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Abstract

Most galaxies in clusters have supermassive black holes (SMBHs) at their center, and a fraction of those SMBHs
show strong activity. These active galactic nuclei (AGNs) are an important probe of environmental dependence of
galaxy evolution, intracluster medium, and cluster-scale feedback. We investigated AGN fraction in one of the
largest samples of X-ray selected clusters from the ROSAT and their immediate surrounding field regions below
7 < 0.5. We found a lower average AGN fraction in clusters (2.37 = 0.39)% than for the fields (5.12 £ 0.16)%.
The lower AGN fractions in clusters were measured, after dividing the clusters into five redshift intervals between
0.0 and 0.5, in each redshift interval, and we found an increase in the fraction for both cluster and field galaxies
with redshift below z < 0.5, which clearly indicates an environment and redshift dependence. We further divided
the clusters into low-mass and high-mass objects using a mass cut at log;o(Msqo/Ms) = 13.5, finding comparable
AGN fractions for both classifications, while a significantly higher AGN fraction in field. We also measured
increasing AGN fractions with cluster-centric distance for all redshift bins, further confirming the environmental
dependence of AGN activities. In addition, we did not find an obvious trend between AGN fraction and Sloan
Digital Sky Survey M, absolute magnitudes among different redshift bins. We conclude that the lower AGN
fraction in clusters relative to fields indicate that factors, such as inefficient galaxy mergers and ram pressure
stripping, cause a deficit of cold gas available in high-density regions to fuel the central SMBH. Clusters and fields
in the present universe have lost more gas relative to their high-redshift counterparts resulting in a lower AGN
fraction observed today.
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1. Introduction

Most, if not all, galaxies have a supermassive black hole
(SMBH) at their center. Active galaxies are the ones that host
active galactic nuclei (AGNs) where the SMBH is accreting
mass from the dense central region of the galaxy at a
sufficiently high rate. For the luminous sample, the radiation
from these SMBHs can outshine the entire host galaxy. It is not
well understood why only a few SMBHs show such high
nuclear activity. Galaxies are found in overdense regions of the
universe which form the large-scale structures called galaxy
clusters and also in very low-density regions of filaments and
voids. There is strong evidence that galaxy evolution is closely
related to its environment, influencing star formation, stellar
mass, and galaxy morphology (e.g., Alberts et al. 2016). Most
massive early-type galaxies are typically found in galaxy
groups and clusters, close to the center of a cluster’s
gravitational potential. However, large isolated galaxies have
also been observed in the universe. While it is generally
accepted that environment plays an important role in galaxy
evolution, its role in triggering nuclear activity in active
galaxies is still widely debated. The fraction of galaxies in
clusters and fields that host these active SMBHs is an important
probe of AGN fueling processes, cold interstellar medium at
the centers of galaxies, galaxy’s star formation rate, co-
evolution of black holes and galaxies, and AGN influence on
the local environment via the AGN feedback mechanism (e.g.,
Sanders et al. 1988; Hopkins et al. 2008). Powerful jets in
radio-loud AGNs and/or AGN outflows interact with the
surrounding interstellar medium and can affect the star
formation rate in the galaxies hosting AGNSs. Various local
and global environmental factors, such as stellar mass density,

distance from the cluster’s center, cluster’s velocity dispersion,
cluster dynamics, host galaxy’s morphology, and cosmological
redshift may influence the AGN fraction in clusters; however
the relation between the two is not well understood. Many
studies such as Lopes et al. (2017), Argudo-Fernidndez et al.
(2018), and Ellison et al. (2019) find evidence for variation in
the fraction of AGNs with high- and low-density environments,
while several others see no to very weak correlation between
the two (e.g., Miller et al. 2003; Pimbblet et al. 2013; Yang
et al. 2018; Man et al. 2019).

Several possible triggering mechanisms in clusters and fields
to turn on the nuclear activity have been suggested, such as
major and minor mergers (e.g., Di Matteo et al. 2005; Fontanot
et al. 2015), disk instability (Dekel et al. 2009), bar influence
(Shankar et al. 2012; Zhao et al. 2019), and tidal effects (Moore
et al. 1996). Understanding the triggering mechanisms for these
nuclei is crucial to the study of galaxy formation and evolution
in the context of its environment. These processes are
responsible for supplying gas for accretion onto the black
hole, thus triggering it. Due to different accretion rates needed
for different luminosity classes, it has been suggested that
different physical processes are responsible for triggering the
AGN. Of these processes, galaxy interactions and mergers have
been thought to be especially important for high-luminosity
AGNSs. Accretion of mass onto the black hole is possible via
nonaxisymmetric perturbation that triggers the AGN nuclear
activity, which has been observed to occur during mergers
(Kawaguchi et al. 1998). Numerical simulations have shown
tidal torques during mergers to efficiently move the gas inward
to fuel rapid black hole mass accretion (e.g., Hernquist 1989;
Springel et al. 2005; Alexander & Hickox 2012). On the other
hand, studies have found secular processes, such as minor
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mergers and disk instability, to be the dominant mechanisms
for triggering low-luminosity AGNs (Hopkins & Hern-
quist 2009; Hopkins et al. 2014). Since clusters have
significantly higher galaxy densities than fields, the rate of
mergers is higher in clusters that would seem to trigger more
AGNs in clusters. However, a combination of galaxy-rich
environment, extreme conditions in the cluster’s gravitational
potential well, star formation rate, and concentration of cold
gas in the cluster halo make the AGN dynamics more complex.
Pressure from the hot intracluster medium (ICM) may cause
suppressed AGN activity since it causes evaporation of the cold
gas that accretes in the disk around the SMBH (Gunn &
Gott 1972). Studies show star formation to strongly co-evolve
with AGN evolution (Alberts et al. 2016). Cold intracluster gas
that drives star formation is also the primary fuel for AGN
activity. Influence of galaxy mergers containing rich gas is
similar on star formation in those galaxies to that on AGN
fraction. Cluster halos, on the other hand, quench AGN
formation by capturing cold gas and preventing accretion in the
inner parts of the cluster by a process called strangulation
(Larson et al. 1980). In the AGN phase model where most
black holes in galaxies undergo an intense activity period, the
lifetimes of emission at AGN luminosities are estimated to be
in the range of 10°~10% yr. Based on models of black hole
growth via gas inflows, the strong accretion phase lasts for
~10® yr (Kauffmann & Haehnelt 2000; Hopkins et al. 2005;
Shankar et al. 2009).

Studying the impact of environmental factors on AGN
fraction necessitates an investigation into the evolution of
galaxies, clusters, and inter- and intracluster medium over
cosmic time. Several studies show that dynamically evolving
cluster environments over the history of the universe have
affected AGN fractions in both clusters and fields (Eastman
et al. 2007; Bufanda et al. 2017). In the local universe, there is
evidence for anticorrelation between the AGN fraction and
galaxy density (e.g., Lopes et al. 2017), at least for luminous
AGN:Ss. Other studies have found comparable AGN fractions in
clusters and fields for low-luminosity quasars (Haggard et al.
2010). However, at higher redshifts, the AGN evolution has
been seen to follow a different evolutionary path (Martini et al.
2013). Cosmic conditions, such as galaxy and cluster
morphologies,the presence of denser ICM, the dominance of
dark matter, etc., at higher redshifts have greatly impacted the
current state of the universe and large-scale matter distribution.

We look at one of the largest cluster samples to study the
relative fraction of AGNs in cluster galaxies and fields. The aim
of this paper is to investigate the AGN fraction in clusters
relative to their field regions in the local universe (redshifts less
than 0.5) using X-ray, optical, and mid-infrared (mid-IR)
surveys. This is crucial to understand how the different local
and global environmental factors found in clusters and low-
density fields may affect the AGN activity (by triggering or
suppressing AGNs).

The paper is divided into the following sections. We describe
the data and the photometric surveys used in Section 2. In
Section 3, we describe the methodology used and in Section 4,
we discuss the results. Finally, in Sections 5 and 6, we present
the discussion and conclusions to our study respectively. We
adopt the values for the cosmological parameters as follows:
Q, =03, Q) =07, Hy= 70 kms~ ' Mpc~".
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2. The Data

This study is based on 25,801 galaxies in X-ray selected
galaxy clusters and groups and 242,972 field galaxies. This
makes it one of the largest cluster catalogs used for studying
the relative fraction of AGNs in high-density cluster environ-
ments against their surrounding low-density fields. In the
following subsections, we describe the data.

2.1. Cluster Sample

The clusters studied in this paper are from the Meta-catalog
of X-ray selected galaxy clusters (MCXC), described in
Piffaretti et al. (2011). It is partially based on the ROSAT
All-Sky Survey, abbreviated as RASS hereafter. The majority
of the RASS data was obtained by the Position Sensitive
Proportional Counter in the scanning mode with a count rate
>0.06 countss~!. The catalog contains clusters from the
Northern ROSAT All-Sky galaxy cluster survey (NORAS;
Bohringer et al. 2000) and the ROSAT-ESO Flux Limited X-ray
Galaxy Cluster Survey (REFLEX; Bohringer et al. 2004).
REFLEX surveys the southern hemisphere at decl. below +2°5
with a mean exposure of 335 s. It has a total coverage area of
13924 deg?, which excludes the Galactic plane and Magellanic
clouds. NORAS covers the northern sky above 070 decl. and
Galactic latitude >20°, with a mean exposure of 397s.
Additional data from the South Galactic Pole (SGP) survey
covers a region of 1.013 steradian around the SGP (Cruddace
et al. 2002). The other part of the catalog is taken from
serendipitous cluster catalogs, such as the Wide Angle ROSAT
Pointed Survey (WARPS; Perlman et al. 2002; Horner et al.
2008), Extended Medium-Sensitivity Survey (EMSS; Gioia
et al. 1990), 160 Square Degrees (160SD; Mullis et al. 2003),
400 Square Degrees (400SD; Burenin et al. 2007), and
Serendipitous High-Redshift Archival ROSAT Cluster
(SHARC; Romer et al. 2000; Burke et al. 2003), that take
observations of deeper pointed X-ray sources. There are five
more contiguous RASS surveys and the five serendipitous
surveys (mentioned above) used to create this catalog (Piffaretti
et al. 2011).

MCXC provides the cluster redshift, standardized
0.1-2.4keV band luminosity, Lyx s, cluster mass, Msq, and
radius, Rsgg, for 1743 clusters. The subscript 500 denotes the
characteristic radius within which the mean density of the
cluster is 500 times the critical density of the universe at the
cluster redshift. The majority of MCXC clusters are at low to
medium redshifts, with a redshift peak at z = 0.08. About half
of the clusters (49%) have 0.1-2.4 keV band luminosities larger
than 10" ergs™', with a mean Iluminosity of
Ly 500 = 2.11 x 10 erg s~ !. The cluster sample used in this
study resembles a combination of multiple flux-limited samples
where a large fraction of the clusters is derived from RASS.
Figure 1 shows the luminosity distribution with respect to
cluster redshift, where we can see the multiple flux limits. This
distribution approximately contains clusters brighter than
Ly 500 = 10% erg s ! at all redshift values. There are a
handful of low-luminosity clusters below this luminosity value
for z < 0.1, and the same redshift bin has a deficit of the
brightest clusters, at luminosities around
Ly 500 = 10 x 10* erg s~ !, because of the lack of survey
volume for the lowest redshift bin. However, as we see in
Section 4, our mass-based classification of clusters (mass and
luminosity are tightly correlated for clusters) does not show a
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Figure 1. Luminosity (Lsgg) vs. redshift of the X-ray clusters used in this study.

significant difference in AGN fractions between the high- and
low-mass categories in each redshift bin. Therefore, we argue
that the flux-limited type of sampling from multiple surveys
does not affect the AGN fraction results from this paper
significantly.

The mean mass, M5, for these clusters is 2.28 x 10 M.,
The catalog contains clusters ranging from galaxy groups to
rich clusters with the mass range between 0.96 x 10'* and
221 x 10" M.. Detailed methodology to calculate X-ray
luminosities ( Ly sop) and masses (Msqo) for the galaxy clusters,
along with their uncertainties, can be found in Piffaretti et al.
(2011). We have selected 580 X-ray selected galaxy clusters
for this analysis that lie in the redshift range of 0.0-0.5 and are
a part of the Sloan Digital Sky Survey (SDSS) footprint. The
average X-ray luminosity for our sam{pka of clusters in the
0.1-2.4 keV band is 1.77 x 10* ergs™' and the average mass
is 2.08 x 10'* M. These are moderately rich clusters with a
large fraction being galaxy groups and thus not well studied in
literature.

2.2. SDSS and WISE Galaxy Catalogs

The galaxies were selected using the SDSS DR 14 (Abolfathi
et al. 2018). SDSS is a multiband imaging and spectroscopic
survey that uses a 2.5 m telescope with a survey area of 14555
square degrees. It uses five broadbands (u, g, r, i, and z) where
the average exposure time for each band is 53.9s and the
median redshift is 0.1 for the photometrically selected galaxies.
This makes it a good catalog for the study of low-redshift
clusters. The median 50 depths for the photometric images are
22.15, 23.13, 22.70, 22.20, and 20.71 mag for the u, g, 7, i, and
z bands, respectively.

The Wide-field Infrared Survey Explorer (WISE) is a
multiband, mid-IR all-sky survey that was launched on 2009
December 14 and completed its first complete sky coverage on
2010 July 17 (Wright et al. 2010). WISE has imaged in four
passbands, 3.4, 4.6, 12, and 22 um (W1, W2, W3, and W4,
respectively), with mean exposure times of 7.7 s (in W1 and W2
bands) and 8.8 s (in W3 and W4 bands). The 5o sensitivity in
photometry is estimated to be 0.068, 0.098, 0.86, and 5.4 mJy
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at 3.4, 4.6, 12 and 22 um, respectively. Saturation affects
photometry for sources brighter than approximately 8.1, 6.7,
3.8, and —0.4 mag at 3.4, 4.6, 12, and 22 um, respectively.

3. Methodology

Cluster regions were defined to encompass the entire angular
extent from the cluster center out to Rsgg. The typical Rsgg
value for our clusters at these redshifts is about 2 Mpc and the
angular size ranges from 1’ for the most distant clusters to 58’
for the nearby clusters. We then selected SDSS galaxies within
the cluster region and made a redshift cut using the photometric
redshift values available for the SDSS galaxy data within z;
(1 £0.05). For this study, we only select the galaxies in the
absolute magnitude range of —20.0 to —22.0. This luminosity
range is detectable for redshifts considered in our analysis
7z < 0.5 given the SDSS r-band limits of 22.2 mag. This range
is chosen for all redshifts to avoid the selection bias toward
low-luminosity galaxies at low redshifts, and the range
provides the maximum number of galaxies for a statistical
study of the variation of the AGN fraction with redshift. We bin
the clusters with a 0.1 redshift bin, which is a factor of 2—-3 of
the mean uncertainties for photometric redshifts from 0.03 for
7 < 0.3 to 0.06 for z < 0.5 (Abolfathi et al. 2018).

For each cluster, we uniquely defined a local field region,
5 X Rspp—10 X Rsqq, for comparison. Each SDSS galaxy in the
data set was identified uniquely with a single cluster or field
region using SDSS photometric redshift (spectroscopic redshift
was used where available) of the galaxy. This photometric
redshift criterion will include foreground and background
galaxies due to larger uncertainties in photometric z values.
Therefore, we also investigate the relative AGN fraction for a
more robust analysis. The galaxies in SDSS DR14 were then
matched with sources from the WISE All-sky Survey with a
matching radius of 2” (e.g., Dai et al. 2015) to obtain the
infrared colors. The AGN fraction, f}, is defined as the ratio of
the number of AGNs and total galaxies in the cluster.

While several color cuts have been proposed in literature to
select mid-IR AGNs, our AGN sample was selected using the
mid-IR color selection criterion described in Stern et al. (2012).
Up to redshifts of ~3.5, mid-IR AGNs have been observed to
have mid-IR colors between the W1 and W2 filters (W1—W2;
Stern et al. 2012), with a different color distribution than
galaxies, because they have a distinct characteristic in the
spectral energy distribution (Stern et al. 2005). Extinction from
dust can cause extreme reddening in high-redshift AGNs for
optical and UV surveys and while AGNs selected in mid-IR are
relatively insensitive to absorption, they need to contribute
significantly to the total mid-IR luminosity to distinguish them
from their host galaxy. Thus, identifying AGNs based on mid-
IR colors is a robust method for heavily obscured, high-
luminosity AGNs with z < 3.5. We impose a color cut of Wl-
W2 > 0.8, which is generally accepted to identify AGN-
dominated colors well. The optical and IR color—magnitude
diagrams for the galaxies across all redshift intervals are shown
in Figure 2. The right panel shows the mid-IR color-magnitude
plot for cluster and field AGNs and nonactive galaxies. In the
left panel of Figure 2, the optical colors are shown in the SDSS
r and SDSS i bands for a fraction of cluster and field galaxies
(AGNs and nonactive galaxies). As can be seen, the majority of
the cluster and field galaxies lie on the red sequence. The
optical selection of cluster and field galaxies is biased toward
red galaxies, which have a more prominent 4000 A break
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Figure 2. Color-magnitude diagrams for our galaxy sample for a redshift range of 0.0-0.5. Left panel: optical color—-magnitude diagram in SDSS r and i bands for all
cluster galaxies (red) and all field galaxies (yellow). Right panel: mid-IR color-magnitude diagram using WISE W1 and W2 magnitudes for cluster AGNs (in red), field
AGNs (in blue), cluster nonactive galaxies (in black), and field nonactive galaxies (in green).

Table 1
AGN Fraction in Clusters and Fields for the Five Redshift Bins

Redshift* Cluster Field Low-mass Cluster High-mass Cluster
0.0<z<0.1 0.0028 33043 0.0143+3:35% 0.001575:9549 0.003519:002¢
0.1<2<02 0.0058+3:9048 0.0190+ 59003 0.008479%13 0.0068*99922
02<2<03 0.028673.993¢ 0.0745+00013 0.0263 100039 0.0425 100113
03<z<04 0.0399+3:59¢2 0.0791%930% 0.0390+3:55%1 0.050179313¢
04<2<05 0.0413+35198 0.0821i8_88§§ 0.0403+39127 0.0437+99230
Note.

% All the data for cluster and field in each z bin is added.

allowing for a more accurate determination of photometric
redshifts. However, since this selection bias is seen in both
cluster and field galaxies, the relative comparison of AGN
fractions between cluster and field is not significantly affected.
Hence, we perform a comparative study of AGN fractions for
cluster and field environments.

4. Results
4.1. Dependence on Environment

We separate the clusters in five redshift bins with a bin size
of 0.1. We then calculate the AGN fractions in the clusters and
fields in each redshift bin by adding all the data in the bin. In
addition, we also split the cluster galaxies into two mass ranges
and define those as low-mass and high-mass clusters. The mass
cut was determined such that there were about the same number
of cluster galaxies above and below the mass cut. The low-
mass cluster can be thought of as a group-like environment at
that redshift, whereas the high-mass cluster represents the more
massive galaxy clusters. We define the AGN fraction as the
ratio of the number of AGNs in a cluster (or field) to the total
number of galaxies. The AGN fractions are listed in Table 1.
The uncertainties associated with the AGN fractions are
Poisson errors with a 1o confidence limit. As discussed in
Section 3, the color cut used to select AGNs is generally
reliable in selecting luminous mid-IR AGNs at low redshifts.
Although our absolute AGN fractions for clusters and fields are

affected by magnitude dependent AGN selection function, the
relative AGN fraction between clusters and fields is a more
robust quantity because it largely cancels out the selection
function. In the left panel of Figure 3, we see that the AGN
fraction is lower in cluster galaxies than that of field galaxies
for each redshift bin. This result agrees with other studies in the
literature that look at the environmental dependence of AGNs
in clusters and fields (e.g., Lopes et al. 2017; Koulouridis et al.
2018). We infer that at low redshifts, z < 0.5, relatively more
AGNs are found in the low-density field environment
surrounding galaxy clusters compared to the regions closer to
the core of the clusters.

The right panel of Figure 3 shows further classification into
low- and high-mass objects where clusters (high-mass objects)
have logo(Msopo/Ms) > 14.3 and groups (low-mass objects)
have logo(Ms0o/Ms) < 14.3. We choose the mass ranges to
have a comparable number of objects above and below the
mass cut. AGN fractions for both mass ranges are very similar
within the 1o uncertainties. The AGN fractions for group-like
objects are slightly higher than cluster-like objects, except for
0.1 < z < 0.2 bin. Based on the result seen in the left panel,
we expect low-mass objects to have fractions somewhere
between high-mass clusters and the fields, which we modestly
observe, limited by the signal-to-noise ratio of the data. The
salient feature we observe is a significantly higher AGN
fraction in field than either low- or high-mass clusters, which is
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Figure 3. Fraction of AGNs in high- and low-density environments as a function of redshift. Left panel: AGN fraction for redshift bins from z = 0.0 to z = 0.5, with a
bin size = 0.1 for cluster and field objects. The errors are Poisson errors that correspond to 1o confidence limits. Right panel: same as the left panel, but we divide
cluster galaxies into low-mass objects (green circles) and high-mass objects (red circles). The blue circles are field galaxies in both panels.

the same environmental dependence as seen in the left panel of
Figure 3.

4.2. Dependence on Redshift

As described in Section 3, we divided the clusters into
various redshift bins to study the fraction of AGNs as a
function of redshift. First, we compared AGN fractions in
cluster and field for each z interval, which is plotted in Figure 3,
left panel. For our relatively low-redshift range, it can be seen
that the mean cluster AGN fraction increases as we go from
7 < 0.1 to z < 0.5, however, the value flattens out for z > 0.4
within 1o errors. A similar trend of AGN fraction with z is seen
for field galaxies as well. The comparable f; values within error
bars for field galaxies for z < 0.4 and z < 0.5 could be a result
of the significantly smaller samples of both cluster and field
galaxies at higher redshifts. A similar trend has been found in
previous studies, such as Martini et al. (2013) who studied
AGN fraction at high redshift (z ~ 1-1.5) and found an
increase in the X-ray AGN fraction from z = 0 to z = 3.0 for
cluster and field AGNs. There is a 3.4 times increase in cluster
AGN fraction from z < 0.1 to z < 0.5 and a 3.7 times increase
from z < 0.1 to z < 0.4. Similarly, for the field region, AGN
fraction increases 2.93 times and 3.2 times from z < 0.1 to
7 < 0.5 and z < 0.4, respectively. The percentage increase in
cluster AGN fraction is slightly higher than that in the field
AGN fraction. The right panel of Figure 3 shows the evolution
of low- and high-mass cluster AGN fractions with redshift. For
high-mass clusters, there is a positive trend with z up to z = 0.3
and then the values flatten out. For low-mass objects, the
dependence between AGN fraction and redshift follows a
similar trend as high-mass objects. However, the error bars are
bigger for low-mass objects. For field galaxies, the plot is the
same as in the left panel. In general, we observe an increasing
AGN fraction with redshift as found in many studies done
previously (e.g., Hasinger et al. 2005; Martini et al. 2013).

Figure 4 shows relative AGN fraction versus redshift.
Relative fraction is more robust against selection effects,
because they largely cancel out between field and cluster
fractions. The correlation is determined using a best-fit line and
a positive slope of 0.84 & 0.24, a 3.5¢ deviation from zero

Relative AGN fraction

0.0 0.1 0.2 0.3 0.4 0.5
Redshift
Figure 4. Relative AGN fraction for cluster and field galaxies as a function of

redshift. The errors are Poisson errors that correspond to 1o confidence limits.
The best-fit line has a slope of 0.84 £ 0.24.

slope, which indicates that the relative AGN fraction also
increases with redshift as is the case of absolute AGN fractions
at 7 < 0.5.

4.3. Dependence on Angular Cluster-centric Distance

We also investigated the dependence of the AGN fraction on
normalized radial offset from the center of the cluster for
cluster and field galaxies. The distances are angular distances in
R500. In the left panel of Figure 5, AGN fraction is plotted as a
function of distance for cluster galaxies for the five redshift
intervals. We see an increase in f, from the core of the cluster
out to Rsgg for all of the intervals. The slopes and lo
uncertainties for the best-fit lines are 0.016 £ 0.004,
0.003 £+ 0.003,  0.053 + 0.011,  0.003 + 0.016,  and
0.060 £ 0.021, respectively. The dependence does not show
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Figure 5. Fraction of AGNs as a function of angular cluster-centric distance (in terms of Rsqg). Left panel: f, for cluster galaxies for the five z bins. Right panel: same
as the left panel, but for field galaxies. The errors are Poisson errors that correspond to 1o confidence limits.

a trend with increasing redshift. We see the slope decrease at
first, then increase, then decrease again for 0.3 < z < 0.4. The
trend line is the steepest for the highest redshift bin. This
suggests that the cluster evolution may not be significant from

z = 0.5 clusters to present-day clusters to observe an evolution

in cluster-centric dependence of the AGN fraction.

AGN fractions as a function of distance for field galaxies are
in the right panel of Figure 5. As stated above, we define field
galaxies as lying between 5 X Rsgg to 10 X Rsq. There data is
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very scattered for field galaxies and the slopes are very close to
0, which indicates that there is not a significant dependence on
distance. We expect that the field fraction would not depend on
the distance from the center of the cluster.

4.4. Dependence on Absolute Magnitudes

We also investigate the dependence of the AGN fraction on
the M,, absolute magnitude in the SDSS r band. The absolute
magnitudes for the SDSS r band were calculated using the
distance modulus equation, with the K-correction terms for
specific redshift values extracted from Assef et al. (2010) using
the spectral energy distribution template for elliptical galaxies
in clusters. The template is in the wavelength range from 0.03
to 30 um and is based on the NOAO Deep-Wide Field Survey
Bootes, which has multiwavelength photometric observations,
and also the AGN and Galaxy Evolution Survey, which
provides the spectroscopic data. This template is extended into
the mid-IR (Assef et al. 2008) and is useful as we select the
AGNs based on the mid-IR color selection criteria mentioned
in Section 3. Our luminosity cut represents intermediate-
luminosity AGNs (—22 < M, < —20.0). This luminosity cut
was made to enable comparison of AGN fractions for lowest
and highest redshift bins since the peak R-band luminosity
shifts to lower absolute magnitudes for higher redshifts as only
the most luminous AGNs would get selected at higher
redshifts. Thus, analyzing f4 for a wider magnitude range
would result in a biased sample of fewer faint magnitude, high-
7z AGNs. Our magnitude range selects the majority of the AGNs
in each redshift interval in our sample to avoid selection bias
and therefore provides a more complete sample of cluster and
field AGNs to calculate the AGN fraction. Because the
selection functions cancel out between cluster and field AGN
fractions, relative AGN fraction is a more robust measurement.
Figure 6 shows AGN fraction as a function of R absolute
magnitude for all the redshift bins. In the left panel, we have
shown AGN fraction dependence on the absolute magnitude
for the cluster and field galaxies. While a general trend of
decreasing fraction is seen for field galaxies for 0.1 < z < 0.5,
it is not significant. For z < 0.1, the AGN fraction decreases
and then becomes constant. The correlation for cluster galaxies
is not conclusive. While AGN fraction seems to increase for the
lowest z bin, it shows the opposite dependence for the next
three bins. For z < 0.5, f4 does not have a significant trend
with absolute magnitude.

The right panel of Figure 6 shows the same relationship for
relative AGN fraction. No obvious trend is seen with absolute
SDSS r-band magnitude. Similar to the left panel, the relative
AGN fraction increases with magnitude for 0 < z < 0.1. It
then decreases with the absolute magnitude for the next two z
bins and flattens out for the highest redshift clusters in our
sample. We expect a higher AGN fraction with increasing
luminosity if we consider the absolute magnitude to be
representative of cluster stellar mass. However, mid-IR
selection criteria used in this study leads to a biased selection
of AGNs as described in Stern et al. (2012), who select WISE
AGN candidates that peak around SDSS r ~ 20.0. Very few
AGN candidates selected are brighter than ~19th mag in the
SDSS r band (Stern et al. 2012). This selection bias would
explain the scattered distribution of AGN fraction relative to
the R absolute magnitude.
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5. Discussion

We discuss some of the selection biases and the robustness
of our results. For the mid-IR color selection of AGNs, we
report the results for the selection we use, W1-W2 > 0.8.
However, we also selected different color cuts above and below
W1-W2 = 0.8 and found that while absolute AGN fraction
values changed, the trends seen with various cluster and galaxy
properties and relative fractions are robust against the color
selection criterion. The field fractions are higher than the
cluster fractions at all redshifts. The optical selection of cluster
and field galaxies is biased toward red galaxies as described in
Section 3. However, comparing cluster AGN fraction against
field fraction makes this bias unimportant as we are selecting
more red galaxies in both cluster and field.

As discussed in Section 4, our results show that AGN
fraction in clusters is lower than that in fields at all redshifts
considered in this study. This is in agreement with several
AGN fraction studies in massive clusters done previously (e.g.,
Kauffmann et al. 2004; Lopes et al. 2017). This indicates cold
gas inflow toward the center where the black hole is located is
more efficient for isolated galaxies situated in fields, via secular
processes and/or mergers. The role of mergers in being the
dominant triggering mechanism for AGN activity has been
debated for a long time. If low-z AGNs are turned on
predominantly from the inflow of gas during major galaxy
interaction and merger events (e.g., Sanders et al. 1988), it
would be expected that high-velocity dispersions in moderate
to rich clusters would decrease the efficiency of these mergers
resulting in a lower fraction of AGN found in inner regions of
clusters. Semi-analytical modeling of dynamically young,
evolving galaxy groups formed by mergers of smaller galaxy
systems is shown to have higher black hole accretion rate than
old, relaxed galaxy groups formed from major mergers at
higher z (Raouf et al. 2014; Raouf et al. 2019), leading to more
efficient AGN activity and thus, higher AGN fractions. This
points toward a reduced merger efficiency in the richest galaxy
conglomerations. Outer regions of clusters and low-density
fields in the immediate vicinity of the clusters are seen to have a
higher fraction of AGNs at low redshifts, attributed to more
efficient mergers, while AGN activity is strongly suppressed in
the inner regions of rich clusters (e.g., Koulouridis &
Plionis 2010; Koulouridis et al. 2018). We find a significant
difference between cluster and field AGN fractions for both the
cases, when we divide our clusters based on mass and when we
do not, which is clearly indicative of an environmental
dependence for these intermediate-mass clusters. Our conclu-
sions are also supported by Constantin et al. (2008) who found
an anticorrelation between AGN activity and local density for
moderately bright galaxies (M, ~ —20) similar to the galaxies
used in our study. Many theoretical studies that model galaxy
interactions have found a close association between galaxy
mergers and the accretion of cold gas onto the SMBH, thus
triggering AGN activity (e.g., Di Matteo et al. 2003, 2005;
Croton et al. 2006). The role of mergers and hence the
environment of these AGNss is also very heavily dependent on
AGN selection criteria (Koulouridis et al. 2016; Goulding et al.
2018), luminosity of the galaxy sample (Melnyk et al. 2018;
Chiang et al. 2019), and redshift (Martini et al. 2009; Shirasaki
et al. 2018). Many studies that show no correlation between
AGN activity and environment are done at high z and typically
use X-ray AGNs (e.g., Silverman et al. 2009; Villforth et al.
2017). Our results agree with the recent study done by Ellison
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Figure 6. Fraction of AGNs as a function of the R absolute magnitude. Left panel: f for cluster (red) and field (blue) galaxies for the five z bins. Right panel: same as
the left panel, but for relative AGN fractions. The errors are Poisson errors that correspond to 1o confidence limits.

et al. (2019) that looks at the role of interactions in triggering
mid-IR selected AGNs in the local universe by studying
morphological disturbances in these galaxies. They find that in
59% of mid-IR AGNs, the morphology indicates interaction
undergone by the galaxy and conclude that mergers seem to
play a dominant role in fueling AGNSs. In their study, Ellison

et al. (2019) find different results for merger-driven triggering
for optical AGNs versus mid-IR selected AGNs indicating
selection bias in looking at the environment dependence on the
triggering of active galaxies between various studies done in
the literature. Ram pressure stripping would also play an
important role in stripping galaxies of their gas, especially close
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to the cores of these clusters (Gunn & Gott 1972; Ebeling et al.
2014). Pressure from the hot gas in the ICM drives the gas out
of the galaxy, including the denser cold gas which feeds the
central engine.

Our result for group and cluster classification based on Msqq
shows comparable AGN fractions for the two mass classes. We
expect low-mass galaxy groups to have an environment and
properties, such as stellar mass density similar to the outskirts
of massive clusters. For the local universe, we expect groups to
have higher AGN fraction than rich galaxy clusters due to an
enhancement in triggering opportunities, especially because of
lower relative velocities of galaxies in groups. We find slightly
higher values for group-like objects, however, within the error
bars; the difference is not significant (see Figure 4, left panel).
Most clusters selected from the MCXC catalog are inter-
mediate-mass to rich clusters. Therefore, the low-mass groups
we have selected (logo(Msoo/Ms) < 14.3) are still relatively
massive objects and we conclude that our calculated AGN
fraction for the low-mass category may not be truly
representative of small galaxy groups. For example, Lopes
et al. (2017) find a significantly higher AGN fraction for high-
mass systems than low-mass systems. However, it should be
noted that the mass cut they use is log;o(M4/Ms) > 10.6,
which is much lower than our cluster mass range. Many studies
support the broad idea that the population of active galaxies
found in galaxy clusters and groups and low tidal density field
regions reduces from the early universe (z ~ 1—2) to present
day. AGN fraction evolution with redshift shows a positive
dependence as seen in Figures 3 and 4. Our results support this
theory as we see an increase in mean cluster and field f4 from
z=20.1 to z=0.5. We infer our comparable f; values for
7z =04 and z = 0.5 within error bars are a result of larger
uncertainties in photometric redshifts and a smaller sample of
high-z clusters and member galaxies. Several factors, such as
the reduced efficiency of massive mergers due to high relative
velocities of member galaxies in clusters (Makino & Hut 1997;
Alonso et al. 2007), the smaller fraction of gas-rich galaxies
(Martini et al. 2013), and ram pressure stripping (see Poggianti
et al. 2017; Marshall et al. 2018), affect the availability of cold
gas that fuels the accreting black hole in the local universe.
Hydrodynamical and N-body simulations suggest an increase
in merger rate with redshift for field galaxies (Rodriguez-
Gomez et al. 2015), which agrees with our result of higher
AGN fraction in field at higher redshifts. At high redshifts,
protoclusters provide a dense galaxy-rich environment that
increases the probability of mergers in galaxies rich in gas
aiding in fueling the central black holes and turning on the
nuclear activity. This indicates a scenario for changing
mechanisms for nuclear activity triggering over cosmic time
where there is a transition from high-luminosity mergers
dominant out to z ~ 1.5 to more secular processes, such as
minor mergers and tidal effects, playing a more significant role
in the local universe (Martini et al. 2009). Our findings for
enhanced cluster (high-mass) and group (low-mass) AGN
fractions at higher z values is consistent with previous studies
done in the literature that have found mergers of luminous, red
galaxies in galaxy clusters and groups up to z ~ 1 and lower
merger fractions in low-redshift clusters (e.g., Couch et al.
1998; Tran et al. 2005). By present day, cluster galaxies are
believed to have been depleted of a significant amount of their
cold gas relative to field galaxies, resulting in a smaller relative
fraction of these active galaxies. Higher number of AGNs
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relative to total galaxies have been found at high redshifts (e.g.,
Eastman et al. 2007; Haggard et al. 2010; Martini et al. 2013).
Studies have also found AGN fractions to vary with cluster-
centric distance (Ehlert et al. 2014; Koulouridis & Barta-
lucci 2019). Our result for AGN fraction dependence on
cluster-centric distance shows a higher rate of AGN occurrence
as we go from the cluster core to the outer regions of the cluster
(R ~ Rsqp) for all the redshift bins between 0.0 and 0.5. This
increase in AGN fraction suggests the presence of different
physical conditions in the cluster core and outskirts and might
be indicative of more efficient AGN quenching processes, such
as ram pressure stripping, and fewer mergers near the cluster
potential where the majority of the red and dead ellipticals with
high-velocity dispersions reside. This result is in agreement
with the increasing density of X-ray AGNs from
0 < R/Rs0p < 1 found by Koulouridis & Bartalucci (2019)
in massive (Msqy > 1014M®), high-redshift (z ~ 1) clusters.
However, variation of AGN density with distance from the
cluster center and in the outskirts has also been found to depend
on the mass range of the sample. For example, Gordon et al.
(2018) look at the distribution of AGN in the infall region of
the cluster projected phase space compared to cluster core and
find that in high-mass groups (log;o(Mq0/M) > 13.5), AGN
prefer the infalling galaxy population, whereas for low-mass
groups they do not find any difference in AGN fraction
between the core and infall region. To better understand the
environment dependence of AGN fraction in galaxy groups
versus large clusters, we will need a sample of low-mass galaxy
groups to perform the same analysis. The lack of redshift
evolution of this trend might indicate that the cluster evolution
from z = 0.5 to z = 0 does not affect the rate of AGNs inside
the cluster. However, it should be noted that the larger errors in
galaxy members’ redshifts may result in a bias at high z.

We obtain inconclusive results for the relation between the
AGN fraction and SDSS r-band absolute magnitudes for cluster
galaxies. The field AGN fraction decreases with increasing
absolute R magnitude in the SDSS bands. For 0.0 < z < 0.1,
the AGN fraction peaks at M, ~ —20.0 for field galaxies and
levels out for galaxies brighter than M, ~ —21.0. Whereas for
the remaining four z intervals, 0.1 < z < 0.5, there is a steady
decline in the AGN fraction from M, = —20.0 to M, = —22.0.
This contradicts the result found in Haggard et al. (2010) where
they compared field X-ray AGN fractions in absolute i-band
magnitude bins and found higher AGN fraction for
—22 < M; < =21 than for —21 < M; < —20. This might be
due to the selection bias in our mid-IR-selected AGNs in the
field where very few of the WISE-selected AGNs are brighter
than SDSS i ~19. We only select a small range of absolute
magnitudes to study intermediate-luminosity AGNs to keep it
consistent over all the redshift bins and find no significant trend
for cluster active galaxies or the relative AGN fraction. A larger
sample of AGNs over a wider luminosity range would be
needed to understand if luminosity dependence of the AGN
fraction is a function of luminosity class.

6. Conclusions

We have presented a study of the fraction of active galaxies
in clusters and fields in an attempt to understand the still-
debated environmental dependence of nuclear activity in
AGNs. We have calculated the fraction of AGNs in clusters
and fields in five redshift intervals between redshifts of 0.0 and
0.5. For each redshift bin, we find that the field AGN fraction is
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significantly higher than the cluster AGN fraction. This result is
in agreement with several studies done in the literature where
low-density (field) regions were found to have a higher AGN
fraction than their overdense counterparts at low to inter-
mediate redshifts. It suggests that fields provide an ideal
environment for facilitating gas inflows during mergers
because of the relatively lower velocity dispersions in galaxies,
triggering nuclear activity in AGNs more efficiently than the
dense clusters. As we go from low to high redshifts, the relative
fraction of AGNs seems to flatten out. The AGN fraction has
previously been found to increase with redshift which indicates
a significant depletion in the availability of cold gas in clusters
and fields in the present universe compared to the scenario at
high redshifts (z ~ 1—1.5). The comparable AGN fraction
values for z = 0.4 and z = 0.5 could be because of higher
uncertainty due to a much smaller sample of galaxies compared
to lower redshift galaxies. We also find a strong dependence of
the cluster AGN fraction on cluster-centric distance that might
be indicative of the differences in galaxy evolution due to
different physical conditions present in the cluster core and
outskirts, further reinforcing the environmental dependence of
AGN activities. The field AGN fraction is almost constant with
distance from the cluster center, showing that we have selected
field regions sufficiently away from the clusters. The depend-
ence of AGN fraction on the R absolute magnitude is not
conclusive and we attribute mid-IR-selection bias to be a
reason due to the selection of relatively brighter AGN
candidates. In the future, we plan to increase our sample size
with spectroscopic data and low-mass X-ray selected clusters to
improve the statistical significance of our results to better
understand the environmental dependence of the AGN fraction.

We are grateful to the anonymous referee for the helpful
comments and recommendations that made the paper clearer
and stronger. We acknowledge the financial support from the
NASA ADAP programs NNX15AF04G, NNX17AF26G, NSF
grant AST-1413056.

ORCID iDs

Hora D. Mishra @ https: //orcid.org/0000-0002-6821-5927
Xinyu Dai © https: //orcid.org/0000-0001-9203-2808

References

Abolfathi, B., Aguado, D. S., Aguilar, G., et al. 2018, ApJS, 235, 42
Alberts, S., Pope, A., Brodwin, M., et al. 2016, ApJ, 825, 72
Alexander, D. M., & Hickox, R. C. 2012, NewAR, 56, 93
Alonso, M. S., Lambas, D. G., Tissera, P., et al. 2007, MNRAS, 375, 1017
Argudo-Fernandez, M., Lacerna, 1., & Duarte Puertas, S. 2018, A&A,
620, A113
Assef, R. J., Kochanek, C. S., Brodwin, M., et al. 2008, ApJ, 676, 286
Assef, R. J., Kochanek, C. S., Brodwin, M., et al. 2010, ApJ, 713, 970
Bohringer, H., Schuecker, P., Guzzo, L., et al. 2004, A&A, 425, 367
Bohringer, H., Voges, W., Huchra, J. P., et al. 2000, ApJS, 129, 435
Bufanda, E., Hollowood, D., Jeltema, T. E., et al. 2017, MNRAS, 465, 2531
Burenin, R. A., Vikhlinin, A., Hornstrup, A., et al. 2007, ApJS, 172, 561
Burke, D. J., Collins, C. A., Sharples, R. M., et al. 2003, MNRAS, 341, 1093
Chiang, C.-Y., Goto, T., Hashimoto, T., et al. 2019, PASJ, 71, 31
Constantin, A., Hoyle, F., & Vogeley, M. S. 2008, ApJ, 673, 715

10

Mishra & Dai

Couch, W. J., Barger, A. J., Smail, I, et al. 1998, ApJ, 497, 188

Croton, D. J., Springel, V., White, S. D. M., et al. 2006, MNRAS, 367, 864

Cruddace, R., Voges, W., Bohringer, H., et al. 2002, ApJS, 140, 239

Dai, X., Griffin, R. D., Kochanek, C. S., et al. 2015, ApJS, 218, 8

Dekel, A., Sari, R., & Ceverino, D. 2009, ApJ, 703, 785

Di Matteo, T., Croft, R. A. C., Springel, V., et al. 2003, ApJ, 593, 56

Di Matteo, T., Springel, V., & Hernquist, L. 2005, Natur, 433, 604

Eastman, J., Martini, P., Sivakoff, G., et al. 2007, ApJL, 664, L9

Ebeling, H., Stephenson, L. N., & Edge, A. C. 2014, ApJL, 781, L40

Ehlert, S., von der Linden, A., Allen, S. W., et al. 2014, MNRAS, 437, 1942

Ellison, S. L., Viswanathan, A., Patton, D. R., et al. 2019, MNRAS, 487, 2491

Fontanot, F., Maccid, A. V., Hirschmann, M., et al. 2015, MNRAS, 451, 2968

Gioia, I. M., Henry, J. P., Maccacaro, T., et al. 1990, ApJL, 356, L35

Gordon, Y. A., Pimbblet, K. A., Owers, M. S., et al. 2018, MNRAS, 475, 4223

Goulding, A. D., Greene, J. E., Bezanson, R., et al. 2018, PASJ, 70, S37

Gunn, J. E., & Gott, J. R. 1972, ApJ, 176, 1

Haggard, D., Green, P. J., Anderson, S. F., et al. 2010, ApJ, 723, 1447

Hasinger, G., Miyaji, T., & Schmidt, M. 2005, A&A, 441, 417

Hernquist, L. 1989, Natur, 340, 687

Hopkins, P. F., & Hernquist, L. 2009, AplJ, 698, 1550

Hopkins, P. F., Hernquist, L., Cox, T. J., et al. 2008, ApJS, 175, 356

Hopkins, P. F., Hernquist, L., Martini, P., et al. 2005, ApJL, 625, L71

Hopkins, P. F., Kocevski, D. D., & Bundy, K. 2014, MNRAS, 445, 823

Horner, D. J., Perlman, E. S., Ebeling, H., et al. 2008, ApJS, 176, 374

Kauffmann, G., & Haehnelt, M. 2000, MNRAS, 311, 576

Kauffmann, G., White, S. D. M., Heckman, T. M., et al. 2004, MNRAS,
353, 713

Kawaguchi, T., Mineshige, S., Umemura, M., et al. 1998, ApJ, 504, 671

Koulouridis, E., & Bartalucci, 1. 2019, A&A, 623, L10

Koulouridis, E., & Plionis, M. 2010, ApJL, 714, L181

Koulouridis, E., Poggianti, B., Altieri, B., et al. 2016, A&A, 592, All

Koulouridis, E., Ricci, M., Giles, P., et al. 2018, A&A, 620, A20

Larson, R. B., Tinsley, B. M., & Caldwell, C. N. 1980, ApJ, 237, 692

Lopes, P. A. A., Ribeiro, A. L. B., & Rembold, S. B. 2017, MNRAS, 472, 409

Makino, J., & Hut, P. 1997, ApJ, 481, 83

Man, Z-. yi., Peng, Y-. jie., Kong, X., et al. 2019, MNRAS, 488, 89

Marshall, M. A., Shabala, S. S., Krause, M. G. H., et al. 2018, MNRAS,
474, 3615

Martini, P., Miller, E. D., Brodwin, M., et al. 2013, ApJ, 768, 1

Martini, P., Sivakoff, G. R., & Mulchaey, J. S. 2009, ApJ, 701, 66

Melnyk, O., Elyiv, A., Smol¢i¢, V., et al. 2018, A&A, 620, A6

Miller, C. J., Nichol, R. C., Gémez, P. L., et al. 2003, ApJ, 597, 142

Moore, B., Katz, N., Lake, G., et al. 1996, Natur, 379, 613

Mullis, C. R., McNamara, B. R., Quintana, H., et al. 2003, ApJ, 594, 154

Perlman, E. S., Horner, D. J,, Jones, L. R., et al. 2002, ApJS, 140, 265

Piffaretti, R., Arnaud, M., Pratt, G. W., et al. 2011, A&A, 534, A109

Pimbblet, K. A., Shabala, S. S., Haines, C. P., et al. 2013, MNRAS, 429, 1827

Poggianti, B. M., Jaffé, Y. L., Moretti, A., et al. 2017, Natur, 548, 304

Raouf, M., Khosroshahi, H. G., Ponman, T. J., et al. 2014, MNRAS, 442, 1578

Raouf, M., Silk, J., Shabala, S. S., et al. 2019, MNRAS, 486, 1509

Rodriguez-Gomez, V., Genel, S., Vogelsberger, M., et al. 2015, MNRAS,
449, 49

Romer, A. K., Nichol, R. C., Holden, B. P., et al. 2000, ApJS, 126, 209

Sanders, D. B., Soifer, B. T., Elias, J. H., et al. 1988, AplJ, 325, 74

Shankar, F., Marulli, F., Mathur, S., et al. 2012, A&A, 540, A23

Shankar, F., Weinberg, D. H., & Miralda-Escudé, J. 2009, ApJ, 690, 20

Shirasaki, Y., Akiyama, M., Nagao, T., et al. 2018, PASJ, 70, S30

Silverman, J. D., Kova¢, K., Knobel, C., et al. 2009, ApJ, 695, 171

Springel, V., Di Matteo, T., & Hernquist, L. 2005, MNRAS, 361, 776

Stern, D., Assef, R. J., Benford, D. J., et al. 2012, ApJ, 753, 30

Stern, D., Eisenhardt, P., Gorjian, V., et al. 2005, ApJ, 631, 163

Tran, K.-V. H., van Dokkum, P., Franx, M., et al. 2005, ApJL, 627, L25

Villforth, C., Hamilton, T., Pawlik, M. M., et al. 2017, Host Galaxies of
Luminous Z ~ 0.6 Quasars: Major Mergers Are Not Prevalent at the
Highest AGN Luminosities, Zenodo, doi:10.5281/zenodo0.805915

Wright, E. L., Eisenhardt, P. R. M., Mainzer, A. K., et al. 2010, AJ, 140, 1868

Yang, G., Brandt, W. N., Vito, F., et al. 2018, MNRAS, 475, 1887

Zhao, D., Ho, L. C., Zhao, Y., et al. 2019, ApJ, 877, 52


https://orcid.org/0000-0002-6821-5927
https://orcid.org/0000-0002-6821-5927
https://orcid.org/0000-0002-6821-5927
https://orcid.org/0000-0002-6821-5927
https://orcid.org/0000-0002-6821-5927
https://orcid.org/0000-0002-6821-5927
https://orcid.org/0000-0002-6821-5927
https://orcid.org/0000-0002-6821-5927
https://orcid.org/0000-0001-9203-2808
https://orcid.org/0000-0001-9203-2808
https://orcid.org/0000-0001-9203-2808
https://orcid.org/0000-0001-9203-2808
https://orcid.org/0000-0001-9203-2808
https://orcid.org/0000-0001-9203-2808
https://orcid.org/0000-0001-9203-2808
https://orcid.org/0000-0001-9203-2808
https://doi.org/10.3847/1538-4365/aa9e8a
https://ui.adsabs.harvard.edu/abs/2018ApJS..235...42A/abstract
https://doi.org/10.3847/0004-637X/825/1/72
https://ui.adsabs.harvard.edu/abs/2016ApJ...825...72A/abstract
https://doi.org/10.1016/j.newar.2011.11.003
https://ui.adsabs.harvard.edu/abs/2012NewAR..56...93A/abstract
https://doi.org/10.1111/j.1365-2966.2007.11367.x
https://ui.adsabs.harvard.edu/abs/2007MNRAS.375.1017A/abstract
https://doi.org/10.1051/0004-6361/201833328
https://ui.adsabs.harvard.edu/abs/2018A&A...620A.113A/abstract
https://ui.adsabs.harvard.edu/abs/2018A&A...620A.113A/abstract
https://doi.org/10.1086/527533
https://ui.adsabs.harvard.edu/abs/2008ApJ...676..286A/abstract
https://doi.org/10.1088/0004-637X/713/2/970
https://ui.adsabs.harvard.edu/abs/2010ApJ...713..970A/abstract
https://doi.org/10.1051/0004-6361:20034484
https://ui.adsabs.harvard.edu/abs/2004A&A...425..367B/abstract
https://doi.org/10.1086/313427
https://ui.adsabs.harvard.edu/abs/2000ApJS..129..435B/abstract
https://doi.org/10.1093/mnras/stw2824
https://ui.adsabs.harvard.edu/abs/2017MNRAS.465.2531B/abstract
https://doi.org/10.1086/519457
https://ui.adsabs.harvard.edu/abs/2007ApJS..172..561B/abstract
https://doi.org/10.1046/j.1365-8711.2003.06378.x
https://ui.adsabs.harvard.edu/abs/2003MNRAS.341.1093B/abstract
https://doi.org/10.1093/pasj/psz012
https://ui.adsabs.harvard.edu/abs/2019PASJ...71...31C/abstract
https://doi.org/10.1086/524310
https://ui.adsabs.harvard.edu/abs/2008ApJ...673..715C/abstract
https://doi.org/10.1086/305462
https://ui.adsabs.harvard.edu/abs/1998ApJ...497..188C/abstract
https://doi.org/10.1111/j.1365-2966.2006.09994.x
https://ui.adsabs.harvard.edu/abs/2006MNRAS.367..864C/abstract
https://doi.org/10.1086/324519
https://ui.adsabs.harvard.edu/abs/2002ApJS..140..239C/abstract
https://doi.org/10.1088/0067-0049/218/1/8
https://ui.adsabs.harvard.edu/abs/2015ApJS..218....8D/abstract
https://doi.org/10.1088/0004-637X/703/1/785
https://ui.adsabs.harvard.edu/abs/2009ApJ...703..785D/abstract
https://doi.org/10.1086/376501
https://ui.adsabs.harvard.edu/abs/2003ApJ...593...56D/abstract
https://doi.org/10.1038/nature03335
https://ui.adsabs.harvard.edu/abs/2005Natur.433..604D/abstract
https://doi.org/10.1086/520577
https://ui.adsabs.harvard.edu/abs/2007ApJ...664L...9E/abstract
https://doi.org/10.1088/2041-8205/781/2/L40
https://ui.adsabs.harvard.edu/abs/2014ApJ...781L..40E/abstract
https://doi.org/10.1093/mnras/stt2025
https://ui.adsabs.harvard.edu/abs/2014MNRAS.437.1942E/abstract
https://doi.org/10.1093/mnras/stz1431
https://ui.adsabs.harvard.edu/abs/2019MNRAS.487.2491E/abstract
https://doi.org/10.1093/mnras/stv1119
https://ui.adsabs.harvard.edu/abs/2015MNRAS.451.2968F/abstract
https://doi.org/10.1086/185744
https://ui.adsabs.harvard.edu/abs/1990ApJ...356L..35G/abstract
https://doi.org/10.1093/mnras/sty115
https://ui.adsabs.harvard.edu/abs/2018MNRAS.475.4223G/abstract
https://doi.org/10.1093/pasj/psx135
https://ui.adsabs.harvard.edu/abs/2018PASJ...70S..37G/abstract
https://doi.org/10.1086/151605
https://ui.adsabs.harvard.edu/abs/1972ApJ...176....1G/abstract
https://doi.org/10.1088/0004-637X/723/2/1447
https://ui.adsabs.harvard.edu/abs/2010ApJ...723.1447H/abstract
https://doi.org/10.1051/0004-6361:20042134
https://ui.adsabs.harvard.edu/abs/2005A&A...441..417H/abstract
https://doi.org/10.1038/340687a0
https://ui.adsabs.harvard.edu/abs/1989Natur.340..687H/abstract
https://doi.org/10.1088/0004-637X/698/2/1550
https://ui.adsabs.harvard.edu/abs/2009ApJ...698.1550H/abstract
https://doi.org/10.1086/524362
https://ui.adsabs.harvard.edu/abs/2008ApJS..175..356H/abstract
https://doi.org/10.1086/431146
https://ui.adsabs.harvard.edu/abs/2005ApJ...625L..71H/abstract
https://doi.org/10.1093/mnras/stu1736
https://ui.adsabs.harvard.edu/abs/2014MNRAS.445..823H/abstract
https://doi.org/10.1086/529494
https://ui.adsabs.harvard.edu/abs/2008ApJS..176..374H/abstract
https://doi.org/10.1046/j.1365-8711.2000.03077.x
https://ui.adsabs.harvard.edu/abs/2000MNRAS.311..576K/abstract
https://doi.org/10.1111/j.1365-2966.2004.08117.x
https://ui.adsabs.harvard.edu/abs/2004MNRAS.353..713K/abstract
https://ui.adsabs.harvard.edu/abs/2004MNRAS.353..713K/abstract
https://doi.org/10.1086/306105
https://ui.adsabs.harvard.edu/abs/1998ApJ...504..671K/abstract
https://doi.org/10.1051/0004-6361/201935082
https://ui.adsabs.harvard.edu/abs/2019A&A...623L..10K/abstract
https://doi.org/10.1088/2041-8205/714/2/L181
https://ui.adsabs.harvard.edu/abs/2010ApJ...714L.181K/abstract
https://doi.org/10.1051/0004-6361/201526976
https://ui.adsabs.harvard.edu/abs/2016A&A...592A..11K/abstract
https://doi.org/10.1051/0004-6361/201832974
https://ui.adsabs.harvard.edu/abs/2018A&A...620A..20K/abstract
https://doi.org/10.1086/157917
https://ui.adsabs.harvard.edu/abs/1980ApJ...237..692L/abstract
https://doi.org/10.1093/mnras/stx2046
https://ui.adsabs.harvard.edu/abs/2017MNRAS.472..409L/abstract
https://doi.org/10.1086/304013
https://ui.adsabs.harvard.edu/abs/1997ApJ...481...83M/abstract
https://doi.org/10.1093/mnras/stz1706
https://ui.adsabs.harvard.edu/abs/2019MNRAS.488...89M/abstract
https://doi.org/10.1093/mnras/stx2996
https://ui.adsabs.harvard.edu/abs/2018MNRAS.474.3615M/abstract
https://ui.adsabs.harvard.edu/abs/2018MNRAS.474.3615M/abstract
https://doi.org/10.1088/0004-637X/768/1/1
https://ui.adsabs.harvard.edu/abs/2013ApJ...768....1M/abstract
https://doi.org/10.1088/0004-637X/701/1/66
https://ui.adsabs.harvard.edu/abs/2009ApJ...701...66M/abstract
https://doi.org/10.1051/0004-6361/201730479
https://ui.adsabs.harvard.edu/abs/2018A&A...620A...6M/abstract
https://doi.org/10.1086/378383
https://ui.adsabs.harvard.edu/abs/2003ApJ...597..142M/abstract
https://doi.org/10.1038/379613a0
https://ui.adsabs.harvard.edu/abs/1996Natur.379..613M/abstract
https://doi.org/10.1086/376866
https://ui.adsabs.harvard.edu/abs/2003ApJ...594..154M/abstract
https://doi.org/10.1086/339685
https://ui.adsabs.harvard.edu/abs/2002ApJS..140..265P/abstract
https://doi.org/10.1051/0004-6361/201015377
https://ui.adsabs.harvard.edu/abs/2011A&A...534A.109P/abstract
https://doi.org/10.1093/mnras/sts470
https://ui.adsabs.harvard.edu/abs/2013MNRAS.429.1827P/abstract
https://doi.org/10.1038/nature23462
https://ui.adsabs.harvard.edu/abs/2017Natur.548..304P/abstract
https://doi.org/10.1093/mnras/stu963
https://ui.adsabs.harvard.edu/abs/2014MNRAS.442.1578R/abstract
https://doi.org/10.1093/mnras/stz907
https://ui.adsabs.harvard.edu/abs/2019MNRAS.486.1509R/abstract
https://doi.org/10.1093/mnras/stv264
https://ui.adsabs.harvard.edu/abs/2015MNRAS.449...49R/abstract
https://ui.adsabs.harvard.edu/abs/2015MNRAS.449...49R/abstract
https://doi.org/10.1086/313302
https://ui.adsabs.harvard.edu/abs/2000ApJS..126..209R/abstract
https://doi.org/10.1086/165983
https://ui.adsabs.harvard.edu/abs/1988ApJ...325...74S/abstract
https://doi.org/10.1051/0004-6361/201118387
https://ui.adsabs.harvard.edu/abs/2012A&A...540A..23S/abstract
https://doi.org/10.1088/0004-637X/690/1/20
https://ui.adsabs.harvard.edu/abs/2009ApJ...690...20S/abstract
https://doi.org/10.1093/pasj/psx099
https://ui.adsabs.harvard.edu/abs/2018PASJ...70S..30S/abstract
https://doi.org/10.1088/0004-637X/695/1/171
https://ui.adsabs.harvard.edu/abs/2009ApJ...695..171S/abstract
https://doi.org/10.1111/j.1365-2966.2005.09238.x
https://ui.adsabs.harvard.edu/abs/2005MNRAS.361..776S/abstract
https://doi.org/10.1088/0004-637X/753/1/30
https://ui.adsabs.harvard.edu/abs/2012ApJ...753...30S/abstract
https://doi.org/10.1086/432523
https://ui.adsabs.harvard.edu/abs/2005ApJ...631..163S/abstract
https://doi.org/10.1086/432090
https://ui.adsabs.harvard.edu/abs/2005ApJ...627L..25T/abstract
http://10.5281/zenodo.805915
https://doi.org/10.1088/0004-6256/140/6/1868
https://ui.adsabs.harvard.edu/abs/2010AJ....140.1868W/abstract
https://doi.org/10.1093/mnras/stx2805
https://ui.adsabs.harvard.edu/abs/2018MNRAS.475.1887Y/abstract
https://doi.org/10.3847/1538-4357/ab1921
https://ui.adsabs.harvard.edu/abs/2019ApJ...877...52Z/abstract

	1. Introduction
	2. The Data
	2.1. Cluster Sample
	2.2. SDSS and WISE Galaxy Catalogs

	3. Methodology
	4. Results
	4.1. Dependence on Environment
	4.2. Dependence on Redshift
	4.3. Dependence on Angular Cluster-centric Distance
	4.4. Dependence on Absolute Magnitudes

	5. Discussion
	6. Conclusions
	References



