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Abstract

The abundance of active galactic nuclei (AGN) in cosmic voids is relatively unexplored in the literature, but can
potentially provide new constraints on the environmental dependence of AGN activity and the AGN-host
coevolution. We investigated AGN fractions in one of the largest samples of optically selected cosmic voids from
Sloan Digital Sky Survey Data Release 12 for redshift range 0.2–0.7 for moderately bright and bright AGN. We
separated inner and outer void regions based on the void size, given by its effective void radius. We classified
galaxies at a distance <0.6 Reff as inner void members and galaxies in the interval 0.6< R/Reff< 1.3 as outer void
galaxies. We found higher average fractions in the inner voids (4.9± 0.7)% than for their outer counterparts
(3.1± 0.1)% at z> 0.42, which clearly indicates an environmental dependence. This conclusion was confirmed
upon further separating the data in narrower void-centric distance bins and measured a significant decrease in AGN
activity from inner to outer voids for z> 0.42. At low redshifts (z< 0.42), we find very weak dependence on the
environment for the inner and outer regions for two out of three bins. We argue that the higher fraction in low-
density regions close to void centers relative to their outer counterparts observed in the two higher-redshift bins
suggests that more efficient galaxy interactions may occur at a one-to-one level in voids that may be suppressed in
denser environments due to higher velocity dispersions. It could also indicate less prominent ram pressure stripping
in voids or some intrinsic host or void environment properties.

Unified Astronomy Thesaurus concepts: Active galactic nuclei (16); Active galaxies (17); Voids (1779)

1. Introduction

Galaxies are found in different large-scale structures that
form the cosmic web of the universe: the overdense regions
called galaxy clusters that expand out into filamentary
structures, which in turn form boundaries of vast underdense
regions, known as cosmic voids (Bond et al. 1996; Pan et al.
2012), mostly devoid of matter (dark matter and baryons).
Voids have a radius of tens of Mpc to over 100 Mpc and
constitute the majority of the universe’s volume (e.g.,
Zeldovich et al. 1982; Pisani et al. 2019). They contain few,
isolated galaxies and not much gas. Due to their underdense
nature, void properties are dominated by unclustered compo-
nents, such as dark energy. In voids, there is a spherical
outward motion of matter toward the walls and filaments (e.g.,
Hamaus et al. 2016).

Most, if not all, galaxies have a supermassive black hole
(SMBH) at their center. Of these, a fraction of galaxies are
active where their central engine is accreting mass from the
dense central region of the galaxy at a sufficiently high rate. It
is not well understood why only a few SMBHs show such high
nuclear activity. There is strong evidence that galaxy evolution
is closely related to its environment, influencing its star
formation, morphology, etc. (e.g., Marconi & Hunt 2003;
Einasto et al. 2008; Alberts et al. 2016). Possible triggering
mechanism(s), such as major and minor mergers (e.g., Di
Matteo et al. 2005; Fontanot et al. 2015), tidal effects (Moore
et al. 1996), and disk instability (Dekel et al. 2009), may be
significant in driving AGN activity by supplying cold gas to the
central black hole, thus triggering it. 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 106–108 yr. Based on the models of
black hole growth via gas inflows, the strong accretion phase
lasts for ∼108 yr (Kauffmann & Haehnelt 2000; Hopkins et al.
2005; Shankar et al. 2009). Understanding galaxy evolution
requires the study of complex external and internal processes,
such as mergers, gas stripping, disk instability, that might have
strong influence on its evolution and AGN activity.
The role of the galaxy’s environment in AGN triggering is

widely debated. In galaxy clusters and filaments, a combination
of factors, such as a galaxy-rich environment that leads to more
galaxy interactions and mergers, extreme conditions in the
cluster’s gravitational potential well, concentration of cold gas
in the cluster halo, and ram pressure stripping from the intra-
cluster medium (ICM), determines AGN activity (Gunn &
Gott 1972; Larson et al. 1980; Di Matteo et al. 2005). Many
studies, such as Ellison et al. (2019) and Mishra & Dai (2020),
find evidence for variation in fractions of AGN 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; Man et al. 2019). The influence of
environmental factors on AGN fractions is tied to the evolution
of galaxies and clusters over cosmic time. Several studies show
that cluster environments have been dynamically evolving over
the history of the universe and that has strong influence on
AGN fractions in both clusters and fields (Eastman et al. 2007;
Bufanda et al. 2017). In the local universe, there is found to be
evidence for anticorrelation between the AGN fraction and
galaxy density (e.g., Lopes et al. 2017; Mishra & Dai 2020).
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 is seen to
follow a different evolutionary path (Martini et al. 2013).
Cosmic conditions at higher redshifts, such as galaxy and
cluster morphologies, the presence of denser ICM, and the
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dominance of dark matter, have greatly impacted the large-
scale matter distribution. Studies show that the clusters have
undergone significant evolution over the history of the
universe, which has influenced AGN abundance (e.g., Eastman
et al. 2007; Bufanda et al. 2017; Mishra & Dai 2020).

In contrast to clusters, void dynamics have remained largely
unchanged. In a void environment, galaxy evolution is more
likely to be dominated by secular (in situ) processes, because
mergers and gas stripping do not occur as often due to the very
low galaxy density (Porqueres et al. 2018; Habouzit et al.
2020). This would imply less evolved galaxies are contained in
the voids, which must have formed at later times and followed
a different evolutionary path from cluster and group galaxies.
Thus, voids form an ideal environment to investigate galaxy
evolution and its dependence on secular processes in the
absence of external processes, like mergers, which dominate in
the high-density environments. Studies have shown that voids
comprise fainter, bluer galaxies, with higher star formation
rates, than their overdense counterparts (e.g., Goldberg et al.
2005; Hoyle et al. 2005; Bruton et al. 2020). Previous works
investigating AGN abundance and accretion activity in voids
have also found mixed results that depend on host properties.
For example, Constantin et al. (2008) found that AGN are more
common in voids than walls for moderately luminous and
massive galaxies (Mr∼−20, log M/Me< 10.5), but the AGN
abundance is comparable for brighter hosts (Mr<−20).
Kauffmann et al. (2003) find a decreasing fraction of strong
AGN in massive galaxies as a function of density, which
provides evidence for an environmental dependence.

Compared to the rich literature available for studying AGN
activity in galaxy clusters, groups, and fields, there have not
been many studies that have looked at the AGN abundance and
AGN evolution in cosmic voids. Our motivation behind this
study is to investigate the presence of environmental influence,
if any, on the triggering of the supermassive black hole in the
absence of “nurture” processes, and contribute to the under-
standing of AGN in the most underdense regions of the
universe. We look at one of the largest spectroscopic void
samples to study the fraction of optical AGN in voids. This is
crucial to understand how the different local and global
environmental processes found in baryon-devoid voids may
trigger or suppress AGN activity.

2. Data and Methodology

We investigate AGN fraction using 1228 cosmic voids,
166,067 member galaxies (non-AGN), and 3100 AGN in the
voids. In the following subsections, we describe the data and
the method. Based on the data set used in this study, the
analysis of this Letter is limited to investigate the AGN fraction
at the luminous end (Mr�−22) in inner and outer regions of
voids in the local–intermediate universe (0.2< z< 0.7).

2.1. Galaxy Catalogs

The galaxies were selected from the Baryon Oscillation
Spectroscopic Survey (BOSS; Dawson et al. 2013), which is
part of the Sloan Digital Sky Survey III (SDSS III; Eisenstein
et al. 2011). SDSS is a multiband imaging and spectroscopic
survey that uses a 2.5 m telescope with a survey area of 14,555
deg2. BOSS spectrographs were used for the spectroscopic
survey to measure the redshifts of 1.5 million luminous red
galaxies and Lyα absorption toward 160,000 high-z quasars.

The galaxy data come from the Data Release 12 (DR12; Alam
et al. 2015). The data have been divided into two redshift
ranges, LOWZ, which cover 0.0< z< 0.4, and CMASS, which
is in the interval 0.4< z< 0.7. LOWZ and CMASS samples
are further divided into LOWZ/CMASS North and LOWZ/
CMASS South. The catalogs provide data on the coordinates,
spectroscopic redshift, different fluxes, as well as several other
parameters (Reid et al. 2016).

2.2. Quasar Catalog

We use the SDSS-DR12 quasar catalog in order to have the
same coverage for galaxies and AGN. The catalog is described
in its entirety in Pâris et al. (2017) and contains the object’s
coordinates, redshifts obtained using different methods, the
photometric SDSS magnitudes in u, g, r, i, and z bands and
their associated errors, and the absolute i-band magnitude. The
spectroscopic redshifts are crucial to accurately measure the
quasar–void distances. AGN selection methods relying on
photometric properties, such as MIR, and matching with galaxy
positions do not work well for our study of underdense regions
because of the large distance uncertainties and small sample
statistics.

2.3. The Void Sample

The voids used for this study are from the catalog of cosmic
voids based on SDSS III Data Release 12, described in Mao
et al. (2017). The voids are based on galaxies from the large-
scale structure catalogs, which are a part of the BOSS database.
Mao et al. (2017) use ZOBOV (Neyrinck 2008), which is an
algorithm based on Voronoi tessellations and the watershed
method (Platen et al. 2007) to detect voids. Since voids are
irregular in shape, each void has been assigned a center and an
effective Voronoi radius that is the equivalent radius it would
have if the volume of the underdense region was spherically
symmetric.
The cosmic voids catalog from Mao et al. (2017) provide the

redshift of the weighted center of the void, the number of
galaxies in the void, the total Voronoi volume, the effective
void radius, the number density of the minimum density
Voronoi cell in the void, the density contrast of the minimum
density cell comparing to the mean density at that redshift, the
ratio of the minimum density particle on a ridge to the
minimum density particle of the void, the probability of the
void origin as Poisson fluctuations, and the distance between
the weighted void center and the nearest survey boundary (Mao
et al. 2017). The LOWZ voids are in the range 0.2< z< 0.43,
whereas the CMASS voids cover the range 0.43< z< 0.7. The
majority of the voids have effective radii ranging from
30–80 h−1 Mpc (see Figure 2 in Mao et al. 2017 for the void
size distribution), where the LOWZ sample exhibits an extra
tail distribution on the larger size compared to CMASS.
Figure 1 shows the redshift distribution for the cosmic void
sample used in this study for the LOWZ (low-redshift) and
CMASS (high-redshift) samples.

2.4. Methodology

In this study, the size of the voids was characterized by the
effective radius, Reff, which lies in the range 30–80 h−1 Mpc.
Although individual voids can deviate from a sphere, Mao et al.
(2017) found that stacking analyses using Reff provide stable
and average void properties, such as the galaxy density. The
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voids are divided into five redshift intervals: 0.21–0.28,
0.28–0.35, 0.35–0.42, 0.42–0.56, and 0.56–0.70, to study any
evolutionary trend with redshift, if present. Member galaxies
and AGN for the voids were selected from the SDSS CMASS
and LOWZ galaxy catalogs and the quasar catalog. To select
void members, physical distances in the three-dimensional
space are calculated between the void center and the galaxy
center. We utilize the spectroscopic redshifts available for the
voids and galaxies in the BOSS catalogs for more accurate
distances. To classify the galaxies and AGN as members, we
use a simple method based on the proximity of a galaxy to its
nearest void center given by the physical distance between the
galaxy and the void center. To investigate the differences in
physical conditions in the inner and outer regions of the voids
and see if environmental factors play a role in AGN abundance
closer to the void center versus farther away, we assign each
member galaxy to either the inner or outer region of the void.
The criterion chosen for the inner and outer regions is based on
the distance of a galaxy to the void center. The inner and outer
void regions are defined to lie between 0.0–0.6 Reff and
0.6–1.3 Reff, respectively, and their sizes vary with the effective
radius of a void. This approach of assigning void membership
to galaxies and defining inner and outer regions does not take
into account the shape of the individual voids; however, for the
purpose of a statistical study, the voids in each redshift bin are
stacked and the effective shape of the resultant void is a sphere.
For this study, we make an absolute magnitude cut in each
redshift bin to select luminous galaxies, where the absolute
magnitudes are calculated using the K-correction templates of
Assef et al. (2010). The range used for the magnitude selection
is absolute-r magnitude=−23 to −22 to focus on the luminous
galaxies and is chosen to avoid the selection bias toward low-
luminosity galaxies at low redshifts. This provides the
maximum number of galaxies for a statistical study of bright
AGN and galaxies for all redshift bins. The fraction of AGN (or
quasar fraction specific to this analysis), fA, is defined as the
ratio of the number of active galaxies and the total number of
galaxies in the void.

3. Results

We separate the voids in five redshift bins and calculate the
AGN fractions in the inner and outer void regions in each
redshift bin by stacking the voids in the bin. The AGN fractions
for the inner and outer void regions for each redshift range are
listed in Table 1, which also provides the raw galaxy counts for
AGN and non-AGN in the voids. The uncertainties associated
with fA are Poisson errors with 1σ confidence limit. Figure 2
shows the fraction of AGN in inner and outer void regions for
each redshift bin. Our goal is to independently investigate the
low-redshift range (the LOWZ sample) and higher-redshift
range (the CMASS sample). At low redshifts, z� 0.42, we do
not see a significant difference in the AGN abundance in the
inner and outer regions of the void. However, for the two
highest-redshift bins, 0.42< z< 0.56 and 0.56< z< 0.72, the
AGN fraction in the inner void region is significantly higher
than for the outer void region. The differences in the AGN
fractions between the inner and outer regions for the two
highest z bins are 0.0152± 0.0049 and 0.0192± 0.0053, at
3.1σ and 3.6σ significances, respectively. Considering that we
have five independent tests for the five redshift bins, the
significance of the deviation between fA values are 2.6σ and
3.1σ, respectively, for these two redshift bins. The average
AGN fraction across all redshifts for the inner void region is
0.028± 0.004, which is 1.3 times higher than that for the outer
void region, where the average fraction is 0.021± 0.001.
We further divide the inner and outer regions into smaller

bins to investigate the dependence of AGN fraction on the
distance from the center of the cosmic voids. The distances are
measured in Reff and range from the void center to 1.3 Reff. The
size of the radial bins is fixed at 0.1 Reff except for the first bin,
which is 0.3 Reff. This was done to increase the signal-to-noise
ratios as there are very few galaxies near the center of the void.
The greater size of the first radial bin does not affect our
analysis results since the motivation is to investigate any
difference in AGN abundance that might be present between
the inner and outer void regions and cosmic voids have very
large effective radii.
Figure 3 shows the AGN fraction plotted as a function of

distance of the member galaxies from the void center for the
five redshift intervals. The slopes and 1σ uncertainties, where
the amplitude uncertainty has been marginalized, for the best-fit
lines are −0.001± 0.004, −0.005± 0.002, 0.004± 0.003,
−0.010± 0.006, and −0.023± 0.008, respectively, for the
five redshift bins 0.21–0.28, 0.28–0.35, 0.35–0.42, 0.42–0.56,
and 0.56–0.70. For the first three low-redshift bins, we see
some scattered results for fA from the center of the void out to
1.3 Reff. The first and second redshift bins show a slightly
negative trend, especially for the second bin where the
significance is ∼2σ. The third bin has a positive slope that is
not significant compared to measurement uncertainties. For the
two higher-redshift bins, we see ∼2σ decreases in AGN
fractions with distance from the void center by comparing the
measured slopes and uncertainties.

4. Discussion and Conclusions

We found a significantly higher AGN fraction in the inner
void regions in the two higher-redshift bins (0.42< z< 0.72)
either using small bin sizes or separating the voids into two
regions. There is a 50% increase in fA in the inner void region
for the higher-redshift voids, and we observe a decrease in

Figure 1. Redshift distribution for the voids used in this study.
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AGN abundance as we move away from the void center. For
the lower redshifts, the second bin (0.28< z< 0.35) shows a
moderate decreasing trend (∼2σ) in Figure 3, whereas the first
and third z bins do not show a significant dependence on void-
centric distance when the uncertainties are taken into account.
Although the difference in the analysis conclusions in the five
redshift bins coincides with the LOWZ and CMASS boundary,
where we measured environmental-dependent AGN fractions
in CMASS voids but largely no dependence for LOWZ
counterparts, we did not identify potential biases affecting our
analysis results between CMASS and LOWZ samples. Since
our analysis was focused on comparing different void regions
within the same redshift bin, potential biases in galaxy, AGN,
and void selections cancel out in the comparison. There are
differences in selection of galaxies for LOWZ and CMASS
samples, where the LOWZ galaxy sample selects bright, red
galaxies and CMASS, similarly, targets luminous, red galaxies,
along with extending to some blue galaxies. While this limits
our analysis to more luminous red galaxies for both low- and
high-z ranges, the selection bias is consistent for inner and
outer void regions. The void size distributions between LOWZ
and CMASS samples are slightly different; however, again,
since we are comparing the AGN fractions in the inner and
outer void regions, it is unlikely these size difference can

contribute significantly to our analysis results. The redshift
range z< 0.7 of this study is relatively narrow compared to the
parent quasar catalog with z� 7, and the quasar selection at
z< 0.7 mainly relies on the UV excess approximated by the
u− g color (Ross et al. 2012). Thus, it is unlikely that the
biases from quasar selections at z< 0.7 contribute to the

Table 1
AGN Fraction in the Inner and Outer Void Regions for the Five Redshift Bins

Redshifta Inner Void Outer Void Slopeb AGNc Non-AGNc

0.21 � z < 0.28 0.012 0.003
0.003

-
+ 0.0086 0.0008

0.0009
-
+ 0.001 0.004

0.004- -
+ 19;94 1585;10820

0.28 � z < 0.35 0.016 0.001
0.001

-
+ 0.0159 0.0004

0.0004
-
+ 0.005 0.002

0.002- -
+ 219;1319 13309;81436

0.35 � z < 0.42 0.013 0.002
0.003

-
+ 0.0167 0.0008

0.0009
-
+ 0.004 0.003

0.003
-
+ 36;372 2660;21807

0.42 � z < 0.56 0.035 0.005
0.006

-
+ 0.0198 0.0010

0.0011
-
+ 0.010 0.006

0.006- -
+ 39;368 1073;18132

0.56 � z < 0.70 0.062 0.006
0.007

-
+ 0.0428 0.0017

0.0017
-
+ 0.023 0.008

0.008- -
+ 77;627 1163;14021

Notes.
a All the data in each z bin are coadded.
b The slope of AGN fraction as a function of void-centric distance from inner to outer regions.
c Inner region; outer region.

Figure 2. AGN fraction in the inner and outer regions of the void for the five
redshift intervals. The errors are Poisson errors that correspond to 1σ
confidence limits.

Figure 3. AGN fraction as a function of the distance from the center of the void
in the units of Reff (the effective radius of the void region) for the five redshift
intervals. A best-fit linear model (solid black line) has been calculated for
each bin.
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differences in our analysis between LOWZ and CMASS
samples. Thus, the weaker environmental dependence for the
three lower-redshift bins could be physical, where the void
environment close to the void center and in the outer parts
responsible for AGN triggering has become more homoge-
neous as voids evolved, or it could be a result of the sample
size. The spectroscopic SDSS data, while providing more
accurate redshifts, limited the sample to a smaller size,
preventing us from measuring a minute trend smaller than the
one observed in the two high-redshift bins.

Our result of finding an increasing AGN fraction as we move
toward the center of the void, in some redshift bins, provides a
baseline result to be tested further with future studies. In the
overdense regions, it is a better established result that the AGN
abundance is lower in clusters and groups compared to the
surrounding field regions at z< 1 (e.g., Lopes et al. 2017;
Mishra & Dai 2020). Combining the results from this analysis,
where we found hints of higher AGN fractions at void centers,
we propose a thesis that at low redshifts where the AGN
activities have declined from the cosmic peak, there is an
overall trend of decreasing AGN activities with increasing
environment density from the lowest void to the highest cluster
regions, and this can be further confronted with future analysis
using a larger data sample.

A study conducted by Constantin et al. (2008) showed no
change in AGN abundance from voids to walls for massive,
luminous galaxies (Mr−20 and log M/Me>10.5) at very
low redshifts, which is in agreement with our results of finding
no significant trend for lower redshifts. For moderately massive
and luminous galaxies (dMr∼−20 and log M/Me <10.5),
Constantin et al. (2008) found higher AGN abundance in voids
than walls, especially for low-luminosity AGN.

According to the model that the inflow of cold gas toward
the center of the galaxy and accretion onto the central engine
regulates black hole growth (e.g., Di Matteo et al. 2005;
Hopkins et al. 2005; Zanisi et al. 2021), the availability of gas
in these systems would determine the AGN activity. Since we
have selected the luminous galaxies (Mr<−20) in both inner
and outer void regions, they have more matter available to feed
the central AGN. It is possible that the galaxies in the inner
void region are able to hold onto their gas reservoirs in the
absence of fewer gravitational disruptions resulting from the
interactions with nearby systems as would be the case for outer
regions of the void, where galaxies near and in the walls are not
as isolated. This could potential explain the higher AGN
fractions in the void centers observed at the two higher-
redshift bins.

It is worth noting that our study is based on the BOSS
CMASS catalog to select galaxies at high redshifts, which
selects more red galaxies. This may result in the selection of
more galaxies in the outer regions of the void since galaxies
that are found near the void center tend to be bluer and faint
(e.g., Rojas et al. 2004; Bruton et al. 2020). However, this
selection bias would affect the AGN and normal galaxies
equally and thus would not skew the fA toward a higher value
for the outer regions. We also measure the trend of AGN
abundance relative to blue galaxies with a void-centric distance
for the two highest-redshift bins for discussion purposes. For
this, we used the results from Bruton et al. (2020), which is a
comparative study of the relative abundance of red and blue
galaxies in voids. Bruton et al. (2020) use the CMASS data and
galaxies from the WiggleZ Dark Energy Survey (Drinkwater

et al. 2010) to study the density profiles of the red and blue
galaxies as a function of the void radius. They report a lower
red-to-blue galaxy ratio at void centers, and their relation can
be used to convert the AGN fraction for CMASS galaxies
investigated in this Letter to the AGN fraction with respect to
blue galaxies. After doing that, we do not find a significant
trend for fA relative to the blue galaxies with a distance from the
center of the void within error bars, in contrast to the
decreasing AGN abundance from inner regions to the outer
regions found in our study. This might be indicative of
differences in the evolutionary track or environmental depend-
ence of the red versus the blue galaxies in the voids or simply
the case where signal-to-noise ratio is low to make any
conclusions. A larger sample of blue galaxies will be needed to
study the AGN abundance in the blue galaxies. The red-to-blue
galaxy ratio in LOWZ voids are not reported in Bruton et al.
(2020), which precludes us from estimating AGN-to-blue
galaxy ratios in LOWZ voids.
While the literature for AGN activity and evolution of active

galaxies in overdense regions, like clusters and groups, and
their surrounding fields, is rich, the field of investigating the
AGN evolution in cosmic voids remains greatly unexplored,
but is extremely important to study the impact of local and
global environmental factors that might play a role in triggering
the nuclear activity in the central engine. The triggering
mechanisms can also provide useful insight into the different
conditions present in the cosmic voids and their evolution as
compared to the high-density regions of the large-scale
structure. Future studies using larger samples of spectroscopic
data will be able to increase the signal-to-noise ratio and
constrain the void AGN abundance better at lower redshifts and
enable the expansion of this analysis to a much larger redshift
range.
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