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ABSTRACT

The high luminosity displayed by an active galactic nucleus (AGN) requires that gas be transported to the centre of the galaxy by
some mechanism. Bar-driven processes are often pointed out in this context and a number of studies have addressed the bar—-AGN
connection, but with conflicting results. Some of the inconsistencies can be explained by the different spatial- and timescales involved
in bar-driven gas inflows, accretion by the central black hole, and AGN emission. However, the discrepant results could also be due
to sample biases, because both the AGN activity determination and the bar detection are influenced by the method employed. We
revisit the bar—~AGN connection in a sample of galaxies from SDSS, looking for evidence of the influence of bars on AGN activity.
We determine AGN activity by emission line diagnostics and the properties of the bar were previously estimated with BUDDA, which
performs 2D bulge-bar—disk decomposition. Before comparing active and inactive galaxies, we made a careful selection of the sample
to minimise selection biases. We created control samples by matching them with the AGN sample using propensity score matching.
This technique offers an analytical approach for creating control samples given some object parameters. We find that AGN are
preferentially found in barred galaxies and that the accretion rate is higher in barred galaxies, but only when different M—o relations
are used to estimate the black hole mass M, in barred and unbarred galaxies (from the central velocity dispersion o). On the other
hand, we find no correlation between activity level and bar strength. Altogether, our results strengthen theoretical predictions that the
bar is an important mechanism in disc galaxies, creating a gas reservoir to feed AGN, but they also indicate that other mechanisms

can play a major role, particularly at scales < 100 pc.

1. Introduction

Active galaxies present much higher luminosities than inactive
o galaxies over most of the electromagnetic spectrum, and the
compact region at their centre is called an active galactic nucleus
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() (AGN). Most of the energy output in AGN is a non-thermal (not
O stellar) type of emission. Nowadays, this phenomenon is under-

stood as the effect of a supermassive black hole (SMBH) sur-
- N rounded by a gaseous accretion disc. Such discs form because
= the material being accreted by the black hole has residual an-

== gular momentum. The disc can have differential rotation, cre-

ating friction between the rotating gas layers, which rises the
temperature to millions of degrees and ultimately leads to a very
high luminosity. Despite being present in most galactic centres
(Kormendy & Richstone 1995), only a fraction of SMBHs con-
sume gas and stars in large quantities. For example, only 10% of
local galaxies are active. However, they were much more numer-
ous in the past and possibly had a fundamental role in shaping
the galaxies we see today (Ho et al. 1997).

The luminosity emitted by an AGN depends on the accre-
tion rate and the mass—energy efficiency, which is usually around
10% (Peterson 1997; Combes 2001; Bian & Zhao 2003). Based
on this, one can estimate the mass necessary to sustain this lumi-
nosity: for an AGN with a luminosity of L ~ 10 erg s~!, typical
of a Seyfert galaxy, the total mass that has to be transported to
the nuclear region varies between 10° and 10° Mg, considering
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a lifetime of 107 - 108 years for an AGN (Martini 2004; Wada
2004; Merloni 2004). One of the major challenges in astronomy
today is to understand how this large quantity of material is trans-
ported to the galactic centre, entering the black hole gravitational
influence radius. To be moved from galactic scale orbits (tens of
kiloparsecs (kpc)) to parcec(pc)-scale orbits, the gas has to lose
angular momentum.

Galaxy dynamics is very complex. Different dynamic in-
stability mechanisms can have a role in the angular momen-
tum removal (Combes 2001), such as type m=1 instabili-
ties (spirals or tide interaction with nearby galaxies) and type
m=2 instabilities (bars). Dynamical mechanisms that could
cause these perturbations have been investigated for a possi-
ble connection with AGN activity (Regan & Mulchaey 1999;
Laine et al. 2002; Cisternas et al. 2013; De Propris et al. 2014;
Satyapal et al. 2014; Cheung et al. 2015; Galloway et al. 2015;
Alonso et al. 2018; Ellison et al. 2019).

In particular, on kpc scales, the bar non-axisymmetric po-
tential has an important role in the secular evolution of galax-
ies. Simulations suggest that torques produced by the stellar
bar potential perturb the interstellar medium (ISM), transport-
ing gas and dust through the bar, where this material suffers
shocks and compression (Athanassoula 1992). Observational ev-
idence also points to the bars as a mechanism that transports gas
to the central regions, increasing the young stellar population
in the region of the bulge (Sheth et al. 2005; Coelho & Gadotti
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2011; Ellison et al. 2011; Oh et al. 2012; Lin et al. 2020), al-
tering the gas content and N/O gas abundances (Florido et al.
2015), or creating a correlation between the star formation rate
(SFR) close to the nucleus and some bar properties (Martin
1995). The influence of the bar through its ability to produce
torque in the ISM gas is well accepted. However, for an inter-
mediate scale of hundreds of pc, the gas finds a zone full of
resonances as an obstacle to the direct feeding of the AGN. In
this region, the gas is confined to rings near inner Lindblad res-
onances (Athanassoula 1992; Piner et al. 1995; Combes 2001;
Binney et al. 2009; Sormani et al. 2018; Audibert et al. 2019).

Recent studies investigated the bar—AGN connection, with
controversial results. From a non-exhaustive review of recent
results, we find that Oh et al. (2012) analysed the effect of the
presence of bars on both star formation and AGN activity in the
local Universe. They used a Sloan Digital Sky Survey (SDSS)
sample of more than 6000 galaxies, using the BPT diagram
(Baldwin et al. 1981) for activity detection and visual inspec-
tion for the presence of bars. Oh et al. (2012) found an excess
of AGN in barred galaxies. Their results suggest that the bar has
an influence on the AGN and this effect is more intense on bluer
galaxies and with less massive black holes. Alonso et al. (2013),
using a SDSS sample, find evidence that bars play an impor-
tant role in AGN activity and host galaxy properties. In addition,
the results reported by Alonso et al. (2014) point to a relation-
ship between the environment and the efficiency of the bars in
transporting gas towards the centre, with a higher efficiency en-
countered in denser environments. This suggests that analysis of
a possible bar—AGN relationship should also take into account
the type of environment of the galaxies in the sample. Another
point that stresses the need to consider the environment in this
study is that mergers and other types of interaction are also sug-
gested as AGN feeding mechanisms. Ellison et al. (2016) report
observational results that indicate that secular and interacting
processes lead to distinct manifestations of activity. While sec-
ular processes predominantly lead to more moderate accretion
rates and are not accompanied by an increase in SFR, interac-
tion processes lead to an increase in SFR, with more powerful
and possibly obscured AGN. Ellison et al. (2019) also report ob-
servational results that support the scenario where interactions
promote gas funnelling to the SMBH feed, with an AGN sample
exhibiting more frequent disturbance signals than a sample of
inactive galaxies. However, these authors emphasise that despite
the evidence in favour of a merger—AGN connection, interac-
tions and mergers should not be the predominant mechanisms in
triggering the feeding of optically identified AGN in the local
Universe.

Alonso et al. (2018) also used a SDSS sample to study the
influence of strong bars on AGN, while also comparing the ef-
fects of interactions on activity. These authors found that both
bars and interactions increase the AGN luminosity and accre-
tion rate, but bars have a greater efficiency in the process. Using
a much larger sample, which makes use of the citizen science
project Galaxy Zoo, Galloway et al. (2015) also find that there
is an excess of AGN in barred galaxies. However, Cheung et al.
(2015), who also based their study on Galaxy Zoo, but with a
sample selected beyond the local Universe (0.2 < z < 1.0), find
no excess of AGN in strongly barred galaxies. Cisternas et al.
(2013), using a sample of X-ray-luminosity-selected AGN, find
similar results: the fraction of AGN in barred galaxies seems to
be higher, but there is no correlation between the AGN strength
(measured by the X-ray luminosity) and the presence of a bar.
Goulding et al. (2017), making use of a large sample of galax-
ies from the SDSS Galaxy Zoo project 2 and the X-ray stacking
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analysis technique to measure BH accretion rates for more than
50,000 galaxies with and without strong bars, again find no evi-
dence that large-scale bars influence the average growth of BHs
in nearby galaxies.

In summary, we find that while Regan & Mulchaey (1999),
Cisternas et al. (2013), Cheung et al. (2015), and Goulding et al.
(2017) do not find significant differences that indicate bars
as the main mechanism for AGN feeding, Laine et al. (2002),
Coelho & Gadotti (2011), Oh et al. (2012), Alonso et al. (2013,
2014), Galloway et al. (2015), and Alonso et al. (2018) show
that there seems to be a connection between bars and AGN.
These conflicting results might be explained by the difficul-
ties in the sample selection and characterisation, and intrin-
sic complications predicted theoretically. From an observa-
tional point of view, bar and activity classification can be
determined by different methodologies, and these do not al-
ways agree. For the activity classification, one of the most
used criteria is the BTP diagram (Baldwinetal. 1981), to-
gether with the divisory lines from Kauffmann et al. (2003),
Kewley et al. (2001), and Schawinski et al. (2007). Other meth-
ods can also be used, like the full width of half maximum
(FWHM) of the Ha line (Hao et al. 2009), X-ray luminosity (e.g.
Goulding et al. 2017), or colours (Stern et al. 2012). Bar identi-
fication is also prone to uncertainties. Identification can be made
through visual inspection (e.g. Oh et al. 2012), model fitting (e.g.
Menéndez-Delmestre et al. 2007; Gadotti 2009), or large citizen
science projects like Galaxy Zoo (e.g. Galloway et al. 2015). In
arecent study, Lee et al. (2019), studying a volume-limited sam-
ple consisting of 1698 spiral galaxies brighter than M, = -15.2
with z < 0.01 from SDSS/DR7, demonstrate that the fraction of
bars is dependent on the detection method, finding bar fractions
of 63% when using visual inspection, 48% when fitting ellipses,
and 36% when using Fourier analysis.

Also, the cosmological distribution of bars needs to be
taken with care. After the pioneering work by Abraham et al.
(1999), many authors sought to study the evolution of the barred
galaxy fraction with redshift (Jogee et al. 2004; Sheth et al.
2008; Cameron et al. 2010; Shethetal. 2012; Melvin et al.
2014; Simmons et al. 2014). While the results between the dif-
ferent studies are not exactly compatible with each other, there
seems to be a consensus that there is a decline in the numerical
density of bars from the local Universe up to z = 0.8.

If on one hand, observational constraints such as sample se-
lection effects, AGN classification ambiguities, and bar detection
create difficulties for the study of the bar—AGN connection, on
the other hand, and despite clear evidence of bars building up a
gas reservoir at galaxy centres, theoretical caveats may make the
detection of a correlation between both phenomena difficult.

Despite the presence of a bar, the galaxy needs to have gas
available, which creates a secondary parameter. In addition, the
roles of inner spiral arms and rings, inner bars, and dynamical
resonances near the centre are not easy to disentangle in this
process. Finally, AGN are stochastic phenomena, and the typi-
cal timescale for funnelling the gas to the centre of the galaxy
(108 yr) and the lifetime of bars (~ 10'0 yr) are expected to
be much longer than the timescale for AGN activity (107 yr,
Combes 2001).

Given all these difficulties and different approaches in the
effort to reduce bias, it is not surprising that different studies
find conflicting results. Building on previous studies, and in an
attempt to address the most important selection biases in a robust
way, in this work we investigate the bar—AGN connection in a
sample of galaxies from Gadotti (2009, GO9 hereafter) obtained
from the SDSS. We use a new approach to match samples of
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active and inactive galaxies so that some of their properties have
similar distributions in both groups.

A common approach in studying a bar—AGN connection is
to use binomial population proportions, that is, to analyse the
fraction of the population of galaxies that host AGN in samples
of barred and unbarred galaxies. In addition to this approach,
we use properties that are not dichotomous, such as bar strength
and AGN intensity (e.g. Cisternas et al. 2013). This allows us to
directly compare properties of the bar with those of the AGN, in
an attempt to find a link between these two phenomena. In § 2
we describe the sample of galaxies used in this work and in § 3
the method used to define the control sample. In § 4 we present
the results of the search for a connection between bars and AGN
and in § 5 and § 6 we present a discussion and our conclusions,
respectively. Throughout this work we adopt a cosmology with
Hy=75kms™! Mpc™!, Q) =0.3,and Q5 = 0.7.

2. Sample description

In this work we used subsets of the galaxies studied by G09,
obtained from all objects identified as galaxies in the SDSS Data
Release 2 (Abazajian et al. 2004). The bar and galaxy properties
were measured using BUDDA! (de Souza et al. 2004), a code that
performs 2D bulge—bar—disc decompositions using g, r, and i-
band images.

From the SDSS data, GO9 used only objects with stellar
masses greater than 10'° Mg, excluding dwarf galaxies from the
analysis. The redshift was restricted to 0.02 < z < 0.07 in or-
der to guarantee a physical spatial resolution that would allow
the study of the properties in an appropriate way. All objects
present in the sample are seen at a face-on projection, with a
semi-minor to semi-major axial ratio greater than or equal to
0.9. Galaxies in mergers or with perturbations caused by an-
other nearby galaxy were excluded; objects that have some dis-
tortion in the CCD or a nearby bright star and galaxies with semi-
major axis a < 4 arcsec were also excluded. These criteria pro-
vided a sample that is both representative and appropriate for
two-dimensional bulge—disc—bar decomposition, because select-
ing face-on galaxies minimises dust and projection effects and
facilitates the identification of bars. Given these constraints, the
final sample provided by G09 is composed of 946 galaxies. The
redshift of most objects in that sample is around 0.04 <z < 0.06,
resulting in a typical spatial resolution of about 1.5 kpc.

Employing BUDDA, in G09 the images were decomposed us-
ing a two-dimensional model composed of an exponential disc,
a Sérsic bulge, and a bar characterised by concentric generalised
ellipses, as described in Athanassoula et al. (1990):

{5

where a and b correspond respectively to the semi-major and
semi-minor axes, x and y to the coordinates of the pixels, and
¢ to the parameter that forms the ellipse. For ¢ > 2, the ellipse
has a boxy shape which is more suitable for the description of
the bar isophotes. Modeling the galaxy with multiple compo-
nents, as done with BUDDA, provides the properties of the bar
with more accuracy than when modeling the image using only
ellipse fitting, with no decomposition. Fitting the image exclu-
sively with ellipses tends to underestimate bar ellipticity (see
Gadotti 2008). For all galaxies in the sample, the detection of
the bar and the measurement of its properties was done using
this uniform method.

1

ey
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Table 1. Sample size after applying constraints.

Sample Constraints Total
b/a> 0.9
G09 0.02<z<0.07 946
a > 4 arcsec
This work main sample, B/T (lum.) > 0.043 504
without matching log ([Om]/HB) > 0.25¢
Matched by My, My puee ~ the same constraints
HuE . 188
and X5 of the main sample
Matched by M4, My pulge,  the same constraints
Sérsic index of bulge, of the main sample 188
and X5
Matched by M, My puige;  the same constraints
’ . 188
Y5 and g-r of the main sample

Notes. We note that although the number of galaxies is the same in
the matched samples, they do not contain exactly the same galaxies.
¢ Criterion adopted for active galaxies in the sample.

As mentioned in G09, most bars smaller than 2 - 3 kpc
were probably missed. To circumvent this limitation and its
possible associated bias, we adopted the same procedure as
Coelho & Gadotti (2011), excluding from the sample the galax-
ies with a bulge-to-total-luminosity ratio (B/T) of less than
0.043. As found in Graham & Worley (2008), this ratio is related
to galaxies later than Sc where smaller bars are more common.

The data in our galaxy sample were complemented by those
provided for active objects of the SDSS DR2 studied by the
MPA/JHU team?. These data were described in Kauffmann et al.
(2003) or obtained directly from the Catalog Archive Server Jobs
System (CasJobs)?.

The galaxies in our sample were divided into active and
inactive galaxies. For the sample of active galaxies, we se-
lected all galaxies classified as AGN by Kauffmann et al. (2003).
We then used the BPT diagram (Baldwin et al. 1981) —based
on the [Om]5007/HB and [Nu]6584/Ha ratios provided by
Kauffmann et al. (2003)— to refine this subsample. Fig. 1 shows
a BPT diagram containing the objects of our active subsam-
ple, where some distinct regions can be seen: below the curve
proposed by Kauffmann et al. (2003) are the objects classified
as starbursts. Between this curve and the one proposed by
Kewley et al. (2001) are the objects now considered to be com-
pounds or ‘transition region objects’. On the right side of the di-
agram and below the curve proposed by Schawinski et al. (2007)
are the objects classified as low-ionization nuclear emission-line
region (LINER). The last region, located at the top of the BPT
diagram, is the region containing Seyferts.

We used the BPT diagram to remove composites from
the AGN sample. To remove LINERs from the sample that
might have their origin from mechanisms other than an AGN
(Heckman 1987) the [Om]5007/HB was used as a proxy for
activity. Only objects with log ([Om]5007/HB) > 0.25 were
kept in the sample of active objects. The final AGN sample is
shown in blue in Fig. 1. After this additional cut based on the
[Om]5007/HB, and the adoption of the lower limit of B/T, the
number of galaxies in the sample becomes 524, of which 94 are
classified as active. This sample of galaxies represents the main
sample of this work. Table 1 summarises the sample cuts and
sizes, including the samples after the match procedure described
in Sect. 3.

2
3

wwwmpa .mpa-garching.mpg.de/SDSS/index_dr2.html
skyserver.sdss.org/casjobs/
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Fig. 1. BPT diagram (Baldwin et al. 1981) for classification of objects
with respect to their activity. The classification is obtained given the
location of the objects in the diagram. The regions are marked according
to the curves defined by Kewley et al. (2001), Kauffmann et al. (2003),
and Schawinski et al. (2007) which are indicated in the diagram. The
line ratios are described in Kauffmann et al. (2003).

2.1. Emission line detection at different redshifts

Redshift may prevent the detection of the [O mi] emission lines
with SDSS spectroscopy in more distant galaxies. This is likely
to mainly affect galaxies hosting faint AGN where the emission
lines could be undetected, leading the galaxy to be misclassified
as inactive. When comparing for example the fraction of AGN in
barred and unbarred galaxies, the possible inclusion of galaxies
with an existing but undetected AGN (thus considered inactive)
should affect both groups of barred and unbarred galaxies. For
higher redshift, the fraction of the galaxy encompassed by the
fibre is larger and the effect can be significant. When the [O m]
luminosity is directly compared to galaxy and bar properties, we
apply a normalisation of the [O m] luminosity by the fibre lumi-
nosity to minimise these possible effects as argued in Oh et al.
(2012).

In Fig. 2, it is possible to observe that there is no considerable
decline in the detectable level of [O m1] as a function of the small
redshift interval in which the galaxies contained in our sample
are located. For z < 0.03, the lowest value of detected log[O mi]
is 5.03 while for z > 0.06 it is 5.54. Thus, the analysis presented
in this work should not be strongly affected by issues related to
redshift.

Dependence on the area encompassed by the fibre can also
affect velocity dispersion measurements. In this case, we apply

a correction for the velocity dispersion according to Eq. (1) in
Cappellari et al. (2006) as done in Oh et al. (2012):

R R —0.066+0.035
— =+ , (2)
o R,

where R is the radius comprised by the SDSS 1.5” fibre, og and
o, are the measured velocity dispersion and corrected velocity
dispersion at one effective radius of galaxy (R,), respectively.
The velocity dispersion is used in determining the SMBH mass,
applying the M—o relation below.
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Fig. 2. Logarithm of [Om] luminosity provided by Kauffmann et al.
(2003) of galaxies in our sample hosting an AGN as a function
of redshift. Most galaxies are constrained in a range of redshift of
0.02 <2< 0.07.

2.2. Supermassive black hole mass estimation

To estimate the SMBH mass, we employ the M—o relation
which was found independently by Ferrarese & Merritt (2000)
and Gebhardt et al. (2000):

M, O
log(ﬁg) =a +,810g(7200km sl) s 3)

where M,/M; is the SMBH mass in solar units, o, is the cor-
rected velocity dispersion at one effective radius in km s~' given
by Eq. 2, and @ and B are the resulting regression coefficients
in samples where the black hole mass is estimated by observa-
tions of the SMBH sphere of influence (see Ferrarese & Merritt
2000; Gebhardt et al. 2000, for more detailed discussion and oth-
ers methodology description).

Later works, such as that by Graham et al. (2011), claim a
reduction in scattering of M—o- when a sample of galaxies is
divided according to morphology. In particular, when a sam-
ple is divided into subsamples of barred and unbarred galaxies,
such a reduction in scattering is also noticed. These latter au-
thors suggested a hypothesis to explain such an effect whereby
bars enhance the central velocity dispersion of a galaxy as they
evolve. Hereafter, unless indicated, we use the following rela-
tions to estimate the SMBH mass (Graham et al. 2011). For un-
barred galaxies we apply

M. .
log(M ) — (8.25+0.06)+ (4.57 i0.35)10g(m) . (4
o

while, for barred galaxies we will employ

M, (o
lo = (7.80+0.10)+ (4.34 £ 0.56) log| ———
g(Me) ( s ) g(200km s

) -5
When using a common relation for barred and unbarred galaxies,
for comparison purposes, we use the relation obtained for the
complete sample of Graham et al. (2011), without distinction of
morphological aspects

(6)

M.
log(M ) = (8.13+0.005)+(5.13+£0.34) log(
©

200km s~ ) '
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2.3. Environmental density

In a previous study, Alonso et al. (2014), using an AGN sample,
found that the fraction of barred AGN in groups and clusters
is higher than the fraction of barred AGN overall. This result
suggests an important role of environment in the process of AGN
feeding, which we must account for in a scenario where the bars
are part of the mechanism that feeds the black holes. As a proxy
for the environmental density of the galaxies in the sample, we
estimated the projected local density using

(N

where d,, is the projected distance to the n-th nearest neigh-
bouring galaxy. In computing X, we consider only neighbouring
galaxies with M, < —20.5 as applied by Alonso et al. (2013) and
with a radial velocity interval given by |[Aze] < 1000 km s~}
(Baldry et al. 2006; Alonso et al. 2013).

In this way, we estimate Xs which has a median of
Y5 = 0.32 Mpc for the total sample of 524 galaxies as well
as quartiles Q1 and Q3 respectively equal to 0.21 Mpc™ and
0.51 Mpcfz. In addition, we did not find significant differences
between the X5, 24, and 2 5 distributions, where 2 5 is the aver-
age for n = {4, 5}. The comparison between these distributions
with the k-sample Anderson-Darling test (Scholz & Stephens
1987) presents a p-value > 0.25. Considering the values reported
by Baldry et al. (2006), where ¥ ranges from 0.05 Mpc~2 to
20 Mpc~? for galaxies from void environments to groups, re-
spectively, the galaxies in our sample can be considered to be
in environments of relative isolation. £s will be employed in
the subsequent analysis in order to compare active and inactive
galaxy samples with similar X5 distributions.

2.4. Bar properties and morphological classification

The properties of the bars are related to the placement of the
galaxy in the Hubble sequence. In general, bars are larger
in earlier spirals than in later spirals (relative to the galaxy’s
25 mag arcsec 2 isophote; Sellwood & Wilkinson 1993, and ref-
erences therein). In addition, some studies have indicated that
the fraction of bars may also be dependent on the morphological
classification (Lee et al. 2019), suggesting a bimodal distribution
in the fraction of bars between earlier and later type spirals.

The T-type may be used to divide spiral galaxies between
earlier and later types. In recent years, considerable progress has
been made in expanding the morphological classification cata-
logues available for SDSS galaxies through machine learning
techniques, providing the T-type for an increasing number of
objects (e.g. Dominguez Sdnchez et al. 2018). Still, these cata-
logues should only cover part of the galaxies in our sample.

Given the restriction on the ratio between bulge luminosity
and total luminosity that we applied to our sample, following the
relation found by Graham & Worley (2008), most of the galax-
ies later than Sc in the Hubble sequence are excluded from our
sample. However, the classification made by this parameter has
a spread. This means that, despite having mostly earlier spiral
galaxies, some later spirals may still be present in the sample.
Even so, the additional matching processes carried out using
bulge properties (M, and Sérsic index of the bulge) and galaxy
colour (g-r corrected for extinction) should provide an additional
reduction in this possible associated bias, because these proper-
ties also correlate with morphology. As in all the possible biases
we explore above, this whole set of efforts can contribute to re-

ducing potential biases. In the following section, we describe the
matching methodology as an extra effort to minimise bias.

3. Description of the matching technique

In this work, we want to compare the properties of bars in ac-
tive and inactive galaxies. To this end, distributions of the global
properties of the galaxies in these two subsamples should be as
similar as possible in order to minimise selection bias. A match-
ing process can then be used to achieve this goal, randomis-
ing distributions of parameters of a set of selected confound-
ing covariates. In this work, we use the R package MatchIt
(Ho et al. 2007) to implement the matching process. MatchIt
is based on propensity score matching (PSM), introduced by
Rosenbaum & Rubin (1983). PSM has been employed before
in astronomy. For example, de Souza et al. (2016) used PSM to
build a control sample of inactive galaxies in order to study the
effect of cluster environment on galaxy activity, and Dantas et al.
(2021) used PSM to compare the global properties of red se-
quence galaxies with and without the UV upturn phenomenon.

The propensity score e(x) provides the conditional probabil-
ity of an object to be designated as part of the test or control
groups given a set x of selected covariates. In the case of this
study, the probability of a galaxy being active (Z = 1) or inactive
(Z = 0) given the covariates is:
e(x) = P(Z=1lx). (8)
Only in very particular circumstances do we know the exact
propensity score; in all other cases, it needs to be estimated. In
the case of a dichotomous variable, for example active versus in-
active, given a set of covariates, PSM can be estimated from a
model where the PSM logit is a linear function of the cofactors
where B = {B1,2, ..., B} is the vector of the regression coeffi-
cients:

ei(x)

logit(e;) = In —~—— = BxT , ©)
I —ei(x)
and then
() = ———, 10
ei(x) I (10)

where x7 is the transpose of the cofactor vector.

The PSM becomes the property with which the pairs of ac-
tive and inactive objects will be created after estimating the
PSM for each sample object (see Stuart (2010) for a review
of matching methods). The simplest approach is to measure
the distance based on the absolute difference between the PSM
(Dij = lei — ¢j).

MatchIt offers several options to search for objects in the
test group for building pairs (see Ho et al. 2007, for all op-
tions). In this case, as the group of active objects is smaller
than that of inactive objects, the k-nearest neighbour algo-
rithm (kNN) achieves a good performance in the matching pro-
cess. Even though the optimal matching methods seek to min-
imise the distance between the pairs globally, in the scenario
where there is little competition for pairs, the kNN and optimal
matching should not present great divergences. As presented in
Gu & Rosenbaum (1993), the control units selected by kNN and
optimal matching tend to be the same in general, which does not
significantly change the distributions. The only difference is in
the way the pairs are associated. In optimal matching, the differ-
ence between the propensity score in pairs is minimised but the
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overall effect turns out to be subtle when there is little compe-
tition for control units. In our sample, there are more than two
objects in the control sample for each object in the treatment
sample.

After the match, it is necessary to ensure that the selected
variables are balanced between the control and test groups. As
seen in Stuart (2010), graphical or numerical diagnostics can be
used. In an ideal scenario, p(x|Z = 1) = p(x|Z = 0), where p ex-
press the empirical distribution. However, this ideal outcome is
difficult to achieve. Between numerical diagnoses, standardised
difference in means (SDM) is one of the most common (Stuart
2010; King et al. 2011):

Xkt — Xie
SDM = ———— |
Okt

(1)

where X . and X, are, respectively, the mean of the distribu-
tion of covariate k for the treatment and control groups and o,
is the standard deviation of covariate k in the treatment group.
MatchIt includes routines that perform these computations af-
ter an additional matching process.

According to Rubin (2001), SDM must be less than 0.25 for
the balance of covariates between the control and test groups to
be trustworthy. As shown in Table 2, all our matches satisfy this
requirement. For graphical diagnostics there are multiple possi-
bilities, for example, histograms or distributions of the propen-
sity score, a QQ-plot of the covariate distributions, or even an
SDM plot before and after a match (Stuart 2010, and references
therein for examples).

After the selection steps described in the previous section,
we are left with a sample of galaxies composed of 209 barred
and 315 unbarred galaxies. We then performed three different
matches, based on combinations of total and bulge stellar mass,
%5, Sérsic index of the bulge, and colour g-r (the latter is com-
puted with the modelled magnitudes corrected for extinction
provided by SDSS). The matches are done as follows: for each
object classified as active, an object is chosen from the pool of
inactive galaxies that is as similar as possible to the active galaxy
in terms of its properties based on the propensity score of the
matching. In this way, there is always a one-to-one correspon-
dence between the active and control samples. The selection of
these variables to be randomised was based on their potential to
represent biases to measure the effect of the bar on the feeding
process.

AGN are preferentially found in massive galaxies
(Kauffmann et al. 2003), and so the first general galaxy
property we must randomise is the total stellar mass. Also, there
is a correlation between the bulge mass (or luminosity) and the
black hole mass (M,) (Ferrarese & Merritt 2000; Gebhardt et al.
2000). Matching the samples by total and bulge mass (M, and
M, pulge) guarantees we are comparing galaxies with the same
mass distribution and nuclear properties. Matching samples
using the bulge mass is often overlooked given the uncommon
availability of structural decompositions. M, is the sum of
the masses of each of the components, which in turn were
determined individually. With BUDDA, the fits are performed
in several bands, allowing colours to be estimated in each
component in G09. These colours serve as a basis for estimating
the mass-to-light ratio (M/L). The mass estimate of each
component is then the result of the mass-to-light ratio estimate.
In addition to the bulge and total mass, we also matched the
sample by Xs in order to take into account the environment.
To visualise the result of the matching process, we present a
graphical diagnostic similar to that found in de Souza et al.
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(2016), with the distributions of covariates before and after
matching (Fig. 3), where a noticeable improvement in the
proximity of the averages and quartiles (Q1 and Q3) can be
seen. The SDM obtained according to Eq. 11 in this matching
and in the subsequent ones are shown in Table 2.

The optical colours of the galaxies are correlated with their
morphological type. There may be variations in the frequency of
bars with colour, although this is still being debated. Oh et al.
(2012) find that most of the unbarred spirals are located in
the blue cloud, whereas barred spiral galaxies are redder and
brighter than typical late types, and concentrated in the green
valley. Similar results are reported by Masters et al. (2011) who
identified bars in 70% of their sample of red spirals in contrast
with 25% of the blue ones but in addition found that the fraction
of bars correlates with bulge predominance as well. However,
different results are found by Erwin (2018), who finds that bars
are as common in blue as in red galaxies. Another important fac-
tor to consider is the availability of gas for the AGN feeding. In a
scenario where bars are responsible for the momentum redistri-
bution inside the galaxy, the presence of gas itself is an important
factor to be considered. A study from Lee et al. (2012) indicates
that barred galaxies that have more activity tend to be bluer. Al-
together, this shows that it is important to avoid colour biases in
the study of bar effects. Taking this into account, in addition to
the matching of the stellar mass, the bulge mass, and the pro-
jected environmental density simultaneously, we perform a sec-
ond round of matching that also considers the total galaxy colour
(g-r). The distributions of covariates for this case are shown in
Fig. 4.

Another important aspect to consider here is the presence
and properties of a central bulge in the galaxies. Today we
know that the simple early view of galaxy bulges as scaled-
down ellipticals is incomplete. Disc galaxies might host clas-
sical bulges, which were presumably formed through violent
processes with minor mergers producing hierarchical cluster-
ing, and what are referred to as pseudo-bulges formed over
longer timescales via disc instabilities and secular evolution
processes (e.g. Wyse et al. 1997; Kormendy & Kennicutt 2004;
Athanassoula 2005). These different bulge categories are struc-
turally distinct: pseudo-bulges can either be peanuts, that is the
vertically extended central part of the bar, or disc-like bulges.
Disc-like bulges have properties similar to those of thickened
discs, having younger stellar populations, kinematics supported
by rotation, and a less concentrated surface brightness profile
than classical bulges, which are characterised by a low Sér-
sic index (e.g. Carollo et al. 1997; Gadotti & dos Anjos 2001;
Kormendy et al. 2006; Fisher & Drory 2008; Gadotti 2009).
Disc-like bulges tend to be flatter than classical bulges, and in-
deed Gadotti et al. (2020) showed that photometric bulges with
exponential profiles or low Sérsic index and do not show a box
or peanut morphology are in fact simply nuclear discs built by
the bar. As the process that builds nuclear discs can also build a
reservoir of material that may feed AGN, the Sérsic index of the
bulge can also be included in the matching process. We therefore
performed a third round of the matching process, now consider-
ing My, My puige, 5, and the bulge Sérsic index. The distribu-
tions of covariates for this case are presented in Fig. 5. These
matched samples will be used in this work every time active and
inactive galaxies are compared.

4. Results

In this section we present our search for signs of the bar—AGN
connection. First we compare the activity in barred and unbarred
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Table 2. The SDM of the randomised properties in the matching pro-
cess.

Propert SDM before SDM after
perty matching matching
Matched by M*, M*,bulge: and 25,
M, 0.5984 0.0466
M bulge 0.4864 0.0615
s -0.1092 0.0946
Matched by My, My puige, 25, and Sérsic index of bulge
M, 0.5984 -0.0128
M bulge 0.4864 -0.0984
s -0.1092 0.0653
Sérsic index of bulge 0.3425 0.0177

Matched by M, My pyige, X5, and g-r

M, 0.5984 0.0401
M, bulge 0.4864 0.0004
35 -0.1092 0.0160
gt 0.2476 -0.0409

Notes. The SDM was obtained according to Eq. 11 (Stuart 2010;
King et al. 2011). This measure serves as a means of evaluating the ef-
fectiveness of the matching process. A standardised difference of the
means of less than 0.25 is an indicator of the effectiveness of this process
(Rubin 2001). The SDM values are listed before and after the matching
in each performance of this process for each of the properties.
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Fig. 3. Matching graphical diagnostic similar to that found in
de Souza et al. (2016) for M, M, pyue, and Xs (simultaneous match-
ing). The figure shows the distributions of active and inactive objects
before and after the matching process. Long-dashed and short-dashed
lines show the mean value of the distribution and the quartiles Q1 and
Q3, respectively.

galaxies. After that we show our search for correlations between
bar properties and AGN strength.

4.1. The fraction of AGN in barred and unbarred galaxies

The first test one can make is a straightforward comparison to
check whether or not AGN are preferentially found in barred
galaxies. First we use the sample matched by My, My pyige, and
Ys5. The AGN fraction in barred and unbarred galaxies for the
sample defined after this matching process is shown in the top
right panel of Fig. 6. In the left panel of this figure we show,
for comparison, the test made with the whole sample (before the

I Active M Inactive

logZs

log M. buige
- o
=] o N

1.00 4

% 0.75
o

HH

0.50

0.25 T
Post-Matching

Pre—Ma‘tching
Fig. 4. Matching graphical diagnostic for M, My puige, 25, and g-r (si-
multaneous matching). The figure shows the distributions of active and
inactive objects before and after the matching process. Lines are the
same as in Fig. 3.
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Fig. 5. Matching graphical diagnostic for M, My puige, 25, and Sérsic
index of the bulge (simultaneous matching). The figure shows the dis-
tributions of active and inactive objects before and after the matching
process. Lines are the same as in Fig. 3.

matching). Error bars were determined according to Cameron
(2011), who compares different methods applied in astronomy
to identify confidence intervals. Implementation of this method
proved to be quite simple because it uses the beta distribution.
Furthermore, we obtained very similar results using the beta dis-
tribution in comparison with bootstrap (Efron 1979). For the
sake of simplicity, consistency with other methods, and also for
the good performance in small samples (see Cameron 2011), we
employ the methodology proposed by Cameron in all subsequent
confidence interval estimations. From Fig. 6 it is possible to see
that the global AGN fraction after matching, without distinc-
tion between barred and unbarred, is 50%, which is indicated
by the dashed lines in the figures. This is a result of the matching
processes whereby for each active galaxy a inactive galaxy with
similar properties is found. In both cases, AGN are preferentially
found in barred galaxies. The higher fraction of AGN found in
barred galaxies in comparison with the fraction of AGN found in
unbarred galaxies was previously reported in the literature (e.g.
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Galloway et al. (2015). For the AGN fraction measured with the
sample matched in My, My pyge and Zs, the difference is of 20

As explained in Section 3, matching by galaxy colour is an-
other important process which can be used to avoid bias due
to morphology and gas availability. We now compare the frac-
tion of AGN in barred and unbarred galaxies of the subsample
created adding the match by colour (g-r). Results are shown in
the bottom right panel of Fig. 6. Again, the fraction of AGN is
larger in barred galaxies than in unbarred galaxies, now with a
more significant difference than for the previous matched sam-
ples. Here the difference significance is 1.50-.

Finally, we compared the subsample of galaxies matched by
the Sérsic index of the bulge. The result for bar fraction in ac-
tive and inactive galaxies in this case is shown in the bottom left
panel of Fig. 6. After matching by the Sérsic index of the bulge,
the fraction of AGN is still larger in barred galaxies than in un-
barred galaxies with significance of 2.30". All these results are
summarised in Table 3.

Similar results were found by Oh et al. (2012) with a sam-
ple of ~ 6600 galaxies. However, these authors suggest that the
comparison of total fractions might not be sufficient to reveal
the entire range of bar effects. They show that the fraction of
barred galaxies and AGN can be highly affected by galaxy prop-
erties (such as mass and morphology). For this reason, Oh et al.
(2012) divided their sample of galaxies in bins according to in-
tervals of stellar mass. Their results suggest that bar effects on
AGN fractions are only significant in intermediate-mass galax-
ies, in a range between 10'% and 10!' Mg. We performed the
same test here, dividing our galaxies in intervals of stellar mass
in our matched sample (by My, My pulge,; and Xs), as shown in
Fig. 7. Our results differ slightly from those of Oh et al. (2012).
This may be mainly due to the matching procedure. These lat-
ter authors found that AGN are more frequent in bluer and less
massive galaxies. For this reason, it is important to define the
samples of active and inactive galaxies in such a way that they
have the same mass distributions before testing for fractions. Be-
cause we were careful in selecting the same mass distribution for
active and inactive galaxies, the average fraction of AGN in each
mass bin for the whole sample (when galaxies are not separated
into barred and unbarred) is the same. When we separate galax-
ies into barred and unbarred, the results from Fig. 7 suggest that
the fraction of AGN in barred galaxies is more significant for
intermediate and more massive galaxies (similar to the findings
of Oh et al. (2012)). These results suggest that since gas is found
more abundantly in the less massive galaxies, bars would not
make a difference in helping to build a gas reservoir to feed the
SMBH, by bringing gas to the central regions from larger radii.

4.2. The relation between AGN activity level and the
presence of a bar

If bars are connected with AGN activity, one might expect to
find correlations between the presence and properties of the bar
and the activity level. Because we are not comparing active and
inactive galaxies here, we use the whole AGN sample before the
matching process. There are 94 AGN, of which 52 have bars
and 42 do not. In addition, barred and unbarred AGN have X5
distributions that do not indicate differences between the envi-
ronments of these objects (AD-test with p-values > 0.25).

One of the best tracers of AGN activity in the opti-
cal is the [Om]A5007 emission line, which is not severely
affected by stellar population contamination (Heckman et al.
2004). Here we use the SDSS emission lines measured by
Kauffmann et al. (2003), corrected by extinction. In addition,
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Oh et al. (2012) suggested that to show the difference in emis-
sion luminosity between barred and unbarred galaxies free from
the mass—luminosity relation, it is better to use the specific emis-
sion luminosity, which is defined as the emission line luminosity
divided by the fibre luminosity (L[O m]/L; gre). We present the
results from tests for both indicators below.

The top panel of Fig. 8 shows the comparison between the
[On1]A5007 luminosity for barred and unbarred active galax-
ies. The Anderson-Darling test shows a p-value of greater than
0.25, which is insufficient to claim a significant difference be-
tween the two distributions. In the bottom panel of the same
figure it is shown that for L[Om]/L, e We also cannot con-
sider that there are differences in the underlying distributions
of this parameter between barred and unbarred galaxies. How-
ever, Alonso et al. (2018), who made a similar comparison us-
ing only L[Om], found that barred AGN galaxies tend to have
higher [O m] luminosities, with different distributions according
to a KS-test, but they did not remove composites or weak LIN-
ERs from their sample. However, we cannot rule out that dif-
ferent results might be a consequence of very different sample
sizes (these latter authors have a sample of ~ 1000 barred galax-
ies with AGN).

A more direct test of the effect of the bar on the AGN feed-
ing process could be performed through the accretion strength
of the black hole. As a proxy of accretion, we employed the ac-
cretion rate parameter R, defined by Heckman et al. (2004) as
the logarithm of the ratio between the [O mi] luminosity and the
black hole mass, in solar units. The black hole mass was de-
termined following Graham et al. (2011), who derives different
M-o coefficients for unbarred and barred galaxies as described
in Sect. 2.2 using Eq. 4 and Eq. 5. For our sample, we considered
only galaxies with stellar velocity dispersion o > 70 km s~!,
because the SDSS spectrograph resolution is ~ 60 — 70 km s~
This cut simply represents an extra caution because only two
galaxies in the sample were removed according to this criterion
and the conclusions obtained were the same.

In the top panel of Fig. 9 we present the distribution of R
for barred and unbarred AGN. From this figure it is possible to
see that barred galaxies tend to have a higher accretion param-
eter than unbarred galaxies. The Anderson-Darling test gives a
p-value of 0.0042, meaning they are unlikely to have the same
distribution. This result agrees with the findings of Alonso et al.
(2018), who also used different equations to determine the black
hole mass of barred and unbarred galaxies.

Graham et al. (2011) also gives coefficients for the M—o
relation when barred and unbarred galaxies are considered to-
gether. The dispersion for this relation is larger, but if we use
it to determine the black hole mass, the difference in the accre-
tion parameter distribution almost disappears, as shown in the
bottom panel of Fig. 9. Alonso et al. (2018) performed the same
test, but they found that even when using the equation derived
for both barred and unbarred galaxies together, the distributions
are still different, with barred galaxies having higher R values
(although less pronounced). In our case, an Anderson-Darling
test gives a p-value of greater than 0.25, which is not enough to
claim that the distributions are different. Using a common M-o
to estimate SMBH mass, Galloway et al. (2015) also did not find
enough significance in the KS-test to point out that the distribu-
tions are different in a sample with approximately 680 AGN.

4.3. The relation between AGN activity level and bar strength

The approach of treating the influence of bars in galactic
dynamics without considering its ‘strength’ can be inaccu-
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rate (Cisternas et al. 2013). The non-axisymmetric potential of
a bar can have an enormous effect on the galaxy potential
(Sellwood & Wilkinson 1993; Martin 1995; Binney et al. 2009)
but this depends on the bar strength, the definitin of which is
not straightforward. The strength of the bar can be defined such
that it reflects its ability to apply torques to the ISM as a result
of its gravitational potential. Attempts to quantify the influence

of the bar have been made either directly through its properties
or through its properties in relation to the properties of the host
galaxy.

In order to investigate direct correlations between the bar
and AGN activity, we now compare indicators of AGN activ-
ity with indicators of bar strength. As a bar strength indicator,
we first use the size of the bar. For that we used the semi-major
axis of the bar normalised by the disc scale length, measured in
the three different SDSS bands. Another proxy of bar strength
is the bar effective surface brightness in mag arcsec™ for bands
g, 1, and i of SDSS. We also normalised the bar effective sur-
face brightness by the central surface brightness of the disc. The
comparison between these three bar strength indicators and AGN
strength indicators log L[O 1], 10g(Lio w)/ Ly fibre), and R can be
seen in Figs. 10, 11, and 12 respectively. No correlation was
found between the AGN strength indicators and these indicators
of bar strength. Most of the profiles are obviously flat. For the
normalised bar effective surface brightness, there seems to be a
tendency for higher activity at higher values, but given the error
bars, no correlation can be claimed. We employed the Spear-
man’s rank correlation coefficient p to quantify the correlations
between these parameters, and results are shown in Table 4. In
this test, a coefficient p close to 1 (or -1) indicates a correlation
(or anti-correlation) between the parameters. We find no indica-
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Table 3. Fractions of active galaxies.

Morphology All Active Seyfert LINER

number number fraction number fraction number fraction
Without Matching
Barred 209 52 0.249.2%! 14 0.067, 0% 38 0182071
Unbarred 315 42 0.13301% 12 0.0387 o 30 0.0950 oa1
Matched by M, My puige, and Zs
Barred 84 52 0.6197%% 14 0.167¢20 38 0452077
Unbarred 104 42 040457 12 0.1150 00! 30 0.288 0721
Matched by My, My pyige, X5, and g-r
Barred 89 52 0.584 2/ 14 0.157 13 38 042755
Unbarred 99 42 0.42409° 12 0.121707 30 03032
Matched by My, My puige, X5, and Sérsic index of bulge
Barred 81 52 0.6420%¢ 14 0.1730 7% 38 0.469,7°7
Unbarred 107 42 039204 12 0.112 % 30 0.2800 27

Notes. Fraction of active galaxies among all the galaxies in the sample that have disk morphology and have a B/T > 0.043 in i-band of the SDSS
(Graham & Worley 2008). Fractions are displayed for barred and unbarred galaxies. Fractions are recorded for samples without matching, for
matching performed considering the sets of covariates {M,; My puiges Zs }, {Mu: My puiges Zs; g-r} and {M.; My puige; Zs; Sérsic index of bulge}.

tion of correlations between AGN activity level and bar strength
in any of the parameter combinations tested.

We can also analyse the influence of the bar on the galac-
tic dynamics given its relative importance in the total luminos-
ity of the galaxy. Here we use the ratio between the luminos-
ity of the bar and the total luminosity (Bar/T) in the i-band. As
mentioned in Martin (1995) and Binney et al. (2009), it is in the
infrared (IR) and near-infrared (NIR) that the influence of the
bar is best revealed. The i-band is the band most suited to our
case because it is centred on 7480A. In addition to log Liow) and
normalised log Lo}, we compare Bar/T with the accretion pa-
rameter R (Heckman et al. 2004). This is presented in Fig. 13,
which indicates that the galaxies with the most prominent bars
(last bin) tend to have higher activity levels on average, but again,
given the scatter this result is not conclusive. Moreover, the cor-
relation tests performed do not show any correlation between
these parameters. The results of Spearman’s rank correlation co-
efficient p and its significance for B/T and proxies of AGN ac-
tivity are also shown in Table 4. The coefficient for correlation
between Bar/T and log Lo is —0.032, whereas the same coeffi-
cient for Bar/T with respect to 10g(Lo m}/ Li fibre) and R is —0.041
and —0.005, respectively.

Bars show a range of axis ratios, from oval distortions to
very elongated and well-defined structures. Martin (1995) pro-
posed that the axis ratio of the bar could be used as a quantifica-
tion of bar strength, because it is directly connected to how non-
axisymmetric the bar potential is. This ratio has the advantage of
being obtained precisely and directly from photometric observa-
tions. Furthermore, it does not require any mass—luminosity as-
sumption or other measurements. This means that the ellipticity
(e = 1 =b/a) can be used to measure the bar strength. In addition
to ellipticity, the description of the bar’s isophotes as generalised
ellipses (Eq. 1) introduces the boxiness parameter c¢. There are
indications in several studies that, during the secular evolution of
the bar, while its pattern speed decreases, the bar becomes more
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elongated and also has more rectangular isophotes resulting in
a more boxy morphology (¢ > 2) (Athanassoula & Misiriotis
2002; Gadotti 2011; Cheung et al. 2013). Also there is evidence
for a correlation between the boxiness parameter and ellipticity
(Gadotti 2011). Given this correlation, Gadotti (2011) proposes
the product € X ¢ as a proxy for the bar strength. Here, we com-
pare €, ¢, and € X ¢ against 10g Lo}, 10g2(Liom]/Li fibre), and R in
Fig. 14. Correlation tests performed for these AGN activity level
and bar strength indicators are presented in Table 4 and also in-
dicate that there is no correlation.

5. Discussion

In all the cases studied here, the fraction of AGN hosts is sys-
tematically larger in barred galaxies than in unbarred galaxies.
Given the multiple factors that can degenerate the analysis where
we investigate a possible relationship between the presence of
bars and AGN, the increase in the AGN fraction in barred galax-
ies compared to unbarred galaxies does not show high levels of
significance, ranging from 1.50" to 2.30. This is expected, par-
ticularly because of the differences in the timescales of these
processes. Still, the fact that we systematically find an excess
of AGN hosts in barred galaxies with methodologies applied in
an attempt to reduce bias, taken together with all theoretical and
observational limitations for the direct detection of AGN feed-
ing by bars, leads us to conclude that the presence of a bar does
to some extent favour the existence of an AGN. Bars appear to
contribute to some degree in the process of angular momentum
removal from the gas that will feed the SMBH. If bars do not
directly feed SMBHs, they appear to at least contribute to the
formation of a reservoir of gas close enough to the black hole
(< 100 pc), where other physical processes start to dominate in
the final funneling of the gas. We note that, as discussed above,
works that investigate a possible role of bars in the AGN feed-
ing process find conflicting results. Studies with this purpose use
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Fig. 8. Distribution of [Om] luminosity. Top panel: Distribution of
[O m]A5007 luminosity for barred and unbarred galaxies. Bottom panel:
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galaxies, while the dashed blue line is the distribution for unbarred
galaxies. Neither test allows us to claim the existence of differences
in the distributions of these parameters regarding morphology.

samples with a wide range of sizes, and some of these works
have larger samples than the one used here. We therefore can-
not rule out that some of the differences we find in this work,
compared to previous ones, might be due to our smaller sample
size.

On scales of a few hundred parsecs, the ‘bars within bars’
scenario together with m=1 instabilities and nuclear warps
may also be another important piece of the fuelling process
(Shlosman et al. 1998; Schinnerer et al. 2000; Hunt et al. 2008;
Bittner et al. 2021). Recently, probing the kinematics and mor-
phology of the gas inside the central kiloparsec of galaxies
became feasible with ALMA observations. Evidence of AGN
feeding was found for example in NGC 1566 (Combes et al.
2014) and NGC 613 (Audibert et al. 2019). On scales of a few
tens of parsecs, other mechanisms such as viscous torques can
drive massive gas clouds to the nucleus (e.g. Combes 2003;
Jogee 2006). Simulations suggest that a series of dynamical in-
stabilities on these scales are involved in the fuelling process
(Hopkins & Quataert 2010; Hopkins et al. 2012). A better un-
derstanding of how these small-scale processes work and how
they relate to large-scale bars can only be achieved with the
systematic study of the nuclear regions of barred and unbarred
AGN. Integral field unit observations of these systems may pro-
vide the means to answer some of these questions (Gadotti et al.
2019).

On the other hand, our tests show that, in our active galax-
ies, the connection between the level of activity and the presence
of a bar is less clear. While we find that the presence of a bar
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Fig. 9. Distribution of accretion parameter R for barred (solid red line)
and unbarred (dotted blue line) AGN. In the top panel, the black hole
masses were derived with different M—o relations that take into account
the morphology as described in subsection 2.2 with Eq. 5 and Eq. 4.
In the bottom panel, the black hole masses were derived with the M—o
relation obtained for a sample without distinction regarding morphology
(Eq. 6).

does not play a role in the [O m] emission line luminosity or in
the normalised L[O ], the accretion rate in barred galaxies is
statistically significantly higher than in unbarred galaxies (with
an Anderson-Darling p-value of 0.0042; see top panel in Fig. 9).
However, the latter relationship depends on the M—o relation
employed. If a single M—o relation is employed for both barred
and unbarred galaxies, we find no difference in the correspond-
ing distributions of accretion rate. However, using the individual
M-o relations derived by Graham et al. (2011) separately for
barred and unbarred galaxies, we find a significant difference.
We argue that indeed the correct approach is to use independent
M-o relations, and therefore the higher accretion rates found
in barred galaxies is relevant. Furthermore, because of the or-
bital properties of stars in bars, for a fixed bulge mass, barred
galaxies show on average higher velocity dispersion within the
SDSS fibre radius (particularly for low-mass bulges; see e.g.
Gadotti & Kauffmann 2009). Therefore, it is important that this
difference is accounted for in the separate M—o relations.

Finally, we find no evidence that the strength of the bar, as
measured with several proxies, plays a role in the level of activity
in our active galaxies. This suggests that while stronger bars may
build larger gas reservoirs to feed the SMBH (if enough gas is
available in the main galaxy disc), the size of the reservoir does
not play a role in the level of activity in a given AGN episode in
the life of the galaxy. This is consistent with the fact that the gas
mass necessary to feed AGN activity (~ 10° - 10° My) is small
compared to the typical gas mass available in an average disc
galaxy (~ 10° Mp).
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6. Conclusions

An AGN is the result of gas accretion by a SMBH located in
the centre of a galaxy. To sustain the luminosity observed dur-
ing the expected lifetime of an AGN, a relatively large quantity
of matter has to be brought to the centre of the galaxy to feed
it. In this sense, a mechanism should be responsible for remov-
ing angular momentum from the gas of the external regions so
that it can move inwards. Galactic bars are frequently invoked
as an important mechanism in this process. This bar—AGN con-
nection has been investigated by a number of authors but results
have been controversial. Part of the conflict between empirical
results can be explained by the different methods used to deter-
mine galaxy activity and identify and measure bar properties.
On top of that, theory predicts different timescales for these phe-
nomena and despite many simulations showing that the bar is in-
deed an efficient mechanism to produce a reservoir in the central
region of galaxies, many of them also show that the gas becomes
to some extent trapped in the inner Lindblad resonances. Sec-
ondary mechanisms would then be necessary to bring this gas to
feed the AGN.

In this work, we investigated the role of bars on AGN feed-
ing using a sample of galaxies based on SDSS DR2. The galaxy
images were decomposed by G09 into discs, bulges, and bars us-
ing photometry in the g, r, and i/ bands with the code BUDDA. Our
main conclusions can be summarised as follows:

1. At first, we compared the fraction of AGN in barred and
unbarred galaxies. We minimised sample biases using the
propensity score sample of active and inactive galaxies
with the same distribution of key parameters, namely M,,
M. pulge, Zs, colour (g-1), and Sérsic index. We find that AGN
are more frequently found in barred galaxies, which supports
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the idea that the presence of a bar favours the AGN feeding
process.

2. We also find that the accretion parameter R = log([O m]/M.,)
tends to be greater in barred galaxies than in their unbarred
counterparts. This result is obtained when we derive the mass
of the black hole using different and specific M—o relations
for barred and unbarred galaxies. When we use a common
M-—o relation to both barred and unbarred galaxies, we do
not observe significant differences in this parameter. How-
ever, we argue that the correct approach is to use separate
M-—o relations, and therefore the higher accretion rates seen
in barred galaxies is relevant.

3. If bars are the main mechanism responsible for feeding an
AGN, one might expect a correlation between bar strength
and AGN activity level. We searched for this correlation us-
ing the [O 1] luminosity, the [O 1] luminosity normalised by
the luminosity in the SDSS fibre, and the accretion parameter
R as AGN activity indicators. For the bar strength, we inves-
tigated correlations with the size of the bar (semi-major axis
of the bar normalised by the disc scale length), its effective
surface brightness for each SDSS band (normalised by the
central brightness of the disc in the corresponding band), its
luminosity (ratio between the luminosity of the bar and the
total luminosity in i-band), and geometric parameters (ellip-
ticity, boxiness, and their product). We find no correlation be-
tween any of the activity and bar strength indicators. This ap-
pears to be a clear indication that, although bars might indeed
be important to bring gas to the central regions of disc galax-
ies, building a reservoir of gas to feed the AGN, secondary
processes are necessary to accomplish this feeding process.
For example, Audibert et al. (2019) observed the flow of gas
inside the inner Lindblad resonance ring of the bar to the
central region using ALMA observations.
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The process of AGN feeding is very complex, involving
large- and small-scale phenomena. Systematic and multiwave-
length studies with high spatial resolution on the central regions
of large samples of barred and unbarred galaxies are necessary
to shed light on these processes.
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