was originally done by Aguerri et al.
(2000) and following the prescriptions of Cuomo et al. (2019b),
Buttitta et al. (2022). Strongly barred galaxies present large even
Fourier components, a clearly peaked m = 2 one, and a constant
behavior of ¢, within the bar region (see Fig. 3).

The bar radius Ry, is derived from the luminosity contrasts
between the bar and interbar intensity as a function of radial dis-
tance (Aguerri et al. 2000). Indeed, the even Fourier components
define the bar profile as Iy(r) = Iy(r) + L(r) + 14(r) + I¢(r), while
the odd ones define the interbar one I, (r) = Ip(r) — L (r) + I4(r) —
I5(r). Therefore, the length of the bar is calculated as the location
where

o/ Iip)max — (o /Iip)min
2

Selecting the bar radius based on Eq. (3) is analogous
to considering the full width at half maximum (FWHM)
of the I/l curve. This method was later employed by
Athanassoula & Misiriotis (2002) on analytic models, and its
accuracy in measuring bar length was demonstrated. Ohta et al.
(1990) previously opted for a fixed value of 1,/ I, = 2 for the bar
radius, but this approach lacks precision across a wide range of
bar luminosities found in galaxies (see e.g., Aguerri et al. 2000).

The bar strength Sy, is calculated using the maximum of the
ratio between the m = 2 and m = 0 Fourier components as

St = (I2/1p)max- 4

Per each galaxy from both the samples, we collected the Pet-
rosian radii enclosing 50% and 90% of the galaxy light, Rsy and
Ry, respectively, provided by the SDSS in the r-band. These
radii can be used to give an estimation of the extension of the
galaxies. In particular, we used them to obtain the relative length
of the bars with respect to the size of the galaxies.

In/In(Ry) = + (Io/Iip)min- 3)

NGC 3772
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Fig. 3. Fourier analysis for NGC 3772, taken as an example. From top
to bottom: non-deprojected SDSS r-band image of the galaxy, radial
profiles of the relative amplitude of the m = 1,2, 3, and 4 Fourier com-
ponents, radial profiles of the bar/interbar intensity ratio used to derive
the bar radius, marked by the vertical dashed line.

3.2. Bar properties in the cluster and field environments
3.2.1. Bar radius as a function of the environment

We initially compared the measured value of Ry, for the two sam-
ples of barred galaxies, namely, Virgo and field. Figure 4 illus-
trates the bar radius in kpc of both the field and Virgo galaxies
as a function of their r-band absolute magnitude. The linear fits
to the Ry— M, relations in our sample are R, = —12.08 — 0.75M,
for the Virgo galaxies and R, = —14.92 — 1.04M, for the field
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R, [kpc]

Fig. 4. Bar radius in kiloparsecs for the galaxies in the Virgo cluster
(blue and red points) and from the field (black stars). The black and
red full lines represent linear fits to the R,—M, relation for the field and
Virgo galaxies, respectively.

Table 2. Mean value and corresponding standard deviation of the bar
parameters for the sample of Virgo and field galaxies.

Parameter Virgo Field

(Rp) [kpe] 2.6x1.5 6.1+3.0
(Sv) 04+02 05+0.2
(Rso) [kpe] 1.2+04 33=x1.1
(Roo) [kpc] 3.4+1.0 9.3+4.0
(Rv/Rs0) 1.8+09 1.8+0.7
{Ry/Ro9o) 06+03 0.7+03

galaxies. These linear relations demonstrate that the bar radius
is dependent on the galaxy’s luminosity, with more luminous
galaxies exhibiting larger bars. This characteristic is consistent
with both the field and Virgo barred galaxies and has been
observed in other samples of barred galaxies with varying lumi-
nosities (see Cuomo et al. 2020).

Furthermore, Fig. 4 also indicates that bars in the Virgo clus-
ter tend to be shorter than those in the field for a fixed value
of M,. Specifically, the mean values of R, for the Virgo and
field galaxies are 2.6 and 6.1kpc, respectively (see Table 2).
This implies that the mean bar size in the field is approxi-
mately 3.5 kpc larger than that in the Virgo cluster, that is, more
than double. The presence of short bars in cluster has been
also reported in the core regions of the Coma cluster. Thus,
Marinova et al. (2010) shows that for a sample of ten early-type
bars in the core of the Coma clusters were always shorter than
2 kpc. This radius is smaller than the obtained for bars on similar
galaxies out from clusters.

Figure 5 illustrates the relation between Rsy and Rgy with
M, for the Virgo and field samples. We can see that more lumi-
nous galaxies are larger than less luminous ones. Additionally,
it can be observed that for a fixed absolute magnitude, galaxies
in the field show larger values of Rsy and Ry than their counter-
parts in the cluster. The mean values of Rs5y and Ry for galax-
ies in Virgo and the field are given in Table 2. We note that the
difference between Virgo and field galaxies is larger when con-
sidering the Rgy values rather than the Rsy ones. This indicates
that the outermost parts of the galaxies in the Virgo cluster are
more affected by the environment than the inner ones. The fact
that barred galaxies in the field are larger than those in the Virgo
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Fig. 5. Galaxy radius enclosing 50% (top panel) and 90% (bottom
panel) of the light in the r-band for the barred galaxies in the Virgo
cluster (blue and red points) and in the field (black stars). The black
and red full lines represent the linear fits to the Virgo and field galaxies,
respectively.

4

0.1
—22
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—21 —17
Fig. 6. Bar radius scaled by Rs (top panel) and Rqy (bottom panel) for
the galaxies in the Virgo cluster (blue and red points) and in the field

(black stars). The full black and red lines represent linear fits to Virgo
cluster and in the field, respectively.

cluster could explain the differences in the bar radius observed
in Fig. 4.

Indeed, when we scaled the Ry, by the galaxy extension (Rsg
or Ry), the Virgo’s and the field’s bar radii become similar (see
Fig. 6 and Table 2). This result implies that the environment does
not play an important role in the radius of the bars.

3.2.2. Bar strength as a function of the environment

Figure 7 shows the relation between the bar strength (S1,) and
the absolute magnitude of the galaxies in the cluster and in the
field. The mean values of S, for the Virgo and the field samples
are compatible within the errors (see Table 2). However, there is
a weak relation between the bar strength and the absolute mag-
nitude of the galaxies. Indeed, the slope of the relation S',—M, is
larger for the galaxies in the cluster (—0.07 + 0.02) then for the
field sample (—0.04 + 0.02).
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(O P L L L [

Fig. 7. Bar strength for the galaxies in the Virgo cluster (blue and red
points) and in the field (black stars).

Moreover, we can observe some differences in the bar
strength when we divide the sample into bright (M, < —19.5)
and faint (M, > —19.5) galaxies subsamples. Bright galaxies
show similar mean values of S, independent of the environment
((Spy = 0.51 £ 0.04 for Virgo sample and (S,) = 0.59 + 0.04
for the field galaxies). In contrast, larger differences in the
mean values of S}, can be appreciated for faint galaxies with
M, > —19.5 when comparing the cluster and field subsamples
Sy = 0.33+£0.02 for Virgo galaxies and (S,) = 0.50+0.04 for
field ones). Thus, bars in the Virgo sample are weaker than in the
field for faint galaxies. No differences have been also observed
in the bar strength of the bars of galaxies located in the virialized
or the infall cluster regions.

3.3. Galaxy light concentration and bar parameters

The galaxy light concentration (C) parameter shows the frac-
tion of light located in the innermost regions of the galaxies.
This quantity have been found to correlate with galaxy proper-
ties including some from the bars (see e.g., Smith et al. 2022).
We have analyzed the light concentration of our galaxies with
the bar parameters (length and strength) as a function of the
environment. The galaxy light concentration was measured as:
C = 5 X log(Rsp/Ryp), being Rsy and Ry the radii enclosing
50% and 90% of the total light of the galaxy, respectively (see
Yu & Ho 2020).

Figure 8 shows the relations between the bar strength, nor-
malized bar radius, and galaxy light concentration. In both cases
the correlations are weak (less than 20 in the Spearman test).
In particular, the bottom panel of Fig. 8 indicates that there is no
significant differences between the normalized bar radius and the
galaxy light concentration for galaxies in clusters and those in
the field. In addition, galaxies with larger values of Ry, /Rg, tend
to be located in objects with larger values of C, regardless of the
sample. The top panel of Fig. 8 shows that, for galaxies located
in the field, there is no correlation between S, and C. In contrast,
a weak correlation is observed for galaxies in the cluster. In this
case, weaker bars are located in galaxies with smaller light con-
centration. This difference can be seen when we split the sample
in two set of galaxies with C > 2.3 and C < 2.3. Galaxies with
C < 2.3 show (Sp) = 0.46 = 0.06 and 0.35 = 0.02 for those in
the field and cluster, respectively. Galaxies with C > 2.3 show
(Sb) = 0.50 + 0.04 and 0.49 + 0.05 if they belong to the field
or to the cluster, respectively. This indicates that the behavior

1.0F

0.1
1.5

2.0 2.5 3.0

C
Fig. 8. Galaxy light concentration as a function of bar strength (top
panel) and normalized bar radius (bottom panel). The symbols represent
galaxies in the Virgo cluster cluster (blue and red points) and in the
field (black stars). The full lines represent the linear relations between
the parameters for the galaxies in the Virgo cluster (red line) and in the

field (black line).

of the bar strength is similar regardless of galaxy environment
for galaxies with high light concentration (C > 2.3). In contrast,
galaxies with small light concentrations (C < 2.3) in the cluster
show smaller values of S, than those located in the field. This
findings suggest that a population of barred galaxies in clusters
with bar strength enhanced by tidal interactions is not observed
(see Smith et al. 2022).

4. Discussion

The environment plays a crucial role in the formation and evo-
lution of galaxies. Specifically, the physical processes expe-
rienced by galaxies in clusters differ significantly from those
in field environments. In high-density galaxy environments,
such as galaxy clusters, tidal interactions between galaxies
and the cluster potential are common (see, e.g., Moore et al.
1999). These tidal interactions can range from fast flybys with
a large impact parameter (Moore et al. 1999) to close interac-
tions that heavily influence the morphology and/or the stellar
content of the galaxies (see, e.g., Gonzdlez-Garcia et al. 2006).
Additionally, galaxies in clusters undergo a process known as
ram pressure stripping, caused by the interaction between the
galaxy and the hot intracluster medium (see, e.g., Quilis et al.
2000; Schulz & Struck 2001). These processes result in the
expulsion of stars and gas from galaxies into the intraclus-
ter medium, leading to significant changes in the morphology
and stellar content of galaxies in high-density environments.
Consequently, late-type galaxies undergo morphological trans-
formations, becoming early-type galaxies. This phenomenon,
known as the morphology—density relation, has been observed
in nearby clusters (Dressler 1980) as well as in distant clus-
ters (Cerulo et al. 2017). The outer regions of galaxies consist
of stars with lower binding energy, making them more sus-
ceptible to being stripped away during tidal interactions. Thus,
these external regions are the most affected by these interactions.
This effect has been observed in the disks of galaxies within
clusters. Using hydro-dynamical simulations, Schulz & Struck
(2001) showed that gas is promptly removed from the outer disk
due interaction with an hot intracluster medium, which in turn
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can survive from escaping immediately from the halo, even when
the ram pressure stripping is not complete in the cluster cores.
Moreover, Tonnesen et al. (2007) confirmed that gas is lost in
galaxy cluster due to a wide variety of mechanisms, but the dom-
inant one is a gas-only stripping event, taking place in the center
of clusters out to one viral radius and the amount of gas lost
correlates with the ram-pressure the galaxy is experiencing. For
instance, the disk scale of galaxies located in the Coma cluster
is shorter compared to similar galaxies in the field (Aguerri et al.
2004; Gutiérrez et al. 2004). We have observed a similar effect in
our galaxies, where galaxies within the Virgo cluster are shorter
compared to those in the field. Furthermore, we have noticed that
galaxies located in the virialized or the infall cluster region also
exhibit shorter sizes compared to field galaxies. This suggests
that the mechanisms responsible for the reduction in galaxy sizes
are already at work during the infall process of galaxies into the
cluster. This result is somehow in disagreement with the results
from N-body simulations by f.okas et al. (2016) and from cos-
mological hydrodynamic simulations of groups and clusters by
Rhee et al. (2017), suggesting instead mass-loss due to the inter-
action with the cluster should be efficient after the first pericenter
passage. Indeed, the infalling galaxies analyzed here should not
have had the time yet to reach the pericenter. On the other hand,
we cannot exclude preprocessing effects could have played an
important role as well.

The difference in size of galaxies with similar luminosity in
clusters and field could explain the difference in the length of
bars located in the Virgo cluster and the field. Specifically, bars
in the field would be larger because they are located in more
extended galaxies. We have seen that the difference in the bar
size is not present when the bar radius is scaled by the size of the
galaxy, pointing out that bars grow until reaching a fraction of
the size of the disk independently of the environment in which
the host galaxy is residing.

Several theoretical studies have examined the formation
of bars resulting from strong tidal interactions, focusing on
the effects of Milky Way-like fly-by interactions. For instance,
Martinez-Valpuesta et al. (2016) found that flyby encounters do
not affect the radius or strength of bars when they are already
formed in unstable disks. However, bars formed by interactions
in stable disks tend to be shorter and weaker. In contrast, f.okas
(2018) demonstrated that only galaxy encounters in prograde
orbits, with sufficiently small impact parameters, can generate
strong bar features. Nevertheless, they did not compare the struc-
tural parameters of these bars with those formed in isolation.

The formation of bars in large-scale cosmological
simulations has also been examined. In the IllustrisTNG
simulation, f.okas (2021) investigated the properties of bars
in galaxies formed through various mechanisms. The author
classified barred galaxies at z = 0 into three classes based on
their interaction history. Class A comprises galaxies that expe-
rienced strong interactions resulting in significant mass loss.
The bars in these galaxies formed through tidal interactions.
These galaxies underwent such intense tidal effects that they
exhibited bar-like structures, characterized by elongated bar-like
features with small rotating disks. Class B includes galaxies in
which bars formed through mergers, interactions with passing
satellites, or internal disk instabilities. Class C consists of
galaxies showing no evidence of strong interactions. The three
classes of galaxies exhibits bars of similar strength, with a range
of Ay max = 0.58—0.62. The mean bar radii for the three classes
were 4.3 kpc, 4.8 kpc, and 5.0kpc for galaxies in classes A, B,
and C, respectively. Although the differences are smaller than
in their results, there is a trend toward smaller bars from field
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galaxies (class C) to galaxies in clusters with strong interactions
(class A). However, these differences are much smaller when
the bar radii are scaled. In contrast, Peschken & f.okas (2019)
found that bars in the Illustris simulation formed in galaxies
experiencing strong interactions tends to be stronger than those
in disks with no or minimal interactions.

In our study, we have found that, for a given luminosity,
bars formed in galaxies within the Virgo cluster are shorter than
those located in the field. This contradicts the results obtained
by Lokas (2021), where bars are larger in galaxies experienc-
ing strong interactions. Additionally, the overall size of galaxies,
as measured by their Rsy or Ry, is also shorter in the cluster
environment. However, when the radius of the bar is scaled by
the size of the galaxy, the bars in the Virgo cluster and in the
field appear to be similar. This suggests that larger scaled bars
are found in larger galaxies. Interestingly, the growth of bars
within the respective disks occurs up to a fraction of the disk size
that appears to be independent of the environment. This finding
implies that the process of bar formation is primarily driven by
internal galactic processes rather than external ones.

Finally, we have shown a weak correlation between the
bar strength and the absolute magnitude of the galaxies,
which becomes remarkable when splitting the selected galaxies
between bright and faint subsamples. Indeed, bars in the Virgo
sample are weaker than in the field when considering the faint
galaxies. A similar but weak trend was found in massive clusters
as well by Smith et al. (2022). The fact that faint galaxies are
weaker in the cluster than in the field could be related with the
thick of their disks. Thus, disks of faint galaxies in the cluster
would be thicker than those in the field producing weaker bars.
This could also be in agreement with the fact that bars located in
galaxies with small light concentration (C < 2.3) show weaker
bars when they are located in clusters than those in the field.

5. Conclusion

We have analyzed the properties of the bars for a total of 14
(SBO) and 22 (SBa) galaxies located in the Virgo cluster and its
infall region. These galaxies span a wide luminosity range from
—22.0 < M, < —17.0. For comparison we analyzed a sample of
18 (SBO0) and 28 (SBa) galaxies located in smaller galaxy density
environments. The radius and the strength of the bars were deter-
mined by using Fourier decomposition of the surface brightness
of the r-band SDSS galaxy images. The main results are the
following:

— Bars in the Virgo cluster are shorter than those located in
field galaxies. In particular, the mean radius of the bars in
the Virgo cluster and in the field samples are 2.6 and 6.1 kpc,
respectively.

There is a weaker dependence of the strength of the bars with
the environment. Thus, bright galaxies (M, < —19.5) has
similar bar strengths in the cluster and in the field. In con-
trast, faint galaxies (M, > —19.5) show fainter bars in the
cluster than in the field.

For a fixed luminosity, galaxies in the field are larger than
those in the Virgo cluster. The mean Ry for the total sample
of field and cluster galaxies is 9.3 and 3.4 kpc, respectively.
The differences in the bar radius between field and Virgo
galaxies are not present when they are scaled by the size
of the galaxies. This indicates that independent of the envi-
ronment the ratio between the bar radius and the size of
the galaxy (Rpar/Roo) is similar for a give luminosity of the
galaxies.
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The large spectroscopic galaxy surveys available today allow us,
for the first time, to trace the structure of the cosmic web and ana-
lyze the properties of galaxies in environments other than galaxy
clusters. In the near future, we intend to examine the character-
istics of galactic bars within various settings, including clusters,
filaments, and groups, in order to gain insight into the influence
of the environment on bar properties.
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