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ABSTRACT

We present empirical constraints on the influence of stellar bars on the fueling of active galactic nuclei (AGNs) out
to z = 0.84 using a sample of X-ray-selected AGNs hosted in luminous non-interacting face-on and moderately
inclined disk galaxies from the Chandra COSMOS survey. Using high-resolution Hubble Space Telescope
imaging to identify bars, we find that the fraction of barred active galaxies displays a similar behavior as that of
inactive spirals, declining with redshift from 71% at ~z 0.3, to 35% at ~z 0.8. With active galaxies being
typically massive, we compare them against a mass-matched sample of inactive spirals and show that, while at face
value the AGN bar fraction is slightly higher at all redshifts, we cannot rule out that the bar fractions of active and
inactive galaxies are the same. The presence of a bar has no influence on the AGN strength, with barred and
unbarred active galaxies showing equivalent X-ray luminosity distributions. From our results, we conclude that the
occurrence and the efficiency of the fueling process is independent of the large scale structure of a galaxy. The role
of bars, if any, may be restricted to providing the suitable conditions for black hole fueling to occur, i.e., bring a
fresh supply of gas to the central 100 pc. At the high-redshift end, we find that roughly 60% of active disk galaxies
are unbarred. We speculate this to be related with the known dynamical state of disks at higher redshifts—more
gas-rich and prone to instabilities than local spirals—which could also lead to gas inflows without the need of bars.
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1. INTRODUCTION

The debate on the nature and the relevance of the different
mechanisms able to trigger active galactic nucleus (AGN)
activity has been reignited in the last few years. Violent events
such as major galaxy mergers are an ideal way of bringing a
large supply of gas to the innermost region of a galaxy, and
support a nuclear starburst and promote supermassive black
hole (BH) accretion (Sanders et al. 1988; Barnes &
Hernquist 1991). Nevertheless, recent studies of AGN host
galaxies have established that, at least since ~z 2, a significant
fraction of BH growth is occurring in seemingly undisturbed
disk galaxies (Gabor et al. 2009; Georgakakis et al. 2009;
Cisternas et al. 2011; Schawinski et al. 2011; Kocevski
et al. 2012), which appear to share the same evolutionary path
as normal “main sequence” star-forming galaxies (Mullaney
et al. 2012; Rosario et al. 2013; Goulding et al. 2014).

These findings suggest that the role of major mergers may be
confined to very specific regions of the AGN parameter space,
(e.g., the highest luminosities, Canalizo & Stockton 2001;
Ramos Almeida et al. 2012; Treister et al. 2012), and
alternative mechanisms may be more important than previously
thought. Recent models have started to disentangle the
relevance of different fueling mechanisms, acknowledging that
major mergers alone cannot account for the observed AGN
luminosity function, and an additional significant contribution
from a secular, i.e., less violent, AGN triggering model is
required (Draper & Ballantyne 2012; Hopkins et al. 2013;
Menci et al. 2014).

Among the possible secular mechanisms that could remove
angular momentum from the gaseous interstellar medium, and
help to bring it down to the central regions of the galaxy, stellar

bars have received a great deal of attention. They are highly
common in the nearby universe, with nearly two out of three
galaxies having a bar (e.g., de Vaucouleurs 1963; Eskridge
et al. 2000; Knapen et al. 2000; Menéndez-Delmestre
et al. 2007; Marinova & Jogee 2007). The non-axisymmetric
potential of a bar is able to exert torques that result in radial
gaseous inflows toward the galactic center, leading to high
central concentrations of molecular gas and nuclear star
formation (Athanassoula 1992; Martin 1995; Ho et al. 1997;
Regan et al. 1999; Sakamoto et al. 1999; Sheth et al. 2005;
Coelho & Gadotti 2011; Ellison et al. 2011). Once the gas is
accumulated within the central hundred parsecs, further
dynamical instabilities could potentially transport the gas
inward and feed a BH (e.g., the “bars within bars” picture;
Shlosman et al. 1989).
A number of studies have investigated a tentative “bar-AGN

connection” in the local universe with conflicting results. While
Seyfert galaxies tend to have a higher fraction of large-scale
bars with respect to “normal” spirals (Knapen et al. 2000;
Laine et al. 2002), neither the presence nor the strength of a bar
have an effect on the level of ongoing AGN activity (Ho
et al. 1997; Cisternas et al. 2013). Moving to smaller scales,
observational programs targeting the central regions of nearby
galaxies with the Hubble Space Telescope (HST), have found
nuclear bars on a minority of active galaxies (Regan &
Mulchaey 1999; Martini et al. 2001). These studies, however,
revealed dust spiral structure connecting to the large-scale bar
and extending all the way down to the unresolved nucleus.
While these nuclear structures are a promising mechanism to
transport material down to sub-parsec scales, dust spirals in
various configurations are found in both, active and inactive

The Astrophysical Journal, 802:137 (10pp), 2015 April 1 doi:10.1088/0004-637X/802/2/137
© 2015. The American Astronomical Society. All rights reserved.

1

mailto:mauricio@iac.es
http://dx.doi.org/10.1088/0004-637X/802/2/137


galaxies with comparable frequency (Martini et al. 2003). Still,
there appear to be systematic morphological differences in the
central structure of starburst, Seyfert, and LINER galaxies,
hinting at a possible evolutionary sequence (Hunt & Mal-
kan 2004). From the point of view of the molecular gas at
∼100 pc scales, a variety of morphologies and kinematic
modes are found in nearby active galaxies, hinting at a
hierarchy of angular momentum transport mechanisms over
different spatial scales (García-Burillo et al. 2005; Haan
et al. 2009).

Stellar bars are indeed efficient at bringing large supplies of
gas to the central regions of a galaxy, but catching BH fueling
in the act is challenging given the timescales involved, with an
episode of AGN activity typically lasting just a few million
years (e.g., Martini 2004). Some barred galaxies show a gas
deficit within the bar region, and thus it is likely their central
gas supply was already converted into stars (Sheth et al. 2005),
and any episode of significant BH accretion would have
already occurred. Additionally, the fact that AGN activity is
also observed in unbarred galaxies means that bars are not a
necessary condition for AGN fueling to occur, and further
complicate the detection of direct connections. Therefore, the
limited success of past studies does not necessarily mean that
bars do not play a role in promoting BH growth in disk
galaxies. Regardless of the results to date, all previous studies
have concentrated on nearby galaxies and no empirical
constraints on the role of bars on AGN fueling exist beyond
~z 0, where higher luminosity AGNs are more common, and

the fueling requirements could be different than those from
local Seyferts.

Motivated by (1) the lack of observational results at
intermediate-high redshifts, (2) the widespread ongoing
AGN activity in disk galaxies, (3) the decrease of the
fraction of barred galaxies with cosmic time (Sheth
et al. 2008, hereafter S08), and (4) the increase in the
number density of luminous AGNs with redshift (Ueda
et al. 2014), in this Paper we establish the actual relevance of
bars in the fueling of nuclear activity as a function of redshift.
We assemble a sample of 95 X-ray selected AGNs from the
Chandra COSMOS survey (C-COSMOS; Elvis et al. 2009)
hosted in luminous face-on and moderately inclined disk
galaxies over the redshift range < <z0.15 0.84. With such a
sample, we are able to directly compare the levels of nuclear
activity in barred and unbarred galaxies and, for the first time,
study the evolution of the fraction of bars in active galaxies
over the last seven billion years.

2. DATA SET AND SAMPLE SELECTION

We build our sample of active disk galaxies by selecting
AGNs based on their X-ray emission, and subsequently using
their multiwavelength photometry and optical morphologies to
establish the nature of their host galaxies.

One of the primary goals of this study is to perform a direct
comparison of the bar fraction of active disk galaxies against
the well-established evolving bar fraction of inactive galaxies
presented by S08. In brief, S08 measured the evolution of the
bar fraction over < <z0.1 0.8 using over two thousand
luminous spiral galaxies from the COSMOS field (Scoville
et al. 2007). In order to build their sample of disk galaxies, they
required (1) an upper redshift cut to stay in the optical regime,
(2) a redshift-dependent galaxy luminosity cut, (3) removal of
elliptical and lenticular galaxies, as well as clearly interacting

and distorted galaxies, and (4) galaxies with moderate disk
inclinations, to allow an unambiguous identification of bars.
Therefore, to recover a comparable sample of disk galaxies,
below we describe the application of each of their selection
criteria to our initial sample of AGNs.
The COSMOS field has been observed with both XMM-

Newton and Chandra. While the XMM-Newton observations
comprise the whole 2 deg2 field, the C-COSMOS field consists
of only the central 0.9 deg2. Because of its lower flux limits
(three times below that of XMM-Newton), however, Chandra
allows us to recover additional lower-luminosity AGNs
otherwise missed by XMM-Newton. We therefore opt to use
the Chandra observations: the tradeoff in smaller area for better
sensitivity is the appropriate choice considering these addi-
tional lower-luminosity AGNs are likely to be found in spiral
galaxies.
From the C-COSMOS catalog of 1761 X-ray point sources

with optical counterparts (Civano et al. 2012), we perform an
initial selection of 357 sources with <z 0.835. Spectroscopic
redshifts are available for 80% of the sample, while for the rest,
we use photometric redshifts from Salvato et al. (2011),
carefully determined to account for the AGN contribution and
optical variability, and with an accuracy of s ~ 0.015. Given
that we will identify bars using the HST/Advanced Camera for
Surveys (ACS) images in the F814W (broad I) filter, the upper
redshift boundary is determined by the bandpass shifting in this
band. As thoroughly discussed in S08, bars tend to disappear as
one goes blueward of the rest frame u-band, and in order to
remain consistent with the S08 sample selection we impose an
upper redshift limit of z = 0.835 in order to stay in the optical.
We also impose a lower redshift cut at z = 0.15 because of (1)
the low number of X-ray sources below these redshifts, and (2)
their typically modest X-ray luminosities (see below), which
casts doubt on their AGN nature. We retrieve the latest (v2.0)
processed HST/ACS images (Koekemoer et al. 2007), with a
pixel scale of 0″.03/pixel and a resolution of 0″.1, corresponding
to ∼0.8 kpc at z = 0.84.
Following S08, we select galaxies brighter than LV

*, the
“knee” of the luminosity function. Because of the significant
redshift interval spanned by our sample, we account for
luminosity evolution in the V-band luminosity function (Ilbert
et al. 2005) in order to remain consistent at all redshifts.
Physical properties of the galaxies and X-ray-detected AGNs
are available from Ilbert et al. (2009) and Salvato et al. (2011),
respectively, through spectral energy distribution (SED) fitting
to the vast multiwavelength data available in COSMOS. Using
the shape of the SEDs, we remove elliptical and S0 galaxies
from the sample (corresponding to templates 1–6; see Ilbert
et al. 2009).
The next step in our sample culling consists in visually

identifying and removing irregular and interacting galaxies, as
well as point-like objects, as confirmed by the original HST
source catalog (Leauthaud et al. 2007). In order to identify bars
accurately, we impose an inclination cut ( < i 65 ) measured
from the axial ratio of the galactic disk, which in turn is
determined using the latest version of GALFIT (Peng
et al. 2010) to perform a two-dimensional image decomposi-
tion. To each galaxy, we fit a model made up of two
components: an exponential profile to account for the disk, and
a Sérsic profile to represent the bulge.
Finally, to ensure that our sample of X-ray-selected AGNs is

not contaminated by purely star-forming galaxies without
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active nuclei, we impose a lower cut at =L 10X
42 erg s−1,

where LX corresponds to the intrinsic X-ray luminosity in the
hard 2–10 keV band. This boundary in LX is a rather
conservative upper limit to the maximum X-ray emission we
would expect from pure star formation, given that typical X-ray
luminosities from local luminous infrared galaxies, i.e., the
most strongly star-forming systems, are always below this
value (e.g., Lira et al. 2002; Iwasawa et al. 2009; Lehmer
et al. 2010). Intrinsic X-ray luminosities are computed from the
observed fluxes (Civano et al. 2012), correcting for absorption
using the band ratio, and applying a k-correction assuming a
power-law photon index G = 1.4. This removes an additional
10 galaxies, particularly at the low-redshift end, and leaves our
final sample size at 95 AGNs hosted in face-on and moderately
inclined, L* disk galaxies.

3. BAR IDENTIFICATION

Bars are identified by visually examining the HST/ACS
images as well as the ellipticity and position angle (P.A.)
profiles. As is customary in studies of barred galaxies (e.g.,
Knapen et al. 2000; Sheth et al. 2000; Laine et al. 2002;
Menéndez-Delmestre et al. 2007; S08), these measurements
were obtained by fitting ellipses to the galaxy isophotes, using
the IRAF task ellipse. Unbarred disk galaxy isophotes tend
to show a smooth rise in ellipticity with radius as they go from
the round bulge-region toward the disk. On the other hand, the
ellipticity profile in barred galaxies is characterized by a
monotonic increment along the bar region followed by a rather
sharp drop once the bar ends and the isophotes start tracing the
galactic disk. Ideally, barred galaxies will also display a
constant P.A. along the bar region, at the end of which a sudden
change indicates the transition to disk isophotes, due to
different P.A.s between bar and disk. An example of these
features is presented in Figure 1 for a barred active galaxy at
the high redshift end of our sample, shown together with an
unbarred galaxy for comparison.

With the aim of removing subjectivity in the process of
determining whether a galaxy is barred or not, some studies opt

to use some hard cuts on the variations of ellipticity D and
ΔP.A. There can be cases, however, in which this signature is
not entirely clear due to e.g., the alignment of the P.A.s of bar
and disk, or the ellipticity drop signature being produced by
spiral arms rather than an actual stellar bar7 (for a detailed
discussion, see Menéndez-Delmestre et al. 2007). The above
shows the importance of complementing the ellipse-based bar
identification with an additional independent assessment of the
bar presence, such as visual inspection of the galaxy images, to
ensure that the bar signature is not being masked by the
aforementioned sources of confusion. Considering the rela-
tively manageable sample size of the present study, we also opt
to visually analyze each individual set of galaxy images,
isophotes, and ellipticity and P.A. profiles to identify barred
galaxies.
From our analysis, we identify 47 out of 95 active galaxies

as barred. In the following section, we dissect in detail the bar
fraction as a function of redshift, and study how it compares to
that of inactive spiral galaxies.

4. RESULTS AND DISCUSSION

4.1. Evolution of the AGN Bar Fraction

The bar fraction, fbar, is defined as the number of barred disk
galaxies over the total number of disk galaxies in a given
sample. For inactive galaxies, fbar is not constant but evolves
with redshift, going from ∼0.6 at z = 0 to ∼0.2 at z = 0.8 (S08;
Cameron et al. 2010; Kraljic et al. 2012; Melvin et al. 2014).
Because of this strong evolution over the last 7 Gyr, it is of
great interest to quantify not just the global fraction of active
disk galaxies, but also its behavior with redshift. In Figure 2 we
present the first determination of fbar for active L

* disk galaxies
as a function of redshift. Uncertainties s(1 ) in the bar fraction,
shown as vertical error bars, are calculated from binomial

Figure 1. Example results from the ellipse fitting task for a barred active galaxy at z = 0.73 (left panels) and for an unbarred active galaxy at z = 0.67 corresponding to
the X-ray sources xID = 618 and xID = 3800, respectively (Civano et al. 2012). For each galaxy, we show the HST/ACS F814W cutout (top-left), as well as the
galaxy isophotes overlaid (bottom left). For the barred galaxy, its ellipticity profile (top right) shows a steep drop at 0″.9, which is matched by a sharp change in its
position angle profile (bottom right) at the same semimajor axis distance, in contrast with the rather smooth profiles of the unbarred galaxy.

7 In addition, a warped stellar disk may also introduce changes in the
ellipticity and P.A. profiles, yet its effect tends to be more relevant toward the
outskirts of the disk, way beyond the end of the bar.
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statistics, i.e., for a given bar fraction f, and subsample size N,
the standard error is determined by -f f N(1 ) .

To put these new findings in the broader context of galaxy
evolution, we compare it directly with the bar fraction of
inactive galaxies built from the S08 sample. It is important to
mention that comparisons of results from different studies can
be tricky because of several subtle differences in the sample
selection process. In our particular case, however, this
comparison is valid since as described in Sections 2 and 3,
the selection of the sample of active disks as well as the bar
identification was carefully designed to reproduce that of S08.

Since the publication of S08, the addition of photometric
bands to the COSMOS catalog over time has permitted a
continuous refinement of the photometric redshifts and physical
properties derived for the galaxy sample. Therefore, we

updated the S08 sample with the latest photometric redshifts
and absolute V-band magnitudes available from Ilbert et al.
(2009). Additionally, we removed X-ray-detected sources,
which yield a final sample of 1651 L* disk galaxies in the
redshift range < <z0.15 0.84. With the updated sample, in
Figure 2 we present the bar fraction of inactive galaxies
calculated over the same redshift bins, with uncertainties
represented by the shaded area. For illustrative purposes, the
inactive bar fraction is shown extrapolated to the expected
values at z = 0 of =f 0.59bar and z = 1 of =f 0.10bar , based
on a local disk sample S08, and simulations (Kraljic
et al. 2012), respectively. Details on the bar fractions of active
and inactive galaxies are given in Table 1.
We find that the bar fraction of active L* disk galaxies

declines with redshift, dropping over a factor of 2 from
~z 0.25 to ~z 0.75, and showing a similar trend as the bar

fraction of “normal” spirals known from the literature. When
directly compared to the bar fraction of inactive galaxies, our
results show that, at all redshifts probed, active disk galaxies
are barred more frequently than inactive galaxies beyond
uncertainties. At face value, this result could suggest that active
and inactive disk galaxies at < <z0.15 0.84 are structurally
different, and the presence of a stellar bar could be strongly
related to the occurrence of AGN activity. However, as we
argue below, much of the difference in the higher redshift bins
is due to selection effects.

4.1.1. The Stellar Mass Dependence

Before assessing the significance of the above results, one
needs to consider other factors that could influence the bar
fraction. For instance, we know from S08 that the bar fraction
is stellar-mass-dependent: the most massive disk galaxies tend
to have a higher fraction of bars at all redshifts, and show only
a mild evolution with cosmic time. While the mass-dependence
of the bar fraction seems to be stronger at higher redshifts, it
shows a nearly flat behavior at the low-redshift end.
It is therefore relevant to investigate whether the enhance-

ment in the bar fraction of active galaxies observed in Figure 2
could be due to AGNs typically being hosted by more massive
galaxies. Stellar masses for our samples are available through
galaxy template fitting to the observed SEDs by Ilbert et al.
(2009). Even though the AGN contribution was not taken into
account in these estimates, the moderate luminosity of our
sample implies a modest contribution to the overall SED, and
would suggest that the resulting stellar mass values should not
be particularly off. In order to be more precise, we can account
for the AGN contribution by taking the stellar mass estimates
from Santini et al. (2012), who computed stellar masses to the
brighter XMM-Newton COSMOS sample of active galaxies by
fitting combined galaxy and AGN templates. Fifty-six of our
active galaxies are covered by their sample, particularly at the
bright end, which should be the most affected by the non-
thermal emission. By comparing the stellar mass estimates of
Ilbert et al. (2009) and Santini et al. (2012) for 47 AGNs in
common between both samples, we find a median offset of just
0.1 dex, with the latter estimates being on the massive side. We
therefore opt to use the combined SED (galaxy+AGN) stellar
mass estimates when available, and the single galaxy template
estimates for the remaining 39 active galaxies.
In the left panels of Figure 3, we show the stellar mass

distributions of the AGN host galaxies together with the
inactive spirals from S08. One can immediately observe that

Figure 2. Bar fraction of active galaxies as a function of redshift (filled
diamonds) evaluated over three redshift bins: 0.15–0.40, 0.40–0.65, and
0.65–0.84, with the fraction itself indicated. We also show the bar fraction of
inactive disk galaxies (empty circles) in the COSMOS field computed for the
same redshift bins, and extrapolated to the expected values at z = 0 and z = 1,
based on a local disk sample S08 and simulations (Kraljic et al. 2012),
respectively. Vertical error bars, and shaded area represent the standard errors
( s1 ) assuming binomial statistics.

Table 1
Galaxy Samples and Bar Fractions

Redshift Range Ntot
a Nbar

b fbar
c

Active
0.15–0.40 21 15 0.71 ± 0.10
0.40–0.65 23 14 0.61 ± 0.10
0.65–0.84 51 18 0.35 ± 0.07

Inactive
0.15–0.40 426 251 0.59 ± 0.02
0.40–0.65 494 225 0.46 ± 0.02
0.65–0.84 731 171 0.23 ± 0.02

Inactive (M*-matched)d

0.15–0.40 63 36.4 0.58 ± 0.05
0.40–0.65 69 36.5 0.53 ± 0.05
0.65–0.84 153 50.5 0.33 ± 0.03

a Total number of galaxies in bin.
b Number of barred galaxies.
c =f N Nbar bar tot, standard error given by -f f N(1 )bar bar tot .
d Quoted numbers for the control sample correspond to the mean of one
thousand realizations.
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indeed, AGN host galaxies are consistently more massive than
the inactive field population of spirals, with this effect being
more severe in the highest redshift bin. This clear difference in
stellar mass could be the reason for the systematic offset
between bar fractions observed in Figure 2, as we will indeed
show below.

In order to properly compare the bar fractions of active and
inactive disks, we have to build a mass-matched control sample
of inactive disk galaxies. To do this, for each AGN we
randomly select three unique galaxies from the S08 sample in
the same redshift bin, and within a factor of 1.6 in stellar mass
(Δlog M M* = 0.2). For one case, the most massive active
galaxy in the lowest redshift bin, not enough control galaxies
were found to comply with the criteria, and therefore the search
interval in stellar mass was interactively increased by 10% until
Δlog M M* = 0.6, when enough matching galaxies were
found. In the right panels of Figure 3 we show the resulting
stellar mass distributions of the AGN hosts and of the mass-
matched subsamples for the three redshift bins, from which one
can already observe that the control sample omits a large
fraction of the lower-mass spirals, particularly in the inter-
mediate and high redshift bins. A Kolmogorov–Smirnov (K–S)
test supports that these pairs of stellar mass distributions have
been drawn from the same parent sample, with p-values of PKS
= 0.69, 0.81, and 0.24, respectively.

The immediate step following the successful construction of
the mass-matched control sample would be to compute its bar
fraction, The random nature of the selection process, however,
implies that the measured bar fraction will fluctuate for
different randomly selected samples. For this reason, we
obtained an accurate representation of the bar fraction for the
mass-matched control sample as follows: (1) we randomly
select a control sample of spirals meeting the criteria described
above, and compute its bar fraction; (2) we repeat this process
one thousand times; and (3) we calculate the mean bar fraction
among all control samples for each redshift bin. The standard
error in this particular fbar will be given by the standard
deviation among the one thousand measured bar fractions.

The mean bar fraction of the mass-matched control samples
is presented in Table 1 and in Figure 4, where we show it along

with the AGN bar fraction. The resulting fbar appears “flatter”
across the redshift range probed, in agreement with the weaker
evolution of the bar fraction for the most massive galaxies. As
expected, at the low redshift bin, the bar fraction of inactive
disks remains almost unchanged, yet as one moves toward the
higher redshift bins, the bar fraction of the M*-matched sample
is enhanced with respect to the global S08 sample from
Figure 2, and the difference with the AGN bar fraction is
largely suppressed. Considering that the tentative yet not
statistically significant enhancement in the bar fraction remains
for the lowest redshift bin, with a difference between bar
fractions of D = f 0.13 0.11bar (∼1.2σ), we choose to
perform a more thorough analysis on our results, and provide
precise constraints as far as our data allows on the true value of
Dfbar.

4.1.2. The Difference between Bar Fractions

Below, we provide quantitative constraints on the actual
difference between the bar fractions of the AGN and mass-
matched S08 samples,Dfbar. For any given sample of galaxies,
we can construct a Bayesian model for the posterior probability
distribution of its “true” bar fraction based on the observed data
(Nbar and Ntot from Table 1)8:

µ ´( ) ( )(P f N N P N N f P f, ) , ,bar bar tot bar tot bar bar

where the likelihood ∣P N N f( , )bar tot bar corresponds to a
binomial probability distribution which, after normalization,
takes the form of a beta distribution, a bBeta( , ), with
parameters a = +N 1bar , and b = - +N N 1tot bar . Assuming
a uniform prior, i.e., =P f( ) Beta(1, 1)bar , the above likelihood
will be equivalent to the posterior probability of fbar. Knowing
how to obtain the probability distribution of each bar fraction,
we construct the posterior probability of Dfbar for the three
redshift bins through a Monte Carlo simulation as follows: (1)
separately, we sample the bar fraction of the AGN and the
mass-matched control sample from their corresponding beta

Figure 3. Normalized stellar mass distributions of the AGN disk sample (gray histograms) compared against the whole sample of inactive spirals from the S08 sample
(left), and against a stellar-mass-matched sample of inactive galaxies built from the S08 sample (right) for three redshift bins.

8 See, e.g., Andrae (2010) and Cameron (2011) for further details on this
methodology, and Cisternas et al. (2011) for an example with merger fractions.
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distributions, (2) we compute the difference,Dfbar, between the
above bar fractions, and (3) we repeat this process five million
times. The resulting posterior probability distributions of the
difference between bar fractions are shown in Figure 5. For
each distribution, we report the maximum-likelihood estimator
for the difference between bar fractions, Df̂bar, and the 68%
( s»1 ) and 95% ( s»2 ) credible intervals.

For the lowest redshift bin, which showed the most
intriguing difference between bar fractions, we can see from
our results that the 68% credible interval excludes the

D =f 0bar line, favoring the possibility that the AGN bar
fraction is higher than that of the mass-matched inactive
galaxies. However, using a more standard and conservative
credible interval of 95%, the difference between bar fractions
always includes D =f 0bar , as it does for the higher-redshift
bins, and therefore we cannot rule out the possibility that the
bar fractions of AGN and inactive galaxies are equivalent with
our current data set.
An independent look at the AGN bar fraction at >z 0 was

recently carried out by Cheung et al. (2015), who studied the
fraction of barred active galaxies at < <z0.2 1.0 using
classifications from Galaxy Zoo Hubble project in the
COSMOS field, as well as from the EGS and GOODS-S
fields. The bar fraction of their sample of 119 AGNs shows no
overall enhancement with respect to matched inactive galaxies,
in broad agreement with our findings.

4.2. Bar Presence and Nuclear Activity

The above results show that, at face value, active disk
galaxies are barred more often than inactive ones. The observed
excess of bars, however, can be largely explained by the fact
that AGNs typically reside in massive galaxies, which in turn
have a higher bar fraction than less massive systems. With this
taken into account, we find no substantial evidence to rule out
the possibility that AGN and similarly massive inactive
galaxies are barred with comparable frequencies. Nevertheless,
the fact that stellar bars are able to bring large supplies of gas to
the center of galaxies, together with the observed occurrence of
AGN activity in barred galaxies, could still suggest that bars
may play a role in the nuclear fueling of at least some galaxies.
In this respect, to further understand whether stellar bars have
an impact on the ongoing AGN activity, it is relevant to directly
compare the nuclear activity levels in barred and unbarred
systems.
We investigate whether in our sample of active L* disk

galaxies, AGN activity is enhanced by the presence of a bar. To
this extent, we use the 2–10 keV X-ray luminosities as a proxy
of AGN strength which, although it also includes some

Figure 4. As Figure 2, but now comparing the bar fraction of active galaxies to
that of inactive galaxies matched in stellar mass. The mass-matched bar
fraction corresponds to the mean of one thousand control samples drawn from
the parent sample of inactive disk galaxies from S08. Each control sample was
built by randomly selecting three galaxies per AGN, chosen to match in
redshift and stellar mass.

Figure 5. Posterior probability distributions of the difference between the bar
fractions of the AGN and the mass-matched control sample,Dfbar, for the three
redshift bins. In each panel we include the maximum-likelihood estimator
between bar fractions, Df̂bar, and the 68% and 95% credible intervals of Dfbar,
CI68, and CI95, respectively, also illustrated by the shaded areas.

Figure 6. X-ray luminosity distributions of barred (gray histograms) and
unbarred (empty histograms) active galaxies over three redshift intervals, with
their corresponding p-values from K–S test, PKS. For each distribution, we
show its median as vertical dashed (barred) and dotted (unbarred) lines.
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nominal contribution from star formation, at these luminosity
regime ( ⩾L 10X

42 erg s−1) can be safely attributed primarily
to BH accretion. In Figure 6 we show the distributions of X-ray
luminosities in three redshift bins. At a first glance, no major
difference can be seen between the distributions of barred (gray
histograms) and unbarred (empty histograms) active galaxies.
Quantitatively, the median LX values of barred and unbarred
galaxies are statistically indistinguishable in all three redshift
bins, as illustrated by the vertical lines in each panel, also
presented in Figure 7. Performing a K–S test further strength-
ens this point, by showing a high probability that each pair of
luminosity distributions is drawn from the same parent
distribution (PKS = 0.76, 0.68, and 0.30). These results suggest
that the presence of a large scale bar has no particular influence
on the ongoing BH activity, as also observed in nearby galaxies
(Ho et al. 1997; Cisternas et al. 2013), yet our present sample is
probing AGN luminosities at least an order of magnitude
higher than typical local Seyferts.

4.2.1. X-Ray Stacking of Inactive Spirals

As a second test to trace the influence of bars on nuclear
activity, we unveil the hitherto hidden X-ray emission of
galaxies without individual Chandra detections. We accom-
plish this by resorting to a stacking analysis of Chandra
observations using the latest version (v4.1) of CSTACK tool.9

From the S08 sample of L* disk galaxies, we construct
subsamples of barred and unbarred galaxies separately, for the
three redshift bins, i.e., 0.15–0.40, 0.40–0.65, and 0.65–0.84.
The X-ray stacking procedure yields the average X-ray
emission of these individually undetected galaxies, and serves
as a way of probing not necessarily luminous BH activity, but
rather low-level AGNs and enhanced star formation activity.
Any galaxy already in the X-ray source catalog is excluded
from the stacking analysis, as well as those targets located near
resolved sources. We assess the significance of the stacking by
comparing our detection to the standard error from 500
resampled stacked count rates from a bootstrap procedure.
The total number of sources per stack is given in Table 2,
together with the significance of the detection above the noise
for the soft and hard bands.

If bar-driven inflows are indeed able to have an impact on
the innermost regions of a galaxy, one may expect barred
galaxies to show, on average, higher levels of absorption in the
X-ray spectrum due to obscuring material. In this respect, we
compare the levels of nuclear obscuration between stacks of
barred and unbarred galaxies by computing their X-ray
hardness ratios (HR), given by = - +H S H SHR ( ) ( ),
where H and S are the count rates in the soft (0.5–2 keV)
and hard (2–8 keV) Chandra bands, respectively. While each
individual stack shows a decent detection (>2.4σ) in the soft
band, only two stacks have significant detections in the hard
band. For those cases without detections, we provide an upper
limit on the HR by assuming a count rate in the hard band at the
s2 level. The HR values are presented in Table 2.
Because of the lack of consistent hard band detections, we

can only make crude assumptions on the hardness of the
spectra. Unobscured AGNs tend to have HR values below
−0.2, corresponding to soft, unabsorbed spectra
(Hasinger 2008). The HR values of our stacks are not
particularly hard, with values always below 0.2, even for the
stacks with the clearest detections in the hard band.
Comparatively, no significant differences are observed between
barred and unbarred subsamples, suggesting that the nuclear
conditions of these galaxies are not intrinsically distinct.
To investigate the levels of nuclear activity, we compare the

average X-ray luminosities between stacks. Because of the
scant hard band detections, we use the soft band count rates to
estimate 2–10 keV fluxes and luminosities. We consider
Galactic absorption, and assume an absorbed power-law model
with spectral index G = 1.4 and intrinsic column density

= -N 10 cmH
22 2, a representative value for moderate-luminos-

ity AGNs (e.g., Bauer et al. 2004). The estimated luminosities
are presented in Table 2, and shown in Figure 7. As it can be
seen from our results, we find no significant difference between
the LX values of the barred and unbarred stacks that could hint
at obscured BH growth or enhanced star formation going on in
barred galaxies.

4.3. The Limited Role of Bars

Our results show that for our sample of moderate luminosity
X-ray-selected AGNs ( ~L 10X

43 erg s−1) hosted in luminous
disk galaxies at < <z0.15 0.84, (1) the fraction of barred

Figure 7. Average X-ray luminosities of barred (filled symbols) and unbarred
(empty symbols) galaxies in three redshift bins for X-ray-detected active
galaxies (diamonds) and undetected stacked galaxies (circles).

Table 2
X-Ray Stacking Results

NStack
a z̃ b Detection (σ)c HRd log LX

[Soft] [Hard] (erg s−1)

Unbarred Galaxies
81 0.35 4.4 1.5 <-0.16 41.0 ± 0.1
186 0.55 2.8 2.7 0.19 41.1 ± 0.2
362 0.71 5.1 <1 <-0.16 41.3 ± 0.1

Barred Galaxies
127 0.34 6.3 1.9 <-0.40 41.2 ± 0.1
148 0.52 2.4 <1 <0.13 41.0 ± 0.2
113 0.70 4.2 2.7 0.08 41.5 ± 0.1

a Number of accepted galaxies in stack.
b Median redshift of galaxies in stack, used to compute fluxes and luminosities.
c Detection significance above the noise for each band.
d Hardness ratio, defined as - +H S H S( ) ( ), where H and S are the count
rates in the hard and soft bands, respectively.

9 http://cstack.ucsd.edu
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active galaxies evolves in a similar fashion as that of inactive
galaxies, (2) active and inactive galaxies are barred with
comparable frequencies, and (3) barred and unbarred galaxies
show indistinguishable levels of AGN activity.

While we showed that we cannot rule out that the fractions
of active and inactive barred galaxies are the same at all
redshifts, it is still interesting to compare the difference we
found at the lowest redshift bin, D = f̂ 0.13 0.11bar , with
other studies from the local universe. Knapen et al. (2000)
found bar fractions for their samples of nearby Seyfert galaxies
and control inactive galaxies of 0.79± 0.08, and 0.59± 0.09,
respectively, which translates into a difference of 0.20± 0.12,
or 1.7σ. Following up on this intriguing result, Laine et al.
(2002) increased the sample size, and obtained bar fractions of
0.73± 0.06 and 0.50± 0.07 for Seyfert and inactive galaxies,
respectively, corresponding to a difference of 0.23± 0.09 and
yielding a higher significance of 2.5σ. We caution that direct
comparisons between studies are not straightforward given the
different characteristics between samples. Nonetheless, it is still
interesting as it hints at a trend of an increasing difference
between bar fractions with decreasing redshift, yet to be
confirmed with larger samples.

The results from nearby Seyfert galaxies could also provide
clues on why there is no enhancement in the AGN bar fraction
at high redshift, but a difference seems to appear as one
approaches =z 0: the average AGN luminosities probed in our
sample increase with redshift (see Figure 7), and therefore it is
possible that bar-driven inflows favor the occurrence of AGNs
up to a certain luminosity. For the high-luminosity end, the
fueling requirements might be intrinsically different, and other
mechanisms might be more efficient at providing the necessary
supply of gas without the need of bars (see next Section). This
could account for the mild, yet not significant, enhancement of
the AGN bar fractions in our low redshift subsample as well as
in local Seyferts (i.e., the low-luminosity end), and explain
why the enhancement is washed out toward higher redshifts
and luminosities.

Based on what we know from the literature, one would
expect stellar bars to increase the odds of AGN activity
occurring: bar-driven gas inflows from kiloparsec scales result
in the buildup of central concentrations of gas (Sakamoto
et al. 1999; Sheth et al. 2005), star formation (Martin 1995; Ho
et al. 1997), and subsequent pseudobulge growth (Kormendy
& Kennicutt 2004). Such conditions are expected to increase
the likelihood of, e.g., the formation of a gaseous disk within
the central hundred parsecs, which could be subject to further
instabilities leading to inflows that would fuel the central BH
(Shlosman et al. 1989). The uncertainties inherent to our
sample size, however, do not allow us to confirm a difference
between the bar fractions of AGN and inactive galaxies.
Furthermore, the indistinguishable levels of AGN activity
observed in barred and unbarred galaxies, suggests that the
inflow of gas from kiloparsec scales is not a necessary
condition for BH fueling, and that at <100 pc scales the
transport mechanisms tend to be disconnected from the large-
scale structure of the galaxy. This idea was shown by Martini
et al. (2003) through their study of nuclear spiral structure—a
possible mechanism to transport material inward near the
vicinity of a central BH. They found that most active galaxies
feature nuclear dust spiral structure at their centers, yet it tends
to be rather asymmetric and not connected to a larger stellar

bar, suggesting a possible in situ formation scenario for these
nuclear spirals.
Another aspect worth mentioning is that, even if there was a

direct link between bars and AGN, detecting correlations is
particularly difficult even at high redshift. This directly relates
to the fact that an AGN is a rather short-lived, episodic
phenomenon, with typical lifetimes of 10–100Myr (e.g.,
Martini 2004) which is significantly shorter than periods of
enhanced star formation. This implies that it is not strange to
find correlations regarding star formation in barred galaxies, yet
AGN activity is far more elusive, making any observable link
much more subtle. Additionally, as we discuss below, AGN
activity is also observed in unbarred galaxies, meaning that
other mechanisms can also provide the necessary gas supply,
and further dilute any connection between bars and AGNs.

4.4. Most Active Disk Galaxies Are Unbarred

Looking at our results from a different perspective, it is
important to mention that roughly 60% of disk-hosted AGNs at
>z 0.4 appear to lack large-scale bars, with this number being

a lower limit if one extrapolates the observed trend out to
higher redshifts, beyond =z 0.84. Therefore, even if there was
a causal connection between bars and AGN activity for at least
some galaxies, other alternatives to bring enough gas down to
the nuclear regions should be investigated to account for the
fueling of these AGNs in unbarred hosts.
The interpretation of these findings requires an under-

standing of the nature of stellar bars: they are a reliable
indicator of a “mature” i.e., dynamically cold, stable disk. In
other words, bars do not form in “hot” disks, i.e., rather
turbulent ones, with a dominant velocity dispersion component.
Therefore, this could be directly connected with the decrease in
the bar fraction at higher redshifts and hot disks being more
common there (Sheth et al. 2012). In fact, due to the higher gas
fractions at earlier cosmic times (Daddi et al. 2010; Tacconi
et al. 2010), star-forming disk galaxies at ~z 2 tend to be quite
turbulent, gas-rich, and unstable, which can lead to fragmenta-
tion and formation of dense clouds and giant clumps (Genzel
et al. 2008; Bournaud et al. 2011). At <z 1, the gas fractions
drop and disks tend to become more stable and less clumpy. As
the fraction of clumpy galaxies decreases from ∼35% at =z 1
down to ∼5% at =z 0.2 (Murata et al. 2014), the bar fraction
increases by a factor of 3.
Could the dynamical conditions of disk galaxies at higher

redshifts be also related to the increasing fraction of AGN
activity in unbarred galaxies? Massive clouds and clumpy
structures in a disk can migrate radially by themselves, or
induce angular momentum transfer outward, resulting in gas
inflows which could promote bulge, and potentially BH,
growth (Dekel et al. 2009; Bournaud et al. 2011; Gabor &
Bournaud 2013). A link between clumpy disks and AGN
activity at ~z 0.7 has been reported by Bournaud et al. (2012),
yet for luminosities well below our cutoff, i.e., <L 10X

42 erg
s−1, arguing that this mechanism would only account for very
modest levels of activity at these redshifts. At ~z 2, however,
Trump et al. (2014) found similar levels of AGN activity in
clumpy and smooth disks, ruling out violent disk instabilities as
a dominant or more efficient BH fueling mechanism.
While a more in depth analysis is beyond the scope of this

Paper, our sample only shows a minority of galaxies with clear
clumps. The transient nature of these features, as well as the
limited AGN lifetime, makes it difficult to find a direct
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connection between AGN activity and clumpy structure. The
AGN luminosities probed here, however, may not need of
massive clumps to be accounted for, and the stochastic
accretion of a few giant molecular clouds could still provide
the necessary fuel (Hopkins & Hernquist 2006). Clump-free,
smooth disks are not necessarily completely dynamically cold,
and the existence of a turbulent component could favor the
occurrence of these random events. A promising next step
would be a comparative study on the kinematics and gas
content of barred and unbarred active galaxies at high redshift.
This could provide valuable clues on whether the dynamical
state of the disk is indeed a fundamental factor which provides
the suitable conditions for AGN fueling on the majority of
active galaxies.

5. CONCLUSIONS

At least over the last seven billion years, a significant
fraction of the BH growth is occurring in seemingly
undisturbed disk galaxies. Stellar bars, highly common in the
local universe, are often invoked as a mechanism that can
deliver a fresh supply gas to feed these AGNs, yet no
observational studies have so far probed their actual relevance
beyond =z 0.

In this Paper, we have carefully constructed a sample of 95
AGNs, selected based on their 2–10 keV X-ray luminosities
( ⩾L 10X

42 erg s−1), and hosted in luminous moderately
inclined disk galaxies over < <z0.15 0.84 with the goal of
investigating the impact of bars on nuclear activity, as well as
the redshift evolution of the bar fraction of active galaxies. Our
results can be summarized as follows.

1. The bar fraction of active galaxies declines with
increasing redshift, from 71± 10% at z ∼ 0.3 to 35 ±
7% z∼0.8, showing a similar evolution as that of
“normal” spiral galaxies.

2. When directly compared against inactive disk galaxies,
the fraction of bars is higher in active disk galaxies. Most
of this enhancement, however, is because AGNs in our
sample are typically hosted by rather massive galaxies,
which in turn have a higher bar fraction. When compared
against a mass-matched sample of inactive galaxies, the
enhancement is largely suppressed, and we cannot rule
out that the bar fractions of active and inactive galaxies
are equivalent.

3. The strength of the AGN activity is not influenced by the
presence of a bar. Barred and unbarred active galaxies
show equivalent LX distributions over the redshift range
probed. Through an X-ray stacking analysis of inactive
barred and unbarred galaxies, we find comparable levels
of X-ray emission, likely attributable to star formation.

4. From our findings above, we conclude that the occur-
rence and the efficiency of AGN activity is independent
of the large-scale structure of the galaxy. The role of bars
may be confined to bringing large supplies of gas to the
central regions which could eventually be transported
further down by other more relevant mechanisms at work
at the <100 pc scale.

5. Viewing our results from a different angle, we find that an
increasing fraction of unbarred active galaxies at higher
redshifts, which we interpret to be related to the rather
unstable dynamical conditions of disk galaxies at earlier
cosmic times.
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