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Abstract

Understanding the connection between nuclear activity and galaxy environment remains critical in constraining
models of galaxy evolution. By exploiting the extensive cataloged data from the Galaxy and Mass Assembly
survey, we identify a representative sample of 205 quasars at 0.1< z< 0.35 and establish a comparison sample of
galaxies, closely matched to the quasar sample in terms of both stellar mass and redshift. On scales <1Mpc, the
galaxy number counts and group membership of quasars appear entirely consistent with those of the matched
galaxy sample. Despite this, we find that quasars are ∼1.5 times more likely to be classified as the group center,
indicating a potential link between quasar activity and cold gas flows or galaxy interactions associated with rich
group environments. On scales of ∼a few Mpc, the clustering strengths of both samples are statistically consistent,
and beyond 10Mpc, we find no evidence that quasars trace large-scale structures any more than the galaxy control
sample. Both populations are found to prefer intermediate-density sheets and filaments to either very high-density
environments or very low-density environments. This weak dependence of quasar activity on galaxy environment
supports a paradigm in which quasars represent a phase in the lifetime of all massive galaxies and in which secular
processes and a group-centric location are the dominant triggers of quasars at low redshift.

Unified Astronomy Thesaurus concepts: Quasars (1319); Galaxy evolution (594); Active galaxies (17)

Supporting material: machine-readable table

1. Introduction

In the current paradigm of galaxy evolution, galaxies
coevolve alongside their central super-massive black hole.
For decades, tight correlations have been observed between the
black hole mass, MBH, and various properties of the parent
galaxy bulge (Magorrian et al. 1998; Kormendy & Ho 2013;
Graham et al. 2016), which in turn have been shown to depend
strongly on the galaxy environment (Bahcall et al. 1969). In
particular, early studies of the morphology-density relation
(Oemler 1974; Dressler 1980) found a convincing link between
galaxy morphology and group- and cluster-scale environments,
with star-forming, disk-dominated galaxies typically residing in

lower-density environments rather than in active ellipticals.
Numerous studies have since supported this idea (e.g., Lewis
et al. 2002; Gomez et al. 2003; Balogh et al. 2004; Einasto
et al. 2005; Gao et al. 2005; Gilmour et al. 2007; Porter et al.
2008; Skibba et al. 2009; Lietzen et al. 2009; Wang et al.
2011), finding actively star-forming galaxies to reside in under-
dense environments.
However, this relationship of galaxy environment with star

formation and morphology may not be universal. Wijesinghe
et al. (2012), for example, find no connection between the
environment and the star formation among exclusively star-
forming galaxies, seeing differences only in the environments
of star-forming galaxies compared to passive galaxies. A
similar dichotomy is observed in the slope of the MBH–M*,bulge
relation, which appears much steeper for late-type galaxies than
for early-type systems (e.g., Davis et al. 2018, 2019; Sahu et al.
2019), leading to the idea that distinct blue and red sequences
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exist (Savorgnan et al. 2016). Furthermore, work by Lietzen
et al. (2011) finds active and elliptical galaxies to appear more
strongly influenced by the environment than spiral galaxies.
Understanding the link between the galaxy properties and
environment over a range of scales therefore remains an
important test of galaxy evolutionary models.

On scales 1Mpc, galaxy environment is sometimes used as
an indirect tracer of galaxy interactions, with over-dense
regions typically associated with a higher incidence of mergers.
Such interactions may be responsible for triggering AGN
activity (e.g., Sanders et al. 1988; Barnes & Hernquist 1992;
Veilleux et al. 2002; Hopkins et al. 2006), funnelling gas into
the central regions of the galaxy and fueling both star formation
and accretion onto the black hole. Indeed, early studies (e.g.,
Chu & Zhu 1988; Shanks et al. 1988; Disney et al. 1995) found
that luminous AGN, or quasars, generally have very close
companions and appear significantly more clustered than the
general galaxy population out to ∼1 Mpc. Similarly, a more
recent study by Serber et al. (2006) finds an overdensity in the
environment of quasars compared to L* galaxies by up to a
factor of three, with the strongest overdensities shown to exist
around the most luminous quasars on scales <100 kpc. Several
subsequent studies have also supported these findings, detect-
ing an enhancement in the merger fraction of luminous
(Lbol> 1045 erg s−1), high-redshift quasars (e.g., Kocevski
et al. 2011; Treister et al. 2012) and leading to the idea that
galaxy interactions may be required to trigger these systems.

At lower redshifts and among lower-luminosity quasar
populations, the connection between nuclear activity and
galaxy interactions is less clear, with a number of studies
finding quasar environments to be consistent with those of the
general galaxy population. A study by Karhunen et al. (2014),
for example, finds no difference in the number density within a
projected 1Mpc radius of z< 0.5 quasars compared to inactive
galaxies at the same redshift, matched in luminosity. Likewise,
Coldwell & Lambas (2006) find the local environments of
z< 0.2 Sloan Digital Sky Survey (SDSS) quasars to be similar
to typical galaxies. This seemingly weak dependence of quasar
activity on local environment contradicts the high-redshift
paradigm in which major mergers are required to trigger
nuclear activity. The similar local environments of quasars and
typical galaxies at low redshifts may alternatively support the
triggering of quasars via secular processes, such as stochastic
gas accretion, minor mergers, and bar instabilities. While these
triggering mechanisms are typically associated with low-
luminosity quasars, a handful of studies have suggested that
such secular processes may be sufficient in triggering, and
subsequently fuelling, even the most luminous quasars at low
redshift (e.g., Cisternas et al. 2010; Villforth et al. 2014).

On larger scales of ∼a few Mpc, early studies found quasars
to preferentially reside in environmental overdensities compar-
able to galaxy groups or poor clusters (e.g., Stockton 1978; Yee
& Green 1984), but more recent work by Zhang et al. (2013)
suggests that clustering strength strongly evolves with both
MBH and redshift out to z= 2. Similarly, while a study by
Söchting et al. (2002) found z< 0.4 quasars to trace the large-
scale (>10Mpc projected distance) structures populated by
galaxy clusters, several newer studies find no such correlation.
Both Miller et al. 2003 and Villforth et al. (2012), for example,
demonstrate nuclear activity to be independent of the projected
>10Mpc environment, concluding that quasars show no

preference toward either very high-density environments or
very low-density environments over large scales.
With the advent of large field surveys such as SDSS

(Blanton et al. 2017) and the Two Degree Field Galaxy
Redshift Survey (2dFGRS; Colless et al. 2001), it has become
possible to study the environments of ever-larger statistical
quasar samples at low redshift. Indeed, several studies have
taken advantage of this (e.g., Croom et al. 2004; Serber et al.
2006; Zhang et al. 2013), yet selecting a robust galaxy control
sample with which to compare the results of such studies
remains challenging. Over the last decade, the Galaxy and
Mass Assembly survey (GAMA; Liske et al. 2015; Baldry et al.
2018) has opened the door not only to studying large quasar
samples but also to selecting large galaxy comparison samples,
based on a range of properties. For the first time, GAMA has
provided information on the group, cluster, and large-scale
environments of ∼300,000 galaxies at low redshift. The
extensive coverage of GAMA means the properties of quasars
and inactive galaxies can be directly compared, as their derived
properties will be subject to the same set of biases and
limitations. Throughout this work, we exploit the large survey
area and high completeness of GAMA to investigate the
environments of z< 0.3 quasars out to a projected distance of
>10Mpc and compare them to the underlying galaxy
population, matched in both redshift and stellar mass. In this
way, we seek to test the idea that quasars are commonplace as a
phase in the lifetime of galaxies and comment on the likely
triggering mechanisms for quasar activity at low redshift based
on their environmental properties.
This paper represents the first in a series of papers exploring

the properties of quasars in GAMA and is structured as follows.
Section 2 details the quasar sample considered in this work,
along with the matched galaxy comparison sample. In
Section 3, we explore the environments of quasars in GAMA
over a range of scales from ∼100 kpc out to >10Mpc. Our key
results are summarized in Section 4. Throughout this paper, we
assume a flat ΛCDM cosmology with H0= 70 km s−1 Mpc−1,
ΩM= 0.3, and ΩΛ= 0.7. Unless otherwise specified, all quoted
magnitudes are given in the AB system.

2. Data

Throughout this paper, we make use of proprietary data from
the latest internal data release of GAMA. GAMA is a wide-
field spectroscopic survey, observing some ∼300 k galaxies
using the 2dF multifiber instrument (Lewis et al. 2002) in
combination with the AAOmega spectrograph (Saunders et al.
2004; Smith et al. 2004; Sharp et al. 2006) on the Anglo-
Australian Telescope (AAT). The 2dF instrument, which is
installed at the prime focus of the AAT, positions >400 optical
fibers to provide a 2 degree (diameter) field of view with a
fiber-positioning accuracy of 0 3. The full GAMA survey,
carried out between 2008 February and 2014 September,
covers ∼286 deg2 of the southern sky over five fields, each
covering ∼60 deg2. In this work, we consider only the three
equatorial survey regions (G09, G12, and G15), over which the
survey is most complete (>98% to mr= 19.8) and for which
the most extensive ancillary data is available. Table 1 presents
the sky coverage and depth for each of the equatorial fields in
GAMA. The photometric input catalog for these regions is
fundamentally based on the SDSS (York et al. 2000) and is
described in detail in Baldry et al. (2010). Details of the redshift
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measurements and spectroscopic pipeline used in the survey are
available in Hopkins et al. (2013) and Liske et al. (2015).

2.1. Quasars in GAMA

Quasar targets are initially selected from the fourth version
of the Large Quasar Astrometric Catalogue (LQAC-4), which
identifies a near-complete sample of >400,000 Type-I quasars
(Gattano et al. 2018), spectroscopically confirmed as such from
their broad optical line emission. LQAC-4 is the most
homogeneous and complete quasar catalog to date, cross-
matching 12 independent quasar surveys, alongside the Veron-
Cetty & Veron quasar catalog, to provide ubvgrizJK-band
photometry and radio fluxes at 1.4 GHz, 2.3 GHz, 5.0 GHz,
8.4 GHz, and 24 GHz, along with spectroscopic redshifts.
Initially, we isolate all quasars in LQAC-4 overlapping the
three equatorial regions of the GAMA survey and apply a
redshift cut of 0.1< z< 0.35, corresponding to the range in
redshift over which GAMA is most complete. Targets are
further required to have an r-band magnitude, mr, brighter than
the GAMA survey depth. In order to minimize potential
selection biases and ensure our sample is representative of the
low-redshift quasar population, we do not impose any
additional selection criteria, recovering an initial sample of
230 quasars.

Although GAMA is not specifically targeted to find quasars
and is biased against bright point sources that fail the star/
galaxy separation criteria (Baldry et al. 2010), we highlight that
quasars at 0.1< z< 0.35 typically appear extended, as light
from the host galaxy can be spatially resolved. Indeed,
positional cross-matching of the 230 LQAC-4 quasars with

GAMA (<5″) returns 205 quasars, meaning just 25 of the 230
quasars in LQAC-4 (∼10%) are missed by GAMA, potentially
due to this point-source exclusion. To ensure this does not bias
our sample, we plot the 230 LQAC-4 quasars as a function of
both redshift and mr, highlighting those with counterparts in
GAMA (Figure 1). The resulting GAMA quasar sample covers
the full range of redshifts and mr of the quasars in LQAC-4,
demonstrating that the point-source exclusion of GAMA does
not bias the quasar sample. Rather, the subset of 205 quasars in
GAMA, which form the basis of this work, are representative
of the general quasar population at 0.1< z< 0.35 (Table 2).
In addition to the 205 quasars identified in this manner, two

further quasars are identified in GAMA, which have LQAC-4
redshifts lying outside the redshift range of our sample and
differ from those in GAMA by Δz> 0.80. These two targets
are therefore not included in our sample. To ensure this is not
an issue for the remainder of the quasar sample, we compare
the redshift estimates derived from both surveys (LQAC-4 and
GAMA) across the full quasar sample (Figure 2), finding a
near-perfect match (Δz< 0.004) between the two sets of
derived redshifts. While we refer to the GAMA redshifts
throughout this work, we highlight that instead choosing to use
the LQAC-4 redshifts would make no difference to the results
of the study.
Each of the 205 quasars in our sample have optical spectra

from either the sixteenth data release of SDSS or newer

Table 1
Sky Coverage of the Three Equatorial GAMA Survey Regions Considered
throughout This Paper (G09, G12, and G15) along with the r-band Survey

Depth of Each Field

Region R.A. (deg) Decl. (deg) Depth (rAB)

G09 129.0-141.0 −2.0–+3.0 <19.8
G12 174.0-186.0 −3.0–+2.0 <19.8
G15 211.5-223.5 −2.0–+3.0 <19.8

Figure 1. r-band apparent magnitude (AB) vs. redshift for all MAGPHYS
quasar targets in GAMA (black circles) compared to the full sample of quasars
in LQAC-4 over the same redshift range brighter than the GAMA magnitude
limit (blue dots).

Figure 2. Δz(zGAMA - zLQAC4) as a function of zGAMA for the 205 quasars in
our sample. Δz < 0.004 in all cases.

Table 2
List of the 205 GAMA Quasar Targets used in the Study

CATAID R.A. (deg) Decl. (deg) z

729886 130.2953 2.4978 0.3320
386308 131.3965 2.1527 0.1971
599408 131.3974 0.2721 0.2611
202846 131.4814 −0.2153 0.2750
209050 131.6569 0.0068 0.2575
549519 131.6925 −0.5092 0.2548
743886 131.9999 −0.5593 0.2678
323581 132.2357 1.6133 0.3499
381362 132.4181 1.7773 0.3289
730234 133.1228 2.7872 0.3345

(This table is available in its entirety in machine-readable form.)
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observations from the AAT, which confirm them to be Type-I
quasars at redshifts 0.1< z< 0.35. In addition, all targets have
GAMA-derived stellar mass estimates (STELLARMASSESV20;
Taylor et al. 2011), based on the fitting of spectral energy
distributions (SEDs) to the 21-band panchromatic photometry
(LAMBDAPHOTOMETRYV03; Wright et al. 2017; PANCHRO-
MATICPHOTOMV01; Driver et al. 2016) using the MAGPHYS
(Da Cunha et al. 2011) code (MAGPHYSV06; Driver et al.
2018). However, due to the exclusion of bright point sources in
GAMA, this SED fitting routine does not consider any
contribution from the quasar and thus may overestimate the
stellar mass of our quasar sample. To test the extent of this
potential bias, we independently fit the same GAMA photo-
metry using version 20 of the Code Investigating GALaxy
Emission (CIGALE; Noll et al. 2009; Burgarella 2015;
Boquien et al. 2019). Unlike the fitting used by GAMA, our
SED combines a quasar template with the stellar population
model (Bruzual & Charlot 2003), accounting for both nebular
(Inoue 2011) and dust emission (Draine et al. 2013) attenuated
by a power law suitable for local star-forming galaxies. In
general, the quasar contribution to the overall flux is found to
be relatively small, accounting for �50% of the emission in
<30% of our sample, although we acknowledge that accurately
measuring the extent of quasar contamination remains a
complex issue well beyond the scope of this work. Never-
theless, due to this relatively small level of quasar contamina-
tion in the sample, we derive stellar masses consistent to within
0.2 dex of those derived in GAMA for 82.93% of our sample
(Figure 3). Although we opt to use the CIGALE stellar mass
estimates derived for the quasar hosts to select our matched
galaxy sample (Section 2.2), we therefore highlight that using
the GAMA stellar masses would produce a similar mass
distribution from which to select the comparison sample.

2.2. Matched Galaxy Sample

From the ∼300 k galaxies observed by GAMA, ∼120 k are
included in MAGPHYSV06 (Driver et al. 2016), which provides
information on the stellar populations and interstellar matter of
GAMA galaxies over the three equatorial survey regions. From
these ∼120 k galaxies, we remove all the quasar hosts to create
the pool from which to sample the matched comparison
galaxies. We note that the stellar mass estimates in GAMA are
sufficient here, as there is no quasar component to be accounted
for. We therefore do not derive independent mass estimates for
this population. Instead, we select galaxy comparison samples
based on their GAMA-derived stellar masses, matched to the
independent (CIGALE) masses of the quasar sample (see
Section 2.1), which account for the additional quasar
component.

In order to select galaxies closely matched in redshift, z, and
stellar mass, M*, to the quasar hosts in GAMA, we then define
a quantity, ΔC:

⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

D =
-

+
-

( )C
z z M M

0.01 0.1
, 1QSO

2
,QSO

2
* *

accounting for a tolerance of 0.01 and 0.1 dex in z and M*,
respectively. ΔC is calculated for every GAMA galaxy in
reference to each quasar in turn. For each quasar, we select the
100 galaxies for which the lowest values of ΔC are derived. To
create a single realization of the matched galaxy sample, one
galaxy is selected at random from each set and removed from

the selection pool. This results in a single comparison sample
of 205 galaxies. The process is then repeated to obtain 100
realizations of this galaxy sample, each closely matched to the
GAMA quasars in both z and M*. The distribution of M* and z
across the quasar sample and the final pool of 205× 100
galaxies in GAMA are shown in Figure 4. Obtaining closely
matched comparison samples in this way is vital in order to
eliminate any potential environmental biases arising from
differences in z or M* and allows direct comparisons to be
made between the properties of the two populations.

3. Results and Discussion

3.1. Local Environment

On scales 1Mpc, the galaxy environment is often used as
an indirect tracer of interactions, with the over-dense local
environments typically indicating a higher frequency of galaxy
interactions. Characterizing the quasar environments on these
scales is therefore critical in understanding the role that galaxy
interactions play in triggering quasar activity. In particular, the
environments of quasars on scales of ∼100 kpc have been
shown to exhibit the strongest overdensities, with Serber et al.
(2006) finding quasars to reside in environments that are a
factor of 1.4 times more dense than L* galaxies on these scales.
This overdensity is postulated to decrease monotonically with
the scale of the environment, decreasing to unity 1Mpc.
Owing to the extensive coverage of the GAMA survey, we are
now able to directly compare the environments of quasars on
scales of ∼100 kpc with a comprehensive sample of galaxies,
closely matched in both stellar mass and redshift.
To explore the local environments of quasars in GAMA, the

sky positions of our quasar targets are cross-matched with
version 27 of the spectroscopic catalog (SPECOBJV27) from the
internal data release of GAMA. This catalog contains all the
spectroscopic GAMA sources over the three equatorial survey
regions reaching a ∼98% completeness down to mr= 19.8. All
the sources lying within a projected separation of 100 kpc and a
distance of ΔV< 1000 kms−1 in velocity space of each quasar
target are counted, excluding the target itself. Here, the
projected distance of 100 kpc has been chosen to match the
area used in the work of Serber et al. (2006), who find this

Figure 3. Comparison of the stellar mass derived for our quasar sample in
GAMA and from the CIGALE SED fitting. Dotted lines denote regions of
±0.2 dex, within which 82.93% of the sample lie.
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separation to host the strongest environmental overdensities
around quasars. Likewise, ΔV< 1000 km s−1 has been
selected in accordance with several other works (e.g., Muldrew
et al. 2012; Shattow et al. 2013; Moon et al. 2019). Based on
the number counts over these parameters, we recover an
average neighbor count for the GAMA quasars of =n̄QSO

0.22 0.03, with an uncertainty, Sn, given by

=
¯ ( )S
n

N
, 2n

where n̄ is the average neighbor count, and N denotes the
sample size (i.e., N= 205 for the GAMA quasar sample).

Similarly, we count the number of sources within 100 kpc
and ΔV< 1000 km s−1 of our matched galaxy sample. In this
case, the average number of neighboring galaxies is calculated
for each of the 100 realizations of the matched galaxy sample
to create a distribution of average neighbor counts, which can
be directly compared to that of the quasar sample. Based on this
distribution, we derive = n̄ 0.24 0.04GAL , where the quoted
uncertainty denotes the standard deviation (1σ) of the
distribution (Figure 5). Based on Figure 5, we conclude the
local environments of quasars to be similar to those of the
matched galaxy sample. The average neighbor counts of each
population are entirely consistent to within the quoted
uncertainties, indicating no difference in the <100 kpc
environment of quasars and galaxies matched in stellar mass
at low redshift (0.1< z< 0.35).

To test the extent of the apparent similarity in the local
environments of quasars and the underlying galaxy population,
we extend the above study to cover a range of physical scales
and ΔV. To this end, we obtain number counts for both our
quasar and matched galaxy samples within radii and ΔV
ranging 20–300 kpc and 100–2000 km s−1, respectively. The
median number of sources within each radii and ΔV are then
calculated. The resulting average number counts for each
population (quasars and matched galaxies), along with the
quasar-matched galaxy residuals, are given in Figures 6 and 7,

respectively. Although both the quasar and galaxy maps appear
almost identical (Figure 6), the residuals (Figure 7) indicate a
slight enhancement in the neighbor counts around quasars both
at the closest (60 kpc) and farthest (260 kpc) separations.
We therefore suggest that any environmental overdensities
around quasars likely occur on these scales, with little
difference in the environments of the two populations over
scales ∼70–250 kpc. We note however, that the difference in
the average number of neighbors for each population remains
small (<0.1), even in the most extreme cases. There is therefore

Figure 4. Distribution of stellar masses (a) and redshifts (b) for quasars in GAMA (black) and the matched galaxy sample (blue).

Figure 5. Average number of neighbors within 100 kpc and ΔV < 1000
km s−1 of the GAMA quasars (black line) compared to the distribution of
average neighbor counts for the 100 realizations of the matched galaxy sample
(blue histogram).
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little indication that the local environments of quasars are
different to those of the underlying galaxy population
at z< 0.35.

Our results are in direct agreement with Karhunen et al.
(2014), who also find no statistical differences between the
local environments of quasars and inactive galaxies at z< 0.5,
based on the projected number counts of ∼300 quasars and
inactive galaxies matched in luminosity and redshift. This
similarity in the local environments of the quasar and matched
galaxy populations, both in Karhunen et al. (2014) and in our
study, indicates a weak dependence of nuclear activity on the
local environment, which may in turn favor the secular
triggering of quasars at low redshift. However, due to the 2″
convolution limit of SDSS, corresponding to a physical scale of
∼10 kpc at the upper-redshift limit of our sample, we note that
we cannot rule out the possibility of close merger pairs within
10 kpc. While we do not find any evidence to suggest quasars
exist in over-dense environments on scales <100 kpc, we
therefore cannot rule out the triggering of quasars via close-pair
mergers.

3.2. Group Environments

On larger submegaparsec (group) scales, quasars have been
associated with enhancements in the spatial distribution of

galaxies (Bahcall et al. 1969), typically residing in small-to-
moderate group environments in both the local universe (e.g.,
Bahcall & Chokshi 1991; Fisher et al. 1996; McLure &
Dunlop 2001; Karhunen et al. 2014) and at higher redshifts
(Hennawi et al. 2006; Stott et al. 2020). However, while some
high-redshift quasars appear to reside in dense environments,
several others do not (see, e.g., Habouzit et al. 2019, their
Figure 1). Given the association of rich group-scale environ-
ments with galaxy interactions and, by extension, the onset of
nuclear activity following major mergers, understanding the
group-scale environments of quasars remains an important test
of their triggering and fuelling mechanisms.
Of the 205 quasars in the GAMA sample, 200 are included

in the GROUPFINDINGV10 catalog, which details their group
properties, including whether or not they exist in a group and
their position within that group with regards to the central
galaxy (Robotham et al. 2011). The distribution of the subset of
200 quasars in terms of redshift and r-band magnitude is given
in Figure 8. We note that the 200 targets continue to provide a
representative sample of the parent population of quasars taken

Figure 6. Heat maps showing the median average number of neighbors within radii ranging 20–300 kpc and ΔV ranging 100–2000 km s−1 of the GAMA quasars
(left) and the matched galaxy sample (right).

Figure 7. Quasar-galaxy residuals for the heat maps in Figure 6.

Figure 8. r-band apparent magnitude (AB) vs. redshift for all quasar targets
with group information in GAMA (black circles) compared to the full sample
of quasars in LQAC-4 over the same redshift range brighter than the GAMA
magnitude limit (blue dots).
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from LQAC-4, covering the full range of z and Mr without any
obvious bias.

Although the reduction in sample size from our initial
GAMA quasar sample is small (excluding just five targets), we
nevertheless account for this size reduction in our matched
galaxy sample. As such, we resample the 100 realizations of
our galaxy sample, each consisting of 200 galaxies matched in
stellar mass and redshift to our quasar sample. The redshift and
stellar mass distributions of the resulting 100× 200 galaxies
compared to that of our quasar sample are shown in Figure 9.

3.2.1. Galaxies in Groups

The group properties of the galaxies in GAMA are classified
using a friends-of-friends (FoF) algorithm, which determines
whether galaxies are associated with one another based on both
their projected and comoving separations (Robotham et al.
2011). The GAMA FoF grouping algorithm has been
extensively tested on a set of mock GAMA light cones,
derived from semi-analytic ΛCDM N-body simulations. The
algorithm has been demonstrated to recover galaxy group
properties with an accuracy of >80% and is shown to be robust
to the effects of outliers. Full details of the FoF algorithm used
here can be found in Robotham et al. (2011). This FoF
algorithm classifies 96 of the 200 quasars as group galaxies,
corresponding to 48.00%± 3.53% of the sample. The quoted
uncertainty is estimated as the standard error, S, such that

=
-( ) ( )S

p p

N

1
, 3

where N denotes the number of quasars in the sample, and p is
the fraction of quasars with a given property, which in this case
is the fraction of quasars existing in a group. Similarly, we
calculate the number of group galaxies in each of the 100
realizations of our matched galaxy sample, finding an average
group fraction of 46.07%± 3.57%, where the uncertainty here

denotes the standard deviation of the resulting distribution
(Figure 10).
To test whether the difference between the group fraction of

the two samples is significant, we perform a statistical p-value
test to determine how likely it is that the two populations are
drawn from the same underlying distribution, while accounting
for the different sample sizes. To this end, we calculate the
Z-statistic for each sample, i.e.,
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where p1 and p2 denote the average fractions (in this case, the
group fraction) of the two populations being compared, with
sample sizes n1 and n2, respectively. p denotes the so-called
pooled proportion such that
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The Z-statistic (Equation (4)) is then converted to a p-value
by taking the area under a normal distribution within which
z> Z or z< Z, depending on the hypothesis being tested (see,
e.g., Agresti & Coull 1998 for details). In the case of quasars in
groups (Figure 10), we obtain a p-value, P(z> Z)= 0.29,
indicating that the two samples are likely drawn from the same
parent population. We therefore conclude that the likelihood of
a given galaxy existing in a group is not affected by the
presence of a quasar, finding no statistical difference in the
group environments of quasars and mass-matched inactive
galaxies at low redshift. In addition, the group multiplicity
index provided by GAMA, NFoF, which denotes the number of
galaxies associated with each group, reveals no difference in
the typical group size of either population. Both the quasar and
matched galaxy samples have a median group size of three,
demonstrating that both populations exist in small-to-medium
sized groups.

Figure 9. Distribution of stellar masses (a) and redshifts (b) for quasars in GAMA with group information (black) and the matched galaxy sample for which this
information is also available (blue).
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3.2.2. Group Centrals

In further identifying which galaxies exist in groups, GAMA
also ranks galaxies based on their positions within the groups,
allocated based on the distance from the group center (i.e., the
central galaxy receives a rank of “1,” the closest neighbor is
ranked “2,” the next nearest “3,” and so on). Three approaches
are used in GAMA to allocate these rankings and are as
follows:

1. CoL: the center of light (CoL) is found based on the r-
band luminosities of all galaxies associated with the
group.

2. BCG: the brightest group or cluster galaxy (BCG) is
assumed to be the group center.

3. Iter: the group center is found via an iterative process in
which the galaxy at the farthest distance from the r-band
CoL is removed. When only two group members remain,
the brightest (r-band) galaxy is classed as the group
center.

In general, the iterative center is the preferred quantity from
which to identify the group center. Based on the analysis of
extensive mock catalogs, the iterative method consistently
yields the closest agreement with the exact group center,
returning a precise match in ∼90% of cases, irrespective of the
size of the group (Robotham et al. 2011). While the BCG
method identifies a group center consistent with this iterative
method in ∼95% of cases for moderate group sizes (NFoF� 5),
it is typically more sensitive to group outliers. Nevertheless, we
include results from all three identifiers here for comparison.

To test the prevalence of quasars in the center of galaxy
groups compared to our matched galaxy sample, we consider
only the galaxies in each population found to exist in the
groups. According to both the “Iter” and “BCG” identifiers,
∼57% of quasars in groups are the group center. Based on the
“CoL” measure, this fraction is slightly lower at ∼51%. In any

case, the probability that a quasar in a group is the center of that
group, PCen, exceeds 50% (i.e., quasars in groups are more
likely than not to be the central group galaxy). Of the group
galaxies in our matched sample, however, ∼35% are classified
as the group center, irrespective of the GAMA identifier chosen
(see Table 3). We therefore conclude that, at low redshifts,
quasars are ∼1.5 times more likely to exist in the center of a
galaxy group than inactive galaxies of similar stellar mass
(Figure 11). To test whether the observed over-representation
of quasars as group centers (Figure 11) is statistically
significant, we again perform a p-value test (Equation (4))
based on the classifications from each of the three identifiers
(Iter, BCG, and CoL). Indeed, we recover P(z> Z)< 0.01 in
every case, confirming the two populations are statistically
distinct in terms of their group locations to a confidence
of >99%.
Despite finding a clear over-representation of quasars as

group centers in our sample, we note that all three identifiers in
GAMA depend on the luminosity of the galaxy. Given that
quasars typically appear bright across all wavelengths, often
outshining their host galaxy, the luminosity dependence could
result in a strong bias toward selecting quasars as the group
center. To investigate whether this is the case in our sample, we
look at the 21 groups in which quasars are identified as the
group center according to the “Iter” identifier in GAMA. In 18
of these 21 groups (85.7%), the central quasar is indeed shown
to exhibit the brightest r-band magnitude in the group. Given
that the CoL is largely determined from this r-band magnitude,
it is therefore possible that light from the quasar is strongly
biasing the identifier. To address this, we subtract the quasar
contribution from the r-band flux to determine whether their
identification as the group center is entirely dependent on the
quasar emission. While modeling the true contribution of the
quasar light to the overall galaxy emission lies well beyond the
scope of this work, we nevertheless estimate the fractional
contribution of the quasar based on the best-fit models of our
CIGALE fitting (see Section 2.1). Of the 18 central quasars
appearing as the brightest group galaxies in the r-band, 14
(77.8%) remain the brightest after removing the contribution
from the quasar. When accounting for the quasar contribution
in this way and assuming the four groups for which the quasar
is no longer the brightest target do not have quasars at their
center, we find a potential 12.7% decrease in the number of
central group quasars. This would result in 44.6% of quasars in
groups being identified as the group center, rather than the
57.3% given in Table 3. We note that the corresponding
increase in the fraction of our matched galaxy sample identified
to be the group center is negligible (<0.1%) due to the large
sample size. A p-vale test on these new fractions returns

Figure 10. Fraction of quasars in groups (black line) compared to the
distribution of group fractions across the 100 realizations of our matched
galaxy sample (blue histogram). Shaded regions denote the uncertainty on the
quasar group fraction, derived in Equation (3).

Table 3
Fraction of Galaxies in Groups Classified as the Group Center According to
Each of the Three GAMA Identifiers for the Quasar, PCen,QSO, and Matched

Galaxy, PCen,GAL, Samples

Identifier PCen,QSO (%) PCen,GAL (%)

CoL 51.04 ± 3.53 34.19 ± 4.99
BCG 57.29 ± 3.50 35.32 ± 4.56
Iter 57.29 ± 3.50 35.29 ± 4.73

Note. Quoted uncertainties correspond to the standard error (Equation (3)) and
the standard deviation of the distribution for the quasar and matched galaxy
samples, respectively.
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P(z> Z)= 0.0294, again confirming the two populations to be
statistically distinct to a >97% confidence. While we acknowl-
edge that GAMA may be biased toward identifying quasars as
the group center, we therefore confirm/ stand by the
conclusion that quasars are over-represented at the center of
galaxy groups.

Our results appear broadly consistent with the previous studies
in which only a small fraction (<10%) of quasars were found to
exist as satellite galaxies (Kayo & Oguri 2012; Richardson et al.
2012; Shen et al. 2013; Wang et al. 2015). It is possible that the
center of galaxy groups provides a more congenial environment
when considering the triggering and fuelling of quasars, either
because they experience a higher rate of mergers and galaxy
interactions or because they lie at the center of cold gas flows.
Although we do not find a difference in the incidence of quasars
in groups compared to galaxies of the same stellar mass, the over-
representation of quasars as the group center may therefore
indicate that close-pair mergers, which we are not sensitive to in
our local environment analysis (Section. 3.1), could play an
important role in the onset of nuclear activity.

3.2.3. Radio-detected Quasars

Several early studies found a difference in the environment
richness of radio-loud quasars (RLQ) and radio-quiet quasars,
finding RLQs to be much more likely to reside in rich
environments, such as group and cluster centers, compared to
their radio-quiet counterparts (e.g., Yee & Green 1984;
Ellingson et al. 1991; Hintzen et al. 1991; Boyle &
Couch 1993). Likewise, more recent work by Von Der Linden
et al. (2007) suggests that the brightest group and cluster
galaxies, often synonymous with the central galaxy, are more
likely to be radio-loud compared to the general quasar
population. Although a detailed study of the radio properties
of our quasar sample lies beyond the scope of this work, we
nevertheless search for evidence of an enhancement in the radio
detections associated with the quasars in our sample identified
as the group center.

To investigate the potential link between radio emission
and central group galaxies among quasars in GAMA, we
positionally cross-match the 200 quasars in our sample with
group information to the VLA Faint Images of the Radio Sky at
Twenty-Centimeters (FIRST; Becker et al. 1995), searching for
radio sources within 6 4 of our quasar targets. This search

radius corresponds to the major axis of the elliptical cross
section (6 4 × 5 4) of the FIRST beam full width half
maximum. 31 of the 200 quasars (15.50%± 2.56%) are found
to be associated with FIRST radio sources, where the
uncertainty denotes the standard error on the fraction
(Equation (3)). Although we opt to consider only the galaxies
in the GROUPFINDINGV10 catalog, from which the group and
central fractions have been calculated (Sections 3.2.1–3.2.2),
we note that using the full quasar sample of 205
galaxies returns a similar fraction of radio-detected sources
(15.12%± 2.50%). Similarly, we cross-match the positions of
all quasars classified as the group center according to each of
the GAMA identifiers. We return radio-detected fractions of
16.36%± 4.99%, 12.73%± 4.49%, and 14.29%± 5.00% for
the “Iter,” “BCG,” and “CoL” identifiers, respectively. A p-
value test (Equation (4)) returns P(z> Z)= 0.4368, P(z<Z)=
0.3050, and P(z< Z) based on these three identifiers, with
respect to the GAMA quasars in the GROUPFINDINGV10
catalog. We therefore find no statistical difference in the
radio-detection rates of central group quasars compared to the
underlying population and thus conclude that quasars existing
in the centers of groups are no more likely to be associated with
bright radio sources than the general quasar population.

3.3. Cluster Environments

The data management unit is as follows: ENVIRONMENT-
MEASURESV05 in GAMA provides several metrics of the
cluster-scale galaxy environments (Brough et al. 2013). In this
paper, we consider three such metrics: the surface density,
cylinder counts, and the distance to the fifth-nearest neighbor.
Each of these environment metrics is derived from a pseudo-
volume-limited galaxy population, comprising all galaxies with
an absolute magnitude,Mr (zref= 0, Q= 0.78)<−20, where Q
accounts for the redshift evolution of Mr (Loveday et al. 2015).
This magnitude limit corresponds to an upper limit on the
redshift of z< 0.18333, above which galaxies fulfilling this
criteria in GAMA (which has an equatorial survey depth of
mr< 19.8) become too sparse to sufficiently sample. As a
result, ENVIRONMENTMEASURESV05 provides cluster-scale
environment information only for galaxies with z 0.18.
These environment measures are therefore provided for just
59 of the lowest redshift 205 quasars in our sample (Figure 12).
Despite covering a relatively narrow range of redshifts in our

Figure 11. Fraction of quasars in groups classified as the group center, based on each of the GAMA identifiers (black lines) compared to the distribution of the
fractions of group galaxies classified as the group center in each of the 100 realizations of our matched galaxy sample (blue histogram). Shaded regions denote the
uncertainty on the fraction of quasars classified as the group center, derived in Equation (3).
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sample, Figure 12 demonstrates no bias in terms of mr

(brightness), including all z< 0.18 quasars from our original
quasar sample.

To account for the significant reduction in the sample size
and redshift range, we resample 100 sets of galaxy comparison
samples, each consisting of 59 GAMA galaxies matched in M*
and redshift, following the methods outlined in Section 2.2.
The distributions of M* and redshift for the resulting samples
(59×100 galaxies) are shown in Figure 13, along with those for
the 59 quasars in the redshift-limited sample.

3.3.1. Surface Density

In GAMA, the surface density, Σ5, is derived from the
comoving distance (in Mpc) to the fifth-nearest neighbor, d5,
within ΔV< 1000 km s−1, such that pS = d55 5

2. Full details
on the derivation of Σ5 are given in (Brough et al. 2013).
Figure 13 shows the distribution of Σ5 derived in GAMA for
our quasar sample and the 59× 100 matched galaxies. For the
quasar sample, we find a median average surface density,
S = -

+0.755,QSO 0.17
5.32 Mpc−2, compared to S = -

+0.485,GAL 0.12
4.24

Mpc−2 for the matched galaxy sample. In this instance, we opt
to quote the median value of Σ5,QSO with uncertainties
denoting the 16th and 84th percentiles of each sample in order
to account for the heavy skew of the distribution.

Although the two distributions on Figure 13 appear similar,
we nevertheless perform a two-sample Kolmogorov–Smirnov
(KS) test to test their statistical consistency (see insert in
Figure 13). The KS test is a nonparametric test used to quantify
the similarity between two probability distributions (Mas-
sey 1951), with sample sizes n1 and n2. In this case, we plot the
cumulative frequency as a function of Σ5, plotting the fraction
of galaxies with a surface density� the current value, i.e.,
P(�Σ5). The largest distance between the resulting curves, D,
is then measured and compared to some critical value, C(α), of

the confidence level, α, such that

a<
+( ) ( )D C

n n

n n
, 61 2
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Equations (6) and (7) can then be rearranged to obtain the
confidence level at which the two distributions differ.
Typically, a result is considered statistically significant if the
distributions differ with a >95% confidence (α< 0.05). In the
case of surface densities in GAMA (Figure 13), we recover
α> 1, meaning we do not find any statistical difference in the
surface densities of quasars and matched galaxies at low
redshift. Instead, we conclude the cluster-scale environments of
both populations to be entirely consistent with one another
based on their surface densities in GAMA.

3.3.2. Cylinder Counts

The second metric used to characterize the cluster-scale (∼a
few Mpc) galaxy environments is the cylinder count, nCYL. In
GAMA, nCYL denotes the number of galaxies, excluding the
source itself, lying within a cylinder of radius 1 comoving Mpc
and ΔV< 1000 km s−1. Figure 14 shows the distribution of
nCYL for our quasar and matched galaxy samples. Here, we
derive median average values of = -

+n 2.15CYL 0.00
9.33 and

= -
+n 2.00CYL 0.00

10.23 for the quasar and galaxy comparison
samples, respectively. Again, we opt to present the median
value and 16th and 84th percentiles to account for the heavily
skewed distribution. A two-sample KS test (see insert in
Figure 14) returns D= 0.1441. Using Equations (6) and (7), we
calculate the significance at which the two distributions differ,
returning α= 0.1768. We therefore cannot rule out the
similarity of the two populations with more than an 82.32%
confidence, which is not statistically significant. Thus, we again
find the cluster-scale environments of quasars to be statistically
consistent with the matched galaxy sample.

3.3.3. Distance to Fifth-nearest Neighbor

The third and final metric we present here is the distance to
the fifth-nearest neighbor, d5, measured in units of Mpc. The
distribution of d5 across our quasar sample is plotted alongside
that of the matched galaxy sample in Figure 15. On average, we
find quasars to have = -

+d 1.525,QSO 0.57
3.20 Mpc, compared to

= -
+d 1.865,GAL 0.62

3.53 Mpc for the matched galaxy sample. Once
again, the median and the 16th and 84th percentiles have been
selected to denote the average and the associated uncertainties,
accounting for the heavy skew of the distributions. Although
the average values of d5 appear similar (consistent within the
1σ uncertainties), we note that there exist comparatively few
quasars with their fifth-nearest neighbor at the lowest
separations (1.5 Mpc).
To test whether the difference observed here is indeed

significant, we again perform a two-sample KS test (Figure 15
insert). Here, we derive a value of D= 0.1529, corresponding
to α= 0.1303 (Equations (6) and (7)). We therefore rule out the
two populations being drawn from the same underlying

Figure 12. Distribution of surface density across the GAMA quasar sample
(black) compared to that of our matched galaxy sample (blue). Insert shows a
two-sample KS test demonstrating there to be no statistical difference between
the surface densities of the two populations.
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distribution with a confidence of 86.97%. Although this once
again fails our outlined requirements for statistical significance
(>95%), we note that the difference here is stronger than in the
case of either Σ5 or nCYL. While we conclude d5,GAL of the two
populations to be consistent with one another, this result may
therefore tentatively suggest a preference for quasars existing in
intermediate-density cluster environments, with comparatively
few quasars existing in the densest cluster environments
(d5,GAL < 1.5 Mpc).

3.4. Large-scale Structure

In addition to providing information on the local, group, and
cluster environments of galaxies, GAMA classifies galaxies
into one of four large-scale (>10 Mpc) structures: voids,
sheets, filaments, and knots, based on each galaxy’s so-called
deformation (or tidal) tensor, Tij (Eardley et al. 2015). Broadly
speaking, the number of positive eigenvalues for Tij indicates
whether the structure is collapsing in zero (void), one (sheet),
two (filament), or three (knot) dimensions. In GAMA, Tij is

Figure 14. Distribution of cylinder counts across the GAMA quasar sample
(black) compared to that of our matched galaxy sample (blue). Insert shows a
two-sample KS test demonstrating there to be no statistical difference between
the cylinder counts of the two populations.

Figure 13. Distributions of stellar masses (a) and redshifts (b) for quasars in GAMA with cluster-scale environment information (black) and the matched galaxy
sample for which this information is also available (blue).

Figure 15. Distribution of distances to the fifth-nearest neighbor for the
GAMA quasar sample (black) compared to that of our matched galaxy sample
(blue). Insert shows a two-sample KS test indicating no statistical difference
between the two distributions.
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computed with both a 4 Mpch−1 and a 10 Mpch−1 smoothing,
which we shall hereafter refer to as the GeoS4 and GeoS10
classifiers, respectively.

As for the cluster environments (Section 3.3), the large-scale
structure can only be derived for galaxies to L*. As we move to
higher redshifts, galaxies appear fainter, meaning that, despite
the large volume, relatively few galaxies are detected in
GAMA at the highest redshifts in our sample (z 0.26). As a
result, the galaxy sampling at these redshifts is too sparse to
derive information about their large-scale structure. Informa-
tion on the large-scale structure is therefore available in GAMA
for 129 of the 205 quasars in our sample, with a clear bias
toward lower-redshift systems (Figure 16), although we note
that this effect is far less severe than for the cluster
environments. To account for this reduction in the sample size
and redshift range, we again resample sets of matched galaxies,
identifying 100 realizations (100 × 129) of a galaxy sample
matched in stellar mass and redshift to the reduced quasar
sample (Figure 17).

Based on the GeoS4 large-scale structure information in
GAMA, we calculate the fraction of our quasar sample found to
exist in voids, sheets, filaments, and knots. These fractions are
given in Table 4, along with the corresponding fractions for the
matched galaxy sample. The fraction of quasars in each
environment is also plotted in Figure 18 alongside the
corresponding distributions derived from each of the 100
galaxy samples. In general, both populations appear to prefer
intermediate-density sheets and filaments to either very high-
density knots or low-density voids. The biggest difference
between the two populations is seen in the low-density voids,
where quasars appear less likely to exist in voids than the
matched galaxy sample, potentially indicating that quasars
reside in slightly denser environments than galaxies of the same
stellar mass. We note, however, that even here the difference is
small (<3%). A p-value test confirms that the differences
between the large-scale environments of each population are
statistically insignificant in every case (see Table 4).

Perhaps unsurprisingly, the GeoS10 classifier returns similar
results. Again, both the quasars and the matched galaxies are
shown to preferentially reside in sheets and filaments, with

relatively few galaxies existing in knots or voids in either
sample (Table 5, Figure 19). This result is consistent with
several previous studies in which quasars have been shown to
avoid both very over- and under-dense environments, typically
residing in intermediate-density regions in terms of their large-
scale structure (e.g., Miller et al. 2003; Villforth et al. 2012).
Furthermore, as was the case for the GeoS4 classifications, a p-
value test demonstrates the two populations to be entirely
consistent with one another in terms of their GeoS10 large-
scale structures, finding no statistical difference. We therefore
conclude that quasars at 0.10< z< 0.26 do not trace the large-
scale structure of the universe any more than typical galaxies of
the same stellar mass.

3.4.1. Fisher’s Exact Test

In addition to the above p-value analysis, we perform
Fisher’s exact test (Fisher 1958). This test is used to quantify
the significance of association, or contingency, between two
sets of categorical data. In the case of this work, we consider
the quasar and matched galaxy samples as the two data sets.
Unlike other statistical tests, e.g., chi-squared, which produce
only an approximation, the Fisher test provides an exact result,
meaning it can be applied to much smaller data sets, such as
our quasar sample. Here, we perform Fisher’s exact test on
2× 4 contingency tables containing the number of quasars,
NQSO, and matched galaxies, NGAL, classified into each of the
four large-scale structure environments in GAMA. For the
quasars, NQSO corresponds simply to the number of targets in
our sample (129 quasars) that are classified as existing in voids,
sheets, filaments, or knots. In the case of the matched galaxy
sample, NGAL instead denotes the median number of galaxies
existing in each environment for a given set of 129 galaxies
across each of the 100 sample realizations. The contingency
tables for the GAMA GeoS4 and GeoS10 classifiers are given
in Tables 6 and 7, respectively.
Based on the contingency tables (Tables 6 and 7), we

calculate the point probability using Simple Interactive
Statistical Analysis. For the case of the GeoS4 classifier
(Table 6), we recover a two-sided probability of P(O�
E|O� E)= 0.8745, where O and E denote the observed and
expected probabilities, respectively. This result shows no
statistical difference in the large-scale environments of quasars
compared to the matched galaxy sample, indicating instead that
the two data sets are likely drawn from the same underlying
population. Likewise, we find no statistical difference in the
large-scale environments of quasars compared to the matched
galaxy sample in terms of their GeoS10 classifications in
GAMA (Table 7), for which the test returns P(O�
E|O� E)= 0.95769.

4. Conclusions

The role of galaxy environment in triggering quasar activity
remains a key question in building a cohesive picture of
galaxy-quasar coevolution. Throughout this work, we have
explored the connection between quasar activity and galaxy
environment through a direct comparison of quasars in GAMA
with a set of galaxies matched in both stellar mass and redshift
to the quasar sample. Our key conclusions are as follows:

1. On scales <100 kpc, we find no difference in the
environments of the quasar and matched galaxy samples,
which return an average galaxy neighbor count of

Figure 16. r-band apparent magnitude (AB) vs. redshift for all quasar targets
with LSS information in GAMA (black circles) compared to the full sample of
quasars in LQAC-4 over the same redshift range brighter than the GAMA
magnitude limit (blue dots).
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0.22± 0.03 and 0.24± 0.04 sources, respectively within
<100 kpc and ΔV< 1000 km s−1. Although we cannot
rule out close pairs within ∼10 kpc due to the
convolution limit of SDSS, we find no evidence for an
over-density in quasar environments on scale <100 kpc.

By extension, we suggest that major gas-rich mergers,
often associated with such overdensities on these small
scales, are unlikely to be the dominant triggering
mechanism for the quasars in our sample. Rather, this
result suggests that secular processes are likely to play a

Figure 17. Distribution of stellar masses (a) and redshifts (b) for quasars in GAMA with LSS information (black) and the matched galaxy sample for which this
information is also available (blue).

Figure 18. Fraction of quasars in GAMA found to exist in each LSS environment (void, sheet, filament, and knot) based on the GeoS4 classifier (black) compared to
the distribution of the fractions across the 100 realizations of our matched galaxy sample (blue histogram). Shaded regions denote the uncertainty on the fraction of
quasars in each environment, derived in Equation (3).

Table 4
Fraction of Galaxies Existing in Each LSS Environment Based on the GeoS4
Classifier in GAMA for the Quasar, PQSO,S4, and Matched Galaxy, PGAL,S4,

Samples, Along with the Corresponding p-value for Each Environment

Environment PQSO,S4 (%) PGAL,S4 (%) PS4(z</>Z)

Void 9.30 ± 2.56 11.92 ± 2.59 0.18
Sheet 34.11 ± 4.17 32.55 ± 3.77 0.35
Filament 40.31 ± 4.32 40.62 ± 3.94 0.47
Knot 16.28 ± 3.25 14.91 ± 3.06 0.33

Note. Quoted uncertainties denote the standard error (Equation (3)) and the
standard deviation of the distribution for the quasar and matched galaxy
samples, respectively.

Table 5
Fraction of Galaxies Existing in Each LSS Environment Based on the GeoS10
Classifier in GAMA for the Quasar, PQSO,S10, and Matched Galaxy, PGAL,S10,

Samples, Along with the Corresponding p-value for Each Environment

Environment PQSO,S10 (%) PGAL,S10 (%) PS10(z</>Z)

Void 9.30 ± 2.56 10.28 ± 2.55 0.36
Sheet 34.11 ± 4.17 30.99 ± 3.27 0.22
Filament 40.31 ± 4.32 41.22 ± 4.03 0.42
Knot 16.28 ± 3.25 17.51 ± 3.08 0.36

Note. Quoted uncertainties denote the standard error (Equation (3)) and the
standard deviation of the distribution for the quasar and matched galaxy
samples, respectively.
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much more important role in triggering quasar activity at
low redshift.

2. When comparing the group-scale (sub Mpc) environ-
ments of our quasar and matched galaxy samples, we
again find no statistical differences between the two
populations. According to the group identifier in GAMA,
48.00%± 3.53% of quasars reside in groups, compared
to 46.07%± 3.57% of matched galaxies. A p-value test
returns P(z> Z)= 0.29, indicating the two samples are
likely drawn from the same parent population in terms of
their group environment. On average, both populations
appear to reside in small-to-moderate groups, with a
median group size of three in both cases. The lack of
connection between group membership and quasar
activity supports the idea that galaxy interactions are
not required to trigger quasars at 0.1< z< 0.35.

3. Although GAMA quasars do not preferentially reside in
groups compared to our matched galaxy sample, they are
∼1.5 times more likely to be identified as the group
center. Based on the three identifiers in GAMA (Iter,
BCG, and CoL), >50% of quasars in groups are
classified as the central galaxy, compared to ∼35% of
the matched galaxy sample. This over-representation of
quasars as group centers is found to be statistically

significant, returning P(z> Z)< 0.01. Our results there-
fore suggest that the center of galaxy groups may provide
a more congenial environment in terms of triggering and
fuelling quasar activity, potentially due to the presence of
cold gas flows or the higher rates of galaxy interactions.
Given that we detect no overdensity in the <100 kpc
environments of quasars, we suggest that perhaps close-
pair mergers may play a role triggering quasar activity.
Despite claims that quasars residing in the center of
galaxy groups are more likely to be radio-loud, we find
no difference in the fraction of central quasars associated
with radio emission in FIRST compared to our full quasar
sample.

4. On galaxy cluster scales of ∼a few Mpc, we find no
statistical difference in either the surface density, Σ5, or
cylinder counts, nCYL, of quasars compared to the
matched galaxy sample. This lack of distinction between
the two samples in terms of their cluster-scale environ-
ments implies that nuclear activity is, at best, weakly
correlated with environment on scales of a few Mpc. This
result also indicates that quasars do not preferentially
trace galaxy clusters compared to other galaxies matched
in stellar mass. Despite the similarity in the cluster
membership rate of each population, the GAMA fifth-
nearest neighbor distance indicates a slight preference for
quasars existing in intermediate cluster environments,
with comparatively few quasars having five neighbors
lying at <1.5 Mpc.

5. Finally, beyond 10Mpc, we find no difference in the
large-scale structure environments of our quasar sample
compared to those of the matched galaxies. Both
populations exist predominantly in intermediate-density
sheets and filaments, with relatively few galaxies from
either sample found in very low- or high-density voids or
knots. Our results therefore suggest that low-redshift
quasars do not preferentially trace the large-scale
structure of the universe compared to galaxies of similar
stellar mass, implying that nuclear activity and galaxy
environment are independent on scales >10Mpc.

Overall, we find the environments of quasars in GAMA to be
consistent with the general galaxy population when matched in
stellar mass and redshift. This holds true across their local,
group, and cluster environments, as well as the large-scale
structures in which they reside. Unlike at higher redshifts,
where major gas-rich mergers are thought to be required to

Figure 19. Fraction of quasars in GAMA found to exist in each LSS environment (void, sheet, filament, and knot) based on the GeoS10 classifier (black) compared to
the distribution of the fractions across the 100 realizations of our matched galaxy sample (blue histogram). Shaded regions denote the uncertainty on the fraction of
quasars in each environment, derived in Equation (3).

Table 6
Contingency Table Based on the GeoS4 Classifier Used in Fisher’s Exact Test

Environment NQSO,S4 NGAL,S4 Row Total

Void 12 16 28
Sheet 44 42 86
Filament 52 52 104
Knot 21 19 40

Column Total 129 129 258

Table 7
Contingency Table Based on the GeoS10 Classifier Used in Fisher’s Exact Test

Environment NQSO,S10 NGAL,S10 Row Total

Void 12 13 25
Sheet 44 40 84
Filament 52 53 105
Knot 21 23 44

Column Total 129 129 258
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trigger quasar activity (e.g., Sanders et al. 1988; Hopkins et al.
2007), the lack of an environmental enhancement on local
scales around quasars contradicts this merger-driven quasar
paradigm at low redshift. Although we cannot explicitly rule
out close-pair mergers within 10 kpc, the strong similarities,
between quasar environments and those of our matched galaxy
sample out to 10Mpc, suggest that mergers are not the
dominant triggers of the quasar activity in our sample. Instead
we suggest that secular processes, such as bar instabilities and
stochastic gas accretion, may play a much larger role in
triggering the quasar phenomenon at 0.1< z< 0.35. Further-
more, this consistency between the environments of both
populations supports an evolutionary picture of quasars, in
which they are not an intrinsically distinct class of objects,
rather a phase in the lifetime of massive galaxies.

C.F.W. and J.K. acknowledge financial support from the
Academy of Finland, grant 311438. S.B. acknowledges
funding support from the Australian Research Council through
a Future Fellowship (FT140101166). GAMA is a joint
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campaign using the Anglo-Australian Telescope. The GAMA
input catalog is based on data taken from the Sloan Digital Sky
Survey and the UKIRT Infrared Deep Sky Survey. Comple-
mentary imaging of the GAMA regions is being obtained by a
number of independent survey programmes including GALEX
MIS, VST KiDS, VISTA VIKING, WISE, Herschel-ATLAS,
GMRT, and ASKAP providing UV to radio coverage. GAMA
is funded by the STFC (UK), the ARC (Australia), the AAO,
and the participating institutions. The GAMA website is http://
www.gama-survey.org/.

Data Availability

Except where otherwise stated, the data underlying this
article are publicly available via the online GAMA database at
http://www.gama-survey.org. In Section 3.1, we make specific
use of version 7 of the GAMA input catalog from this database.
The radio data for the sample used in Section 3.2.3 are publicly
available from the VLA FIRST archive at http://sundog.
stsci.edu.
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