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ABSTRACT

Active galactic nuclei (AGNs) have generally been considered to be less frequent in denser environments due to a lower number
of galaxy-galaxy interactions and/or the removal of their gas-rich reservoirs by the dense intergalactic medium. However, recent
observational and theoretical works suggest that the effect of ram-pressure stripping acting on galaxies in dense environments might
reduce the angular momentum of their gas, causing it to infall towards the super massive black hole at their centre, activating the AGN
phase. In this work we explore the connection between environment and nuclear activity by evaluating the variation in the incidence of
ionized outflows, a common phenomenon associated with nuclear activity, in AGNs across different environments. We select a sample
of approximately 3300 optical AGNs from the Sloan Digital Sky Survey Data Release 13, which we match with a group catalogue
to identify galaxies in isolation or residing in groups. We further probe their environments through the projected distance to the
central galaxy of the group or cluster and the projected surface density to the fifth neighbour (ds). The presence of ionized outflows
is determined through the modelling of the [OII] 15007 emission line. We find that at lower masses (<10'%3 M), the fraction of
ionized outflows is significantly lower in satellite AGNs (~7%) than in isolated (~22%) AGNs, probably due to their different AGN
luminosity, Liouy, in this stellar mass range. The fraction of outflows decreases at distances closer to the central galaxy of the group or
cluster for all satellite AGNs; however, only the lower-mass ones (10°—10'%* M,) display a significant decline with &5. Although this
study does not include AGNs in the densest regions of galaxy clusters, our findings suggest that AGNs in dense environments accrete
less gas than those in the field, potentially due to the removal of the gas reservoirs via stripping or starvation, leading to a negative
connection between environment and AGN activity. Based on our results, we propose that the observed change in the incidence of
outflows when moving towards denser regions of groups and clusters could contribute to the higher gas metallicities of cluster galaxies

compared to field galaxies, especially at lower masses.
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1. Introduction

Galaxies evolve through cosmic time subject to the availability
of gas reservoirs that can fuel star formation and feed the super-
massive black holes (SMBH) at their centres. However, the avail-
ability and properties of the gas might be altered by processes
taking place within galaxies or from interactions with their close
environment. Internally, one of the processes that is considered
very relevant to galaxy evolution is the feedback from active
galactic nuclei (AGNs) in the form of radiation, winds, and jets
that originate as a consequence of the feeding of the SMBH,
as it can lead to the heating or ejection of the gas in the inter-
stellar medium (see Fabian 2012, for a review). The feedback
from the AGN is believed to play a crucial role in the evolu-
tion of galaxies by, for instance, preventing excessive galaxy
growth through gas accretion, which would lead to many more
massive systems than observed (Kormendy & Ho 2013, and
references therein). Externally, galaxies can experience strong
interactions with other galaxies via mergers (Matzko et al. 2022,
and references therein) or tidal encounters (Martig & Bournaud
2008, and references therein), which can lead to a more effi-
cient consumption of gas by triggering AGN activity and star
formation. Additionally, galaxies residing in galaxy groups and
clusters interact with the surrounding high-density media via
processes such as the removal of hot, diffuse gas when a small

halo is accreted by a larger one (‘strangulation’; Larson et al.
1980; Van Den Bosch et al. 2008) or the removal of gas from
the galaxy when the external pressure is sufficiently high
(ram-pressure stripping; Gunn & Gott 1972).

Given that environmental processes acting on galaxies can
have a strong effect on their gas reservoirs, such processes might
also be connected with the fuelling of AGN activity. Such a
connection has been investigated by several works, and their
authors have generally found a lower fraction of AGNs in galaxy
clusters, ascribing this finding to either less frequent interac-
tions between galaxies in denser regions that could trigger AGN
activity (Gisler 1978; Dressler et al. 1985; Popesso & Biviano
2006; Pimbblet et al. 2013; Lopes et al. 2017) or to a lack of
a cold gas supply to feed the SMBH (Sabater et al. 2013).
However, other works have reported that the AGN fraction
remains roughly constant at different local densities (Miller et al.
2003; Martini et al. 2006; Rodriguez del Pino et al. 2017). Inter-
estingly, the regions where AGN hosts reside tend to contain a
higher fraction of blue star-forming galaxies than regions around
galaxies with no AGN (Coldwell et al. 2014), indicating that
AGNs are prone to being located in gas-rich environments. In
such a case, the lower fraction of AGNs in galaxy groups and
clusters could be explained by the lack of gas-rich regions caused
by environmental effects.
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The study of the connection between AGN activity and
environment received new insights through the work by
Poggianti et al. (2017a), as the authors found AGN activity in six
out of seven massive galaxies (4 x 10'°-3 x 10" M) undergo-
ing extreme ram-pressure stripping (so-called jellyfish galaxies
because of the striking tails of stripped gas that resemble the
tentacles of the animal). This result was interpreted as evidence
that strong interactions with the intracluster medium (ICM)
could trigger AGN activity. This interpretation was further sup-
ported by the fact that most of the galaxies presented rela-
tive velocities and projected distances within the cluster (i.e.
positions in the cluster phase-space diagram) compatible with
intense ram-pressure stripping. The work was then extended by
Peluso et al. (2022) to a larger sample of 115 jellyfish galax-
ies, and the authors found that these galaxies have a 1.5-time
higher probability to host an AGN than a similar, non-jellyfish
star-forming galaxy and that the incidence of AGNs in jel-
lyfish galaxies increases with stellar mass. However, as dis-
cussed in Boselli et al. (2022), the results from Poggianti et al.
(2017a) are based on a very limited sample of galaxies and there-
fore suffer from low-number statistics, whereas in Peluso et al.
(2022) the AGN sample also included low-ionization nuclear
emission-line regions (LINERs) that are not always associated
with nuclear activity (Singh et al. 2013; Belfiore et al. 2016).
A different result was obtained with the rich population of
70 jellyfish galaxies in the multi-cluster system A901/2 at
z ~ 0.165. Roman-Oliveira et al. (2019) found that only 7%
of this sample displayed signs of AGN activity. In their work,
Roman-Oliveira et al. (2019) included jellyfish galaxies with
different degrees of stripping and a wider range of stellar masses
(10°-10''3 M), and they identified AGN activity through the
WHAN diagnostic diagram (Cid Fernandes et al. 2010) instead
of the BPT diagram (Baldwin et al. 1981) used in other works.
Nevertheless, by applying the WHAN AGN selection criteria,
Roman-Oliveira et al. (2019) found only an approximately 20%
AGN incidence in a sample of 42 jellyfish galaxies from the
parent sample the galaxies studied in Poggianti et al. (2017a)
were taken from (i.e. the GASP survey Poggianti et al. 2017b).

In addition to being associated with galaxy clusters, recent
studies have also found galaxies undergoing ram-pressure strip-
ping in lower-density groups of halo masses of approximately
10'* M, although in these environments the frequency and
strength of the jellyfish feature appears much smaller than in
clusters (Roberts et al. 2021; Kolcu et al. 2022). In the work by
Kolcu et al. (2022), the authors found that only two of their
30 tentative jellyfish candidates and none of their 13 securely
classified jellyfish galaxies displayed optical line ratios com-
patible with AGN activity. Simulations of galaxies undergoing
ram-pressure stripping have shown that as a consequence of
the interaction with the ICM, gas in galaxies can lose angu-
lar momentum and spiral down into the central parts of a
galaxy (Schulz & Struck 2001; Tonnesen & Bryan 2009, 2012).
Some simulations predict that this gas can trigger AGN activity
in galaxies with stellar masses above 10°° My, whereas in
less massive systems, ram-pressure stripping suppresses both
star formation and SMBH accretion (Marshall et al. 2018;
Ricarte et al. 2020). Other theoretical works have found that
when averaged over several galaxies and over long timescales,
accretion onto the SMBH is significantly suppressed in clusters
at all masses (10°7—-10"1% M ; Joshi et al. 2020).

In this work, we explore the connection between envi-
ronmental effects and AGN activity by evaluating the occur-
rence of feedback processes in the galaxies that originate from
the feeding of the SMBH. In particular, we focus on the
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study of galactic outflows since they are phenomena com-
monly observed in AGNs, with fractions between 25% and 40%
in optically selected AGNs, and are known to increase with
galaxy properties, such as the [O11I] 15007 luminosity and stellar
mass (Rodriguez del Pino et al. 2019; Wylezalek et al. 2020). The
motivation behind this strategy arises from the fact that if AGN
activity can be triggered or hampered as a consequence of environ-
mental effects disturbing the gas component in galaxies, a varia-
tion in the incidence of galactic outflows in AGNs across different
environments would also be an indication that the environment
plays a role in regulating AGN activity. In this regard, it is worth
noting that galactic outflows also seem to be a common feature
of AGNs in jellyfish galaxies, as found in the more detailed anal-
ysis of the jellyfish presented in Poggianti et al. (2017a) where
four of the five confirmed AGNs presented signatures of ionized
outflows (Radovich et al. 2019). Interestingly, in one of these four
sources, George et al. (2019) found acavity inthe UV and CO J;,_;
emission around the nucleus (~9 kpc) dominated by ionization
from the AGN. This result was interpreted as evidence for AGN
feedback and environmental effects suppressing star formation in
the galaxy. Although a possible connection between environmen-
tal effects and the occurrence of outflows in AGNs has not yet
been thoroughly explored in the literature, simulations, such as
those carried out by Ricarte et al. (2020), have shown that AGN’s
triggered by ram-pressure stripping produce observable outflows
that can contribute to the quenching of star formation. More gen-
eral studies, such as those carried out by McGee et al. (2014)
and Trussler et al. (2020), have suggested that the combination of
these two mechanisms might explain the quenching of star forma-
tion in galaxies at different epochs, highlighting the fact that the
mechanisms operate on different timescales and their relevance
has probably changed as a function of redshift.

Finally, given that galactic outflows are considered to
play a significant role in the regulation of metals in galaxies
(Dayal et al. 2013; Arribas et al. 2014; Rodriguez del Pino et al.
2019), a change in the incidence of outflows in an AGN with
environment could also lead to differences in the metallicities of
an AGN’s host galaxy. In fact, field galaxies have been found
to have lower metallicities for a given stellar mass compared to
those residing in clusters (Cooper et al. 2008; Ellison et al. 2009)
and in filaments (Aracil et al. 2006). These differences have been
generally ascribed to galaxies in low-density environments being
more gas rich and more metal poor (Wu et al. 2017) or to the
accretion of metal-rich gas by satellite galaxies (Schaefer et al.
2019). In addition to these possible scenarios, a lower fraction of
galactic outflows at denser regions could prevent the ejection of
metal-rich gas away from the galaxies and the subsequent reduc-
tion in global metallicity.

With the aim of shedding more light on our understanding
of the connection between AGN activity and environment and
its impact on galaxy evolution, we investigate whether the inci-
dence of ionized outflows in AGNs varies depending on the envi-
ronment where they reside. We make use of a large sample of
AGNSs selected from the Sloan Digital Sky Survey (SDSS) Data
Release 13 (DR13; Albareti et al. 2017) in combination with the
group catalogue from Lim et al. (2017). We note that although
the SDSS survey does not cover the more crowded regions of
galaxy clusters, due to fibre collisions (e.g., Gavazzi et al. 2011),
it includes galaxies in groups and clusters where environmental
effects have been shown to be at play (e.g., Balogh et al. 2004;
Pimbblet et al. 2013), leading to the appearance of the jellyfish
feature (Roberts et al. 2021; Kolcu et al. 2022).

In Sect. 2, we explain the selection of the AGN sample from
SDSS DR13 and the definition of environmental parameters.
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In Sect. 3, we describe the spectral identification of ionized out-
flows. Section 4 contains the study of the incidence of ionized
outflows in galaxies residing in different environments. Section 5
includes a discussion of the results, and in Sect. 6 we present
the summary and main conclusions of our work. Throughout
this work, we adopt a cosmology with Hy = 67.3kms™! Mpc™!,
Q= 0.315, and Q, = 0.685 (Planck Collaboration XVI2014).
The 10 binomial uncertainties for the fractions presented in this
paper were calculated following Cameron (2011).

2. Data
2.1. Parent SDSS DR13

For this work we used the spectroscopic data from the SDSS
DR 13 (Albareti et al. 2017), which is built on previous releases
but has significant improvements, such as a better photometric
calibration and measured redshifts for some of the fibre col-
lision galaxies. The survey is complete to an extinction cor-
rected Petrosian magnitude of 17.77 mag in the r band. In addi-
tion to the spectroscopic data, we used the set of MPA-JHU
Value Added Catalogues'? that provide the main properties of
the galaxies derived from the analysis of the SDSS photometric
and spectroscopic data based on the methods of Kauffmann et al.
(2003), Brinchmann et al. (2004), and Tremonti et al. (2004),
such as redshifts, emission line fluxes, equivalent widths, and
total stellar masses. The provided emission line measurements
were obtained after careful modelling and subtraction of the
stellar continuum. Stellar masses were derived by fitting of
SDSS photometry as described in Kauffmann et al. (2003). In
our work, we only include galaxies with reliable line measure-
ments and physical parameters (‘RELIABLE’= 1 in the MPA-
JHU catalogues). In order to reduce the effects from redshift
incompleteness, we restricted our analysis to galaxies with stel-
lar masses greater than 10° Mg, and with z < 0.08, which is the
redshift at which the number of galaxies in the selected stellar
mass range starts to decrease. The physical sizes encompassed
by the three-arcsec diameter SDSS fibres range from 0.6 kpc at
7~ 0.01 to 4.7 kpc at z ~ 0.08.

2.2. Active galactic nuclei selection

The galaxies hosting an AGN were selected using the stan-
dard optical line diagnostic BPT diagram (Baldwin et al. 1981)
that employs the ratios between the [Om1]A5007/HB and
[N11] 26584/He emission lines. Considering only the spectra
where these four emission lines are detected with a signal-to-
noise ratio (S/N) greater than three, we selected as AGN hosts
the galaxies whose line ratios correspond to regions in the diag-
nostic diagram above the demarcation line from Kewley et al.
(2001), where theoretical models require the presence of nuclear
activity to explain the ionization state of the gas. Addition-
ally, we selected only strong AGN cases by using the sep-
aration line between Seyfert and LINERs, as suggested by
Cid Fernandes et al. (2010), and required a minimum EW(Ha)
of 1.5A. The application of these criteria implies that the
[Omm1] 245007 line is detected with S/N % 10 and led to a sam-
ple of approximately 3300 optically selected AGNs.

We note that this selection includes both Type 1 and Type 2
AGNs. However, since the line fluxes provided by the MPA-JHU
Value Added Catalogues correspond to measurements using a

' https://www.sdss.org/dr13/spectro/galaxy_mpajhu
2 http://www.mpa-garching.mpg.de/SDSS

single kinematic component, some Type 1 AGNs may have been
missed by our selection since the emission from the broad-
line region might have led to higher HS and He fluxes and,
as a consequence, to lower values of the [NII] 16584]/Ha and
[O11] A5007/HB line ratios, placing them below the Kewley et al.
(2001) demarcation line. However, we note that this effect does
not lead to contamination in our selected sample from non-AGN
galaxies, keeping our AGN selection pure though not complete.

2.3. Environmental parameters

To probe the environment where AGNs reside, we used the group
catalogue from Lim et al. (2017), which provides the results
from applying the SDSS DR13 data to a halo-based group finder
built on the methods developed in Yang et al. (2005, 2007) and
Luetal. (2016) but with an improved halo mass assignment.
From this catalogue, we made use of the classification of galax-
ies into centrals (corresponding to either isolated galaxies or the
most massive member of a group) and other group members, the
number of galaxies in a group and the halo masses of groups
assigned using abundance matching. We used halo mass esti-
mates that consider galaxy stellar mass as a proxy and included
only galaxy groups with halo masses that are complete at their
corresponding redshifts.

We further explored environmental effects using two param-
eters: (1) the projected surface density to the fifth neigh-
bour around each AGN, ¢s, considering only galaxies within
+Az ¢=1000kms™" and (2), for satellites, the projected dis-
tance to the central galaxy, e, normalized by rigo, the radius
of the halo within which the mean mass density is 180 times
the mean density of the universe at the given redshift, obtained
using Eq. (4) from Limetal. (2017). Both parameters have
been widely used to trace environmental changes in galaxies,
with J5 being used to probe the local environment around the
AGNs (e.g., Dressler 1980; Balogh et al. 2004; Croom et al.
2021) and ree providing information on the influence of the
intra-group or ICM (which become denser at shorter distances)
and the time since the galaxy entered the group environment
(e.g., Bamford et al. 2009; Jaffé et al. 2011).

Since we wanted to focus only on the effects that the envi-
ronment might have on the incidence of ionized outflows, we
needed to avoid including galaxies that might be interacting with
other objects via mergers. To this end, we used the visual mor-
phological classification of SDSS galaxies carried out by the
Galaxy Zoo project (Lintott et al. 2008, 2011), as it provides
an estimate based on the fraction of votes assigned by the clas-
sifiers of whether a galaxy might be associated with a merger
event. Darg et al. (2010) performed a refined merger classifica-
tion based on the Galaxy Zoo results for galaxies with redshifts
0.005 < z < 0.1, finding that cases with a weighted-merger-vote
fraction (f,) = 0.6 are generally robust mergers, whereas mis-
classifications start to be common for f;, < 0.4. To make a con-
servative removal of merger candidates, we discarded from our
sample all galaxies classified as mergers by Darg et al. (2010),
and for those outside their classified redshift range, we discarded
the galaxies with fi;, > 0.4. In total we removed from our study
46 potential mergers (less than 1.5% of the sample).

To work with a sample of AGNs that are likely undergo-
ing environmental effects, we defined a ‘satellite’ sample as
containing AGNs that reside in groups of at least five mem-
bers (as in e.g., Roberts et al. 2021). Additionally, we defined the
‘isolated’ sample as comprising the AGNs with no group assign-
ment and that reside in regions where s is within the lowest
quintile of the sample. The central galaxies of the groups are not
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Fig. 1. Distribution of group halo masses for the selected sample of
satellite AGNs. (See Sect. 2.3).
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included in the satellite sample. Being the most massive, cen-
tral galaxies are not expected to undergo strong interactions with
the dense intra-group or ICM. The satellite and isolated samples
contain approximately 500 and 350 AGNs, respectively. The dis-
tribution of halo masses for the selected population of satellite
AGNs is shown in Fig. 1, ranging from ~10'? to 10'> M and
with more than 75% of the AGNs residing in groups of halo
masses greater than 10" M,. We note that the approximately
2500 AGNs not fulfilling our isolated and satellite definitions
are still considered in this study as part of the full AGN sample.

3. Modelling of the gas kinematics and outflow
identification

To evaluate the presence of ionized outflows in our AGN sample,
we used the [O11] 45007 emission line because, as a forbidden
line, its velocity profile is not affected by the high velocities asso-
ciated with the dense broad-line region in Type 1 AGNs. Instead,
it traces the low-density ionized gas from the narrow-line region
around the AGNs and from the galaxy. Thus, a broadening of
the [O111] 25007 emission would necessarily be a consequence
of the presence of an additional ionized gas component mov-
ing at velocities different from the systemic one, allowing for
the detection, for instance, of galactic outflows. Furthermore,
[O11] 45007 is generally less affected by nearby emission or
absorption lines that could hamper its spectral modelling (as hap-
pens with Ha and the neighbouring [NII] 116548, 6584 lines)?.

Before modelling the [O111] 45007 emission line, we sub-
tracted the contribution of the stellar populations from the
spectra of the galaxies. The stellar continuum fitting was
performed with the software Penalized Pixel-Fitting (pPXF;
Cappellari 2017) using as templates the PEGASE-HR simple
stellar population models (Le Borgne et al. 2004) that have the
appropriate spectral resolution (Full Width at Half Maximum
(FWHM) ~0.5 A) and wavelength coverage (3900-6800 A) to
fit the SDSS spectra.

To reproduce the velocity distribution of the ionized gas, we
performed separate fits of the [OmI] 15007 emission line using
two different models with one and two kinematic components
(narrow and broad), respectively, that are described as Gaussian
functions. From our sample, we removed the spectra (<4%)
affected by bad pixels within +50 of the narrow or broad com-
ponents of the [O1II] 45007 line. The two-component model is a
better representation of the data based on the goodness of the fit,

3 Note, however, that there is an Hel line at 5016 A and Type 1 AGNs
might be contaminated by Fell lines and HB broad-line region wings.
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Fig. 2. Example of the modelling of the gas kinematics through
the [OmI] 245007 line for two AGNs of our sample. In both spec-
tra, a broad component (blue) is identified in addition to a narrow
one (red). However, only the spectra shown on the right panel, with
Obroad > 200km s™', is considered consistent with the presence of an
ionized outflow following our identification criteria (see Sect. 3).

which was evaluated through the reduced y> and the Bayesian
information criterion statistics (Schwarz 1978). We considered
that an AGN hosts a candidate ionized outflow when the spec-
tral fitting favours a model with a kinematic component (either
the one from the single-component fit or the broad component
in the two-component fit) with a peak of emission at least three
times larger than the standard deviation in the neighbouring con-
tinuum and a velocity dispersion (after deconvolution with the
SDSS spectral line-spread function) larger than 200 kms~!.

The adopted value of 200 kms™! is at least twice the
systemic velocity dispersion measured throughout local galax-
ies within the stellar mass range we cover, approximately
10°-10"5 M, (e.g., Greenetal. 2010; Yuetal. 2019), indi-
cating that we selected clear cases where the galaxy hosts a
secondary gas component following non-gravitational motions,
which are potentially associated to a galactic outflow. A
similar kinematic criterion has been widely used to iden-
tify ionized outflows in other works (e.g., Hoetal. 2014,
Woo et al. 2016; Gallagher et al. 2019; Forster Schreiber et al.
2019; Rodriguez del Pino et al. 2019). As an example, Fig. 2
contains the spectra of two galaxies where a model with two
kinematic components is preferred but only one of them hosts
an ionized outflow following our selection criteria.

4. Incidence of ionized outflows in AGNs as a
function of environment

4.1. Outflow incidence

By applying the selection criteria described in the previ-
ous section to our sample of AGNs, we found that 24%
of them (approximately 800) host an ionized outflow. This
global incidence value is very similar to the 25% reported
by Wylezalek et al. (2020) in the MaNGA-selected sample of
local AGN, where they also used the [O11I] 15007 to trace out-
flows. However, our value is lower than the one reported in
Rodriguez del Pino et al. (2019), where they detected ionized
outflows through Ha emission in 41% of their AGNs, although
this discrepancy could be due to their significantly lower sam-
ple of AGNs (approximately 30) and a more relaxed criterion to
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Fig. 3. Fraction of outflows for isolated and satellite AGNs. Left panel: outflows as a function of stellar mass. Right panel: outflows as a function
of Liou- The heights of the boxes denote the 1o~ errors associated with the fractions. Bins were defined to include at least 50 galaxies each.

identify outflows. Other works have found the fraction of out-
flows in AGNs to be always larger than in sources with different
types of ionization (star formation, LIERs) and with detections
rates varying between 10% and 70% as a function of AGN lumi-
nosity (Woo et al. 2016; Avery et al. 2021; Matzko et al. 2022).
Finally, given that our selection criteria (Sect. 2.2) might miss
some Type 1 AGNs and these AGNs generally show higher inci-
dence than Type 2 (Perna et al. 2017; Rojas et al. 2020), the out-
flow fractions we obtained should be considered as lower limits.

In the following sections, we explore whether the incidence
of outflows is affected by the environment where galaxies reside.
This is done by studying its variation as a function of the envi-
ronmental tracers described in Sect. 2.3.

4.2. Isolated and satellite AGNs

We started by evaluating the fraction of ionized outflows in
isolated and satellite AGNs as a function of two main galaxy
parameters: the stellar mass and the [OII] luminosity (Liom;
estimated using the total flux in the [O111] 45007 line obtained in
the spectral modelling described in Sect. 3). Controlling by stel-
lar mass is important because environmental effects are expected
to have different impacts on galaxies depending on their stellar
masses (Kuchner et al. 2017; Rodriguez del Pino et al. 2017,
Papovich et al. 2018), and the incidence of AGNs in jellyfish
galaxies is considered to be higher in more massive systems
(Peluso et al. 2022). Furthermore, since AGN accretion rate is
known to drive powerful gas flows into the host (King & Pounds
2015), leading to the positive correlation between the inci-
dence of outflows and AGN luminosity traced by Liomuy (e.g.,
Wylezalek et al. 2020), we also needed to perform the compari-
son between isolated and satellite AGNs, accounting for possible
differences in Ljony between the two samples. Figure 3 contains
the fraction of outflows in both AGN samples as a function of
stellar mass (left panel) and Ljony (right panel). The results pre-
sented in the left panel of this figure indicate that isolated AGNs
host a roughly uniform fraction of outflows (~23%) through-
out the stellar mass range covered in our study. In contrast, the
AGN satellites display a clear trend of an increasing fraction of
outflows towards more massive systems, ranging from approx-
imately 7% in the lower-mass bins to 32% in galaxies with
masses above 10'°7 M. With the exception of the highest-mass
bin, the outflow incidence is generally higher in isolated AGNs
than in satellites, especially at masses below 10'%3 M where the
incidence is up to three times higher. At the highest-mass bin the
outflow incidence in satellites seems slightly higher than in iso-

lated ones, although the fractions are consistent within the 1o
errors. With respect to the variation as a function of Liom, as
shown in the right panel of Fig. 3, the incidence of outflows in
both AGN populations steeply increases from less than 5% at the
lowest luminosities (<10* ergs™") to >45% in the more lumi-
nous systems (>10*! erg s7!). Interestingly, within a given L;opy
bin the difference between the incidence of outflows in isolated
and satellite AGN is not significant, with the fractions in both
populations being consistent among them within the 1o errors.

The steeper increase in the incidence of outflows as a func-
tion of Ljony together with the similar fractions obtained for iso-
lated and satellite AGNs within a given luminosity bin indicate
that Lom is more strongly connected to the presence of ionized
outflows than stellar mass. Given the more dominant correlation
with Liony, the differences in the fraction of outflows observed
at lower masses between isolated and satellite AGNs might be
related to a difference in Ljon. We explored this possibility in
Fig. 4 by comparing the Ljon; values for isolated and satel-
lite AGNs in different stellar mass bins. At low stellar masses
(510'01 M), the average luminosities of the two samples differ
by more than 0.3 dex, but this difference shrinks gradually when
moving towards higher stellar masses, with both populations dis-
playing practically equal Ljoy; distributions (mean values and
standard deviation) in the more massive systems. These results
demonstrate that the lower incidence of outflows in lower-mass
satellite AGNSs is due to their lower Ljoy; compared to that of
isolated AGNs. Therefore, lower-mass satellite AGNs must fol-
low a different evolutionary path, undergoing processes that have
a stronger influence at lower masses leading to a lower Ljoy;; and
consequently to a lower accretion rate, reducing the probability
of hosting an ionized outflow.

To further explore the possible environmental influence on
the incidence of outflows in satellite AGNs, we studied its vari-
ation as a function of the normalized distance to the central
galaxy of each group, reen/riso (see Sect. 2.3). This is pre-
sented in the left panel of Fig. 5 where the satellite popula-
tion has been split into two samples by 10'°3 M, (the stellar
mass below which satellite AGNs display a lower incidence of
outflows) to study the lower- and higher-mass regimes sepa-
rately. The lower- and higher-mass satellite populations display
similar trends with r..,/r130, presenting lower fractions (~5%
and ~16-22%, respectively) at the distances closest to the cen-
tral galaxy than at greater distances (~13—18% and ~27-33%,
respectively). As expected, the higher-mass sample always has
a higher fraction of outflows (>0.1dex) than the lower-mass
sample. This result indicates that the processes responsible for
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the reduction in the incidence of outflows in satellite AGNs
should become more efficient in the proximity to the centre of
the group or cluster.

4.3. Local surface density

Another way of exploring environmental effects is by prob-
ing the local environment around AGNs. In our case, this was
done through the projected surface density to the fifth neigh-
bour, d5 (see Sect. 2.3). A high value of 65 might imply proxim-
ity between galaxies, favouring processes such as galaxy-galaxy
harassment (Moore et al. 1996), and the presence of local inho-
mogeneities in the density of galaxies and/or associated intra-
group or intra-cumular material that could lead to ram-pressure
stripping. Therefore, a high value of 65 does not necessarily
imply low 7, since there can be groups of several (five or more)
galaxies accreted by the cluster but still far from the centre,
leading to a ‘pre-processing’ effect (Fujita 2004; Darvish et al.
2015). As in the previous section, to evaluate the influence of Js
on the incidence of outflows, we defined the lower- and higher-
mass samples by using 10'%3 M, as the dividing line, in this case,
for the full sample of AGNs. The fraction of ionized outflows in
the lower- and higher-mass samples of AGN as a function of
local surface density are shown in the right panel of Fig. 5. The
two samples clearly display different trends: On the one hand,
higher-mass AGNs have a mean outflow incidence of 27% across
all densities, with some bins having fractions of 23% (lowest ds
bin) and 34% (intermediate 85 bins). On the other hand, the low-
mass AGNs experience a clear decline in the fraction of outflows
when moving towards denser regions, decreasing from approxi-
mately 25% at low densities to approximately 13% at high den-
sities. At high densities, the fraction of outflows in higher-mass
AGNs is twice as high. The similar incidence of outflows at
low densities and the observed diverging trends indicate that an
increase in local density affects AGNs with lower stellar masses
more strongly, significantly reducing their probability of hosting
ionized outflows.

5. Discussion
5.1. Environmental reduction of outflows in AGNs

The observed decline in the incidence of ionized outflows in
low-mass satellite AGNs (My < 10'%3 My) together with the
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declining fractions at distances closer to the central galaxy of
the group or cluster and towards locally denser regions indicate
that environment plays a role in the likelihood of AGNs host-
ing ionized outflows. Given that the triggering of AGN activ-
ity and ionized outflows depend on the availability of gas to act
as fuel, it is reasonable to expect that the environmental pro-
cesses responsible for a variation in the AGN fraction might
also drive a change in the fractions of outflows in AGNs. In
this regard, previous works have associated the decline of AGN
activity in clusters to two main drivers: a decrease in the merger
rate due to higher relative velocities of galaxies in clusters (i.e.
Popesso & Biviano 2006) and the stripping of gas from systems
by the dense intergalactic medium, which prevents the feeding of
the SMBH (Sabater et al. 2013; Coldwell et al. 2014). In support
of the relevance of the merger rate as a driver, Duplancic et al.
(2021) found that the fraction of AGNs in galaxy groups is
always lower than in galaxy pairs and triplets, where AGNs also
tend to be more energetic. However, as noted by Matzko et al.
(2022), for a given AGN luminosity, galaxies undergoing merg-
ers or interactions might not necessarily have a higher incidence
of outflows than galaxies in isolation. Therefore, an increase in
the incidence of outflows for interacting systems would only be
expected if the interaction leads to an increase in luminosity.
In our work, we have removed potential merger candidates (see
Sect. 2.3) in order to minimize their influence on the incidence
of outflows in AGNs and focus on environmental effects. How-
ever, if additional galaxy-galaxy interactions (not classified as
mergers) that could trigger AGN activity and a subsequent out-
flow were present in our sample and favoured at lower densities
(e.g., Alonso et al. 2012), they could help explain the decline
in the incidence of outflows for the lower-mass AGNs when
moving towards locally higher densities, though they would not
explain the roughly constant incidence of outflows in higher-
mass AGNss.

In the case where galaxies experience gas stripping, there
would be less fuel available to feed the SMBH, and consequently,
the AGN luminosity, which is powered by accretion, should
decrease. Since we identified a decline in the fraction of outflows
as a function of decreasing distance to the central galaxy and an
increase in local density (Fig. 5), we explored the variation of
Liom as a function of these environmental parameters. In Fig. 6,
we show the total Liony as a function of reen/rigo for AGN satel-
lites and ¢5 for all AGN in our sample. In both cases, we split the
samples into lower- and higher-mass galaxies by using 10'%3 M.

The left panel of Fig. 6 shows an increase in the Liom
with 7een/r130 for the lower-mass sample, whereas the higher-
mass sample displays relatively constant Ljoyy distributions. A
Spearman’s correlation test for the lower-mass sample yielded
an associated coefficient p = 0.14, with a p-value of less than
0.02, although the scatter is quite large, as indicated by the 16th
and 84th percentiles (height of the boxes in Fig. 6). We observed
a similar decrease in total Loy for the lower-mass sample
towards regions of higher local density (right panel of Fig. 6).
In this case, the correlation seems more significant (o = —0.17;
p-value <1 x 1079), although the scatter is again quite large.
Moreover, as expected, the lower-mass AGN populations always
have lower Ljoyy than the higher-mass AGNs.

These marginal but systematic global trends observed in
Liom could be an indication that environmental processes affect
the gas reservoirs in galaxies, leading to a reduction in the avail-
able material to sustain the feeding of the AGN and subsequently
reducing the incidence of ionized outflows. A potential mecha-
nism causing this effect would be ram-pressure stripping since it
affects only the gas component in the galaxies and its strength



Rodriguez Del Pino, B., et al.: A&A 675, A41 (2023)

0.5
(} Satellites (log1o M<[Mo] < 10.3)
” { satelites (logio M:[Mo] > 10.3)
= 0.4
8
5
[}
£ 0.3 0
£ ¢
)
< & 0
5 0.2 O
c
5 ¢
8 0
= 0.1+
0.0 T T T T T T T T
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75
Tcen / M1go

0.5
[0 AllAGN (log1o M=[Mo] < 10.3)
Il Al AGN (log1o M<[Mo] > 10.3)
£ 044
kel
5
goy IH.
B |
: | pupR § mE
< O
‘5 0.2 1 D
o
S O@m
5 DDDD |
£ 014
0.0 1— T T T i
-2 -1 0 1 2
log1o 65 [Mpc=?]

Fig. 5. Fraction of outflows in AGN as a function of environmental parameters. Left panel: outflows as a function of the normalized distance to
the central galaxy of the group, reen/r180, for AGN satellites. Right panel: outflows as a function of the projected surface density to the nearest 5th
neighbour, ds, for all the AGNs in our sample. In both cases, we divided the sample by lower and higher mass. The heights of the boxes denote the
1o errors associated with the fractions. Bins were defined to include at least 40 (left) and 100 (right) galaxies, respectively.

42.0
{) Satellites (logio M:[Me] < 10.3)
41.5 4 ¢ satelites (logio M<[Mo]>10.3)
,_‘u— 41.0 A
o
& 40.5
= O ¢
3 0 %90 0 8
5 40,0 O
s ¢ o O o
g 3951 ()
39.0 4
38.5

0.0 0.2 0.4 0.6 0.8 1.0 12 1.4 16
Tcen / N80

42.0
[ All AGN (logio M«[Mo] < 10.3)
41.5 B Al AGN (logio M<[Mo] > 10.3)
41.0 A

40.5 A

Um

40.0 A

log10 Lyony [erg s

39.5 1

39.0 1

38.5

2 -1 0 1 2
log1p &5 [Mpc=7]

Fig. 6. Average Ljo;; for AGN as a function of environmental parameters. Left panel: Ljoy; in bins of normalized distance to the central galaxy
of the group, 7cen/r130, for AGN satellites. Right panel: Lioy) in bins of projected surface density to the nearest Sth neighbour, ds, for all the AGNs
in our sample, split into lower- and higher-mass samples. Bottom and top values of the boxes denote the 16th and 84th percentiles of the Loy
distributions in each bin. Bins in each plot were defined to include at least 25 (left) and 100 galaxies (right) galaxies, respectively.

increases with density and velocities, which are expected to be
high at closer distances to the central galaxy.

The results we obtained are in apparent contrast with the
positive connection between ram-pressure stripping and AGN
activity suggested by Poggianti et al. (2017a) and Peluso et al.
(2022), but they are in better agreement with the low
fraction of jellyfish AGNs found in other works, such as
Roman-Oliveira et al. (2019) and Kolcu et al. (2022). However,
in the comparison between these different works, one must bear
in mind two key aspects: the environments and the range of
stellar masses probed. For instance, although this study covers
environments (see Fig. 1) where ram-pressure stripping has been
found to be acting on galaxies and leading to the jellyfish feature
(Roberts et al. 2021), SDSS data do no cover the more crowded
regions of galaxy clusters (e.g., Gavazzi et al. 2011) that proba-
bly host the most extreme jellyfish cases, such as those studied
in Poggianti et al. (2017a). Moreover, in Poggianti et al. (2017a),
they selected only very massive galaxies (4 x 101°-3 x 10'! M),
whereas in this work we consider AGNs with a much wider
range of stellar masses, especially at the lower-mass end. There-
fore, the relative role of the environmental processes at different
density regimes acting on galaxies with different stellar masses
could explain the observed behaviours in previous works.

5.2. Impact on the regulation of metal content

The important role that outflows are believed to play in the reg-
ulation of the metal content in galaxies implies that the lower
fraction of ionized outflows in the lower-mass satellite AGNs
found in this work might also alter the gas metallicity of their
corresponding galaxies. In fact, a lower incidence of outflows
will reduce the amount of gas that is expelled out of lower-
mass systems, allowing future star formation episodes that can
enrich the metal content of their interstellar medium. As a con-
sequence, these lower-mass satellite systems might not reduce
their metallicities, contrary to those residing in lower-density
environments (i.e. field galaxies) where the higher incidence of
outflows will lead to their expected lower metallicities, following
the well-known relation between stellar mass and gas metallicity
(Tremonti et al. 2004; Mannucci et al. 2010; Dayal et al. 2013;
Chisholm et al. 2018).

Although an average increase in metallicity for galaxies resid-
ing in denser environments has already been reported in sev-
eral works (Aracil et al. 2006; Cooper et al. 2008; Ellison et al.
2009; Darvish et al. 2015; Schaefer et al. 2019), our findings that
such differences are mainly relevant for lower-mass galax-
ies are supported by the enhanced metal content of low-mass
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galaxies (108-10'" M) in the Coma and A1367 galaxy clus-
ters reported in Petropoulou et al. (2012) and the results from
Wau et al. (2017), who reported that the difference in metallicity
with the environment in SDSS galaxies was only observed for
lower-mass galaxies, displaying a median metallicity systemati-
cally higher in denser regions. All the previous studies have asso-
ciated the higher metallicities of galaxies in denser regions to
processes such as the truncation of gas infall or wind re-accretion
due to interactions with the ICM and the accretion of metal-rich
gas by satellite galaxies. The results obtained in this work indi-
cate that due to the lower incidence of ionized outflows in lower-
mass AGN:ss, their role as metal regulators might be less relevant,
thus contributing to the explanation of the higher metallicities of
lower-mass galaxies in denser regions.

6. Conclusions

In this work, we have investigated whether environmental effects
have an impact on AGN activity by studying the incidence
of ionized outflows in a sample of approximately 3300 AGNs
drawn from SDSS DR13. Using the [O111] 45007 emission line
as a tracer for the ionized gas we have searched for signatures
of ionized outflows, finding them in 24% of the AGNs. We have
compared their incidence in isolated and satellite AGNs, and as
a function of the projected distance to the central galaxy of the
group and the projected surface density to the fifth neighbour.
Our main results are:

— Atlower masses (10°—10'93 M), the fraction of ionized out-
flows is significantly lower in satellite AGNs than in isolated
AGNs. In satellite AGNSs, the incidence increases strongly
towards higher masses (from ~7% to 32%), whereas in the
isolated sample, there is no significant variation within the
stellar mass range we cover (~10°—10'"5 M,,).

— The AGN luminosities, Ljouy, of isolated AGNs and satel-
lite AGNs differ by more than 0.3 dex at lower masses,
but this difference disappears gradually as systems become
more massive. The lower fraction of outflows in satellite
AGNs at lower masses can be explained by their lower Lion
compared to those of isolated AGNs with similar stellar
masses (previous point) since the incidence is similar for
both isolated and satellite AGNs at fixed Liom-

— The fraction of lower-mass (10°—10'93 M,,) satellite AGNs
hosting ionized outflows declines significantly with pro-
jected surface density from about 25% to approximately
13%. The fraction of outflows also decreases at distances
closer to the central galaxy of the group or cluster for all
satellite AGNs.

— There is a large scatter in the relation between Ljoy;; and both
the projected distance to the central galaxy and the projected
surface density for satellite AGNs. However, for the lower-
mass ones (10°—10'93 M) there is a tentative indication of
a decrease in Ljoyy at distances closer to the central galaxy
and for denser regions.

Our findings indicate that environmental processes decrease
the probability that AGNs host ionized outflows, particularly
in less massive systems (10°-10'93 p1,). We interpret this
result as being a consequence of the removal of gas reservoirs
around these host galaxies due to interactions with the dense
intergalactic medium of group and cluster environments. This
gas removal and lower incidence of outflows could also explain
the lower fraction of AGNs in clusters and the higher gas metal-
licities of galaxies in clusters compared to field galaxies, espe-
cially at lower masses, reported in previous works.
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