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Abstract

Type-1 nuclear activity is rare in low-redshift clusters of galaxies. An analysis of the Wlde field Nearby Galaxy Cluster Survey
(WINGS) and of its extension Omega-WINGS revealed only three Seyfert 1 galaxies that are cluster members. We present a focused
analysis of their emission line properties according to the interpretation scheme known as the Eigenvector 1/main sequence of quasars.
Nuclear activity of the cluster members appears to be modest in the context of low-z type-1 AGN; however, one of the three Seyfert
galaxies (WINGS J201158.35-570512.1) is a candidate super-Eddington source. Some general implications on non-thermal activity in
clusters are suggested by the low prevalence of Seyfert 1s in the survey, and by the prevalence ratio between type-2 and type-1 AGN,

apparently much higher in the cluster environment than in the field.

© 2023 COSPAR. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Nuclear activity has been thought to be rare in cluster of
galaxies since the earliest works in the 1970s (Dressler
et al., 1985). Later surveys confirmed the early results as
far as low-redshift clusters are concerned (von der Linden
et al., 2010; Hwang et al., 2012; Pimbblet et al., 2013).
For instance, a lower AGN fraction in clusters than for
the fields in large samples of X-ray selected clusters has
been detected from the ROSAT below z < 0.5 (Mishra
and Dai, 2020). AGN properties are consistent with a rel-
atively gas-poor environment, with a large fraction of clus-
ter galaxies showing signs of very low-level activity (e.g.,
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Balick and Heckman, 1982; Marziani et al., 2017). There
is however an intriguing dichotomy between optical and
X-ray detections: X ray data indicate frequent AGN detec-
tion in the outer regions of clusters (Koulouridis et al.,
2018; Koulouridis and Bartalucci, 2019), but the relation
between optically detected activity (i.e., via diagnostic dia-
grams) and X-ray detections (Martini et al., 2002; Martini
et al., 2006) remains unclear to-date.

A relevant question is how cluster properties affect the
frequency of AGN, especially at high redshift. Recent stud-
ies are now tackling redshifts as high as 1 and unanimously
detect positive evolution in the sense that there is an
increasing fraction of AGN with increasing redshift in clus-
ters (e.g., Martini et al., 2009; Martini et al., 2013; Bufanda
et al., 2017; Krishnan et al., 2017) and in the general pop-
ulation of galaxies as well (e.g., Hopkins et al., 2006;
Shankar et al., 2013). Large amount of gas and high rate
of galaxy interactions in high-redshift protoclusters are
conductive to star formation and to the occurence of lumi-

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.asr.2023.02.029
http://creativecommons.org/licenses/by/4.0/
mailto:paola.marziani@inaf.it
https://doi.org/10.1016/j.asr.2023.02.029
http://crossmark.crossref.org/dialog/?doi=10.1016/j.asr.2023.02.029&domain=pdf

P. Marziani et al.

nous AGN. Not only, high radio activity among the mas-
sive galaxy population in clusters is found at redshift
z~ 1 (Mo et al., 2020). Low-mass or merging clusters show
higher prevalence of AGN than fully virialized ones
(Koulouridis et al., 2018).

This study focuses on the prevalence of type-1 AGN in
clusters, and on the properties of the specimens that were
identified. Unlike other AGN types, type-1 AGN are diffi-
cult to miss and misclassify even at a perfunctory visual
inspection. Type-1 AGN also offer an unimpeded view of
the central regions of the AGN allowing at least a coarse
estimate of accretion parameters from optical survey data,
and the exploitation of the so-called Eigenvector 1 - main
sequence (E1/MS) correlations (Boroson and Green,
1992; Sulentic et al., 2000b; Shen and Ho, 2014). The back-
side is that type-1 AGN are expected to be extremely rare
because any luminous AGN depletion in clusters is com-
pounded with a low prevalence in the field. The sample is
therefore drawn from one of largest surveys covering clus-
ters at low redshift, the Wlde field Nearby Galaxy Cluster
Survey (WINGS; Section 2). The analysis of the spectra
(Section 3) identifies a few candidates that are analyzed
in detail following the E1/MS prescriptions (Section 4).
Inferences from the cluster properties and from the preva-
lence of type-2 AGN (Section 5) suggest a possible scenario
that remains however largely hypothetical due to the small
number of involved sources.

2. WINGS spectroscopy

The core of the original WINGS project is an optical (B,
V) imaging survey that provided photometric data for huge
samples of galaxies (/2550,000) selected from X-ray bright
clusters (Fasano et al., 2006). The selection criteria of the
survey were as follows:

e X-ray (from ROSAT-RASS) flux above
fy~(5.0,44,2.8)-10" erg cm 2 s~ (Ebeling et al.,
2000);

e Galactic latitude |b| > 20 deg;

e Redshift range 0.04 < z < 0.07.

The spectroscopic counterpart of the photometric sur-
vey encompasses 48 clusters, observed with similar instru-
mental setups, yielding spectral resolving power
A/0A ~1000. A summary of the spectroscopic properties
is provided in Table 1 where number of galaxies observed
in the survey, number of galaxies that are cluster member,
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fibre aperture, spectroscopic completeness and references
are reported. The OmegaWINGS survey is an extension
of the WINGS survey intended to extend out to large clus-
tercentric distances (1 — 5 ryp), probing the cluster outskirts
and surrounding groups and filaments of 33 WINGS clus-
ters (Moretti et al., 2017).

3. Analysis

The analysis i.e., the inspection of the rest-frame spectra
to identify Seyfert 1 nuclei was carried out on the stacked
cluster sample of all 48 clusters that includes more than
11,000 cluster member galaxies. In other words, estimates
of prevalences were made as if the cluster member galaxies
were belonging to a unique cluster built as the union of the
individual clusters.

The optical spectra of the singled-out Seyfert 1 candi-
dates were modelled as the sum of several components
according to the prescription of the EI/MS correlations
(Section 4). The continuum was modelled as the sum of a
power law component and an evolved (¢ > 5 Gyr) and
less-evolved stellar populations (Bruzual and Charlot,
2003), allowing internal extinction (values found were
around Ay =~ 0.2 mag). The broad emission features
included in the model were Hi broad Balmer lines HS and
Ho, a scaled and broadened Fem template, and narrow
lines. The [01mA44959,5007 was modelled as the sum of
narrow and blueshifted semibroad component (Marziani
et al., 2022, and references therein). A best fit was sought
applying 7> minimization techniques within the IRAF task
specfit (Kriss, 1994).

4. Results

The visual inspection of all 11,128 galaxy spectra identi-
fied 3 Seyfert 1 galaxies: 2 Pop. B (WINGS J043838.78-
220325.0 in Abell 500 and WINGS J060131.87-401646.9
in Abell 3376), and 1 extreme Pop. A following Sulentic
et al. (2000a): WINGS J201158.35-570512.1 in Abell
3667, as well as 5 Seyfert 1.9 (presumably all of Population
B). Spectra are shown in Fig. 1-3.

Population B sources are low accretors with L/Lggq
< 0.2, “disk dominated” i.e., without the prominent winds
observable in the UV and optical spectra of Population A
(Sulentic et al., 2000b; Shen and Ho, 2014). On the con-
verse, Population A refers to sources with FWHM(Hf) <
4000 km s~', Population B to sources with uf broader
than this limit. Population A sources are moderate/high
accretors that radiate at an Eddington ratio L/Lggq

g?c]:ll)?:rlties of the stacked WINGS spectroscopic sample of 48 clusters.
Survey N AGN Fiber size Completeness Refs.
galaxies cluster members type-1 type-2
WINGS-SPE 6137 3647 2 34 1.67/2.0” 50% down to V =19 Cava et al., 2009
OmegaWINGS 17985 7479 1 2.16” 80% down to V = 20 Moretti et al., 2017
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Fig. 1. Spectrum of WINGS J201158.35-570512.1 in Abell 3667, the sole highly accreting source identified in the more than 11,000 galaxies of
WINGS + OMEGAWINGS. The left panels show the spectral range = 3700 — 5500 that includes [011143727 at its blue end and the Ferr optical blends at
blue and red side of Hf5. The upper panel shows the original spectrum in the rest frame (black line), the assumed power-law continuum (grey), the
Fen emission template (lemon green), the Hfyc (thick black), the [(01m444959,5007 and [0mA3727 narrow line (gold) and the continuum of an evolved
stellar population representing the host galaxy. The vertical scale is flux normalized at 5100 A. The bottom panel shows the residual observed spectrum
minus model. Right panel: same, after continuum subtraction, in a narrower wavelength range to better show the profiles of Hf and [01111414959,5007. The
sharp absorptions around 4400 A and 5100 A are instrumental defects.
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Fig. 2. Spectrum of a Population B source. Meaning of the color code is the same as for Fig. 1. In this case however, the Hf broad profile has been

decomposed into a Hf - (thick black line) and a very broad component Hfyp (thick red line). The decomposition provides a very good fit to the uff broad
profile, as found for the wide majority of Population B sources in luminous type-1 AGN samples.

2 0.2, “wind dominated’ (Richards et al., 2011), and that nomenological differences (reviewed by Marziani et al.,
include a population of extreme (xA) sources radiating at 2018) suggest different accretion structures in Population
L/Lgqa = 1. The different L/Lgqq along with several phe- A and B, with Population B associated with a geometrically
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Fig. 3. Spectrum of WINGS J034144.52-534221.1, a type-1.9 Seyfert, with no detectable emission in Fen/4570. Meaning of the color code is the same as
for Fig. 1. A third panel has been added to show the spectral range around He.

thin, optically thick accretion disk around a supermassive
black hole. Population A is expected to have an inner
radiation-pressure supported, optically and geometrically
thick accretion disk (Abramowicz et al., 1988). Extreme
Population A may accrete at highly super-Eddington rates
(Wang et al., 2013; Giustini and Proga, 2019).

Fig. 4 showing the optical plane defined by FWHM(H})
and prominence of singly-ionized iron emission is the pro-
jection of multi-frequency ‘“Eigenvector 17 correlation
space, and is mainly a sequence of Eddington ratio con-
volved with the effect of viewing angle and black hole mass
(Marziani et al., 2001; Boroson, 2002; Shen and Ho, 2014;
Panda et al., 2019). The presence of an extreme Population
A object is outstanding, since the prevalence of Pop. A and
B is roughly the same in the field. WINGS J201158.35—
570512.1 (= Fairall 339, Fairall, 1981) is the sole Popula-
tion A AGN and all others are presumably Population B
consistent with modest level of activity. Note that the ellip-
tical shaded area indicating the loci of type-1.9 sources is
purely indicative, and based on the width of the Hx broad
line, and on the absence of any detectable Fen emission
in the spectral range of #f5, and not on an actual Rg.;; mea-
surement. Attempts were made to detect broad Hf and
Fen emission but they are lost in the spectrum of the host
galaxy. The distribution of Eddington ratios for the S1.9
sources peaks at L/Lgqq ~ 1072, a value consistent with
their classification as Population B sources (Fig. 5). Lumi-
nosities were estimated from the absolute magnitude scaled
to the AGN continuum fraction. A standard bolometric
correction equal to 10 has been applied to the luminosity

at 5100 A (e.g., Richards et al., 2006). The black hole mass
Mgy has been computed from the luminosity at 5100

5496

The quasar main sequence
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Fig. 4. Optical plane of the E1 MS defined by the Fen prominence
parameter Rg; and by the FWHM of broad Hp. The three circles mark
the location of the Seyfert 1 nuclei (2 Population B and 1 Population A).
The shaded areas are color-coded according to the occupation of the plane
in a large SDSS-based sample of type-1 Seyfert 1 and low-redshift quasars
(Zamfir et al., 2010). The semi-transparent ellipse identifies the putative
loci of the Type 1.9 AGN detected in the survey. The line at 4000 km

s~! marks the boundary between Population A and B.

A and the FWHM of Hp or Ho as they should be inter-
changeable in the same object (Rakic, 2022) applying the
standard scaling law of Vestergaard and Peterson (2006).
Masses and Eddington ratios are typical of low-redshift
type-1 AGN. At low luminosity, all Pop. B sources with
good data show R,y < 0.5: this motivates the shaded area
even without individual Rg.; measurements.
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Fig. 5. Luminosity, black hole mass Mpy and Eddington ratio Lggq -
distributions for the Seyfert 1 and intermediate Seyfert 1 in WINGS. The
low Eddington ratio for the intermediate systems is consistent with their
classification as Population B. Sources. The grey strip delimits the
L/Lg4q boundary between Pop. A and B, log L/Lgqq =~ 0.1 —0.2.

Population B sources are almost 90% of the detected
type-1.x AGN in WINGS, but perhaps the most striking
result is, as mentioned, the detection of an extreme accretor
in the cluster environment, at about 0.5 ry cluster-centric
distance, and with redshift z ~ 0.0547 4 0.00042 (Moretti
et al., 2017) consistent with the redshift of its parent cluster,
Abell 3667. Such sources are extreme in many aspects:
Eddington ratio (Du et al., 2016a), accretion rate
(Mineshige et al., 2000; Sdowski et al., 2014), outflow
power (Leighly, 2004) and metal content (Sniegowska
et al., 2021; Garnica et al., 2022). If R = 1.5 they
account for ~ 3% of color selected samples. Their impor-
tance is due — apart from the intrinsic interest for super-
Eddington accretion — to the fact that they have been pro-
posed as cosmological distance indicators (Wang et al.,
2013; Dultzin et al., 2020). The main MS parameters of
WINGS J201158.35-570512.1 (Rgey ~ 1.4, FWHM Hp ~
760 km s, L/Lggq = 1.4) are consistent with the local
Narrow Line Seyfert 1 (NLSyl, or extreme Population A
following Sulentic et al., 2000a) I Zwl, a prototypical
XA: Rper ~ 1.6, FWHM uf ~ 1100 km s~ ', L/Lggq =
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1.45. The X-ray and infrared properties are also consistent
with a highly accreting source: the ROSAT soft-X photon
index is Tyor = 3.14 (Boller et al., 2016), and the X ray 2 —
10 keV photon index measured on an XMM spectrum
obtained on Oct. 2, 2000 is ~ 3.32 (c.f. Laurenti et al.,
2022). WINGS J201158.35-570512.1 appears a peculiar
source in cluster environment: blue color index
(B —V = 0.50, Souchay et al., 2015), late-type spiral mor-
phology Sd (possibly perturbed) and IRAS detection asso-
ciated with a FIR luminosity
Leoym ~ 1.3 - 10* erg s™! corresponding to a SFR ~
124 M, yr ' (Li et al, 2010). WINGS J201158.35-
570512.1 is found in a cluster (Abell 3667) that is the result
of a merging process between two main sub-clusters (Owers
et al., 2009). Its location in the plane defined by the pro-
jected linear distance »/ry and by redshift difference Jz be-
tween the source and the brightest cluster galaxy
normalized by the cluster dispersion g (Fig. 6) supports
actual cluster membership. The Population B Seyfert 1
and Seyfert 1.x host galaxies are morphologically early-
type spirals (the latest time is Sa), with stellar masses in
the range log M ~ 10.5 — 10.5[M ] (Fritz et al., 2011).

5. Discussion
5.1. A hint to cluster properties that are AGN—hosting

Are the clusters that host AGN systematically different
from the other clusters? The WINGS is made of low red-
shift, fairly evolved clusters. Nonetheless the majority of
the WINGS cluster presents sub-structures indicative of
multiple systems, possibly in collision and of absence of
virialization (Ramella et al., 2007; Valentinuzzi et al.,

LA L B B I B S Y N N B Y L D Y N B L B

. Pop. B
@ Pop. A

e by e e by e by by

0.5 1 1.5 2
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0 2.5

Fig. 6. Distribution of the AGN in the plane r/ry and Az/ay. The thick
line marks the loci with r/r =1 and ¢dz/oq = 1.
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2011). The number of clusters is very small so that the fol-
lowing result will need confirmation from larger samples.
However, if we consider the number of substructures
Ngp times the luminosity fraction of the cluster emitted
in the substructures as listed by Valentinuzzi et al. (2011),

1.e., that

Loup )

Lmnain / 10 AGN
the luminosity fraction confined to substructures is twice
larger for clusters that host AGN with respect to those that
do not. This result is consistent with other surveys and with
the overall trends of increase of AGN prevalence with red-
shift: at z =~ 1 clusters were overall less virialized than at
present cosmic epochs. Of 46 WINGS clusters only 18 have
type-2 or type 1 AGN; and of the 18, 12 have more than 1
detected AGN. Of the 15 with available data, only 5 do not
have substructures recognized by Ramella et al. (2007).

Leup

we obtain (Nsub e )s 0 Z(Nsub :
cy

‘main

5.2. The prevalence of Seyfert 1s and the type-2 to type-1
ratio

The “old lore” of AGN states that the prevalence of
Seyfert 1 galaxies is around = 1% of luminous galaxies
(Osterbrock and Ferland, 2006), with a type-2 to type-1
ratio consistent with 2.0:1.0 (Antonucci, 1993). Surveys
carried out in the 1990s and 2000s basically confirm the
“old lore” scenario, finding prevalence ~ 1% for Seyfert
1, and type-2 to type-1 ratio between 2:0 and 3:0, for lumi-
nous galaxies with My < — 20 (Huchra and Burg, 1992;
Kinney et al., 2000; Maia et al., 2003). Here we utilize
for comparison several not-so recent surveys that might
be affected by similar selection effects as WINGS: only a
coarse comparison between the WINGS results and the
results of the previous surveys is possible without account-
ing for completeness effects; however, for the
WINGS + OmegaWINGS sample, considering also inter-
mediate Seyferts (all type 1.9 sources that would have been
likely missed in large fraction in the previous surveys; at the
same time, a caveat of the present sample is that Seyfert 1.9
might have been missed due to the difficulty to correct for
the B-band telluric absorption that strongly affects the
Ha range at z = 0.05) we obtain a prevalence ~ 0.1 %, a
factor 10 below previous results for field galaxies.

A comparison between the prevalence of type 1 and type
2 is possible only from the catalog of Marziani et al. (2017)
for the WINGS sample. The catalog reports probabilities
of classification for Seyfert, Hu, LINERs and transition
objects on the basis of four diagnostic diagrams: [omml
3727/up, 0146300/Ha, NIA6583/Ha, SmA6717,6730/Ha vs.
omy/Hp (Baldwin et al., 1981; Veilleux and Osterbrock,
1987). The [0mA3727/up and [Nm1A6583/Ho provide the
most reliable diagnostics. There are 34 sources meeting
the Seyfert classifications in the two diagnostic diagrams
against 2 Seyfert 1 (Pop. B) and 1 intermediate Seyfert, sug-
gesting a type-2 to type-1 ratio ~ 10. The ratio of the fre-
quency of type-2 and type-1 AGN appears to be much
higher than in the field (see also Mo et al. (2018) who found
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a large excess of type-2 AGN in the central arcminute of
clusters at redshift ~ 1), which may hint toward some form
of widespread, obscured (Compton-thick?) low-level activ-
ity. This estimate is conservative: if only the NIJA6583/

Ho diagram were considered, the ratio would be above 20.

5.2.1. Implications for Unification Schemes?

What kind of type-1 AGN are (obscured) type-2 AGN?
This question is as yet unanswered. Obscured type 2 such
as NGC 1068 are sources accreting at a high rate from
the Rg ratio measured in polarized light (Antonucci and
Miller, 1985; Du et al., 2016b). However, at the low end
of AGN activity, sources might show extremely broad
and vanishingly weak broad lines (Laor, 2003). The maxi-
mum observed full width zero intensity (FWZI) is
~ 30,000 km s~' for Population B objects, with FWZI
~ 2vy, sin 0, where vy, is the innermost velocity within the
BLR, and 0 is the angle between the accretion disk axis (as-
sumed as the plane of symmetry of the BLR) and the line-
of-sight. In the case of a flattened emitting region with a
virial velocity field this would correspond to a distance
from the central black hole r, ~ (4¢?sin® 0/FWZI*)r,
gravitational radii (c.f. Punsly et al., 2020), ri, ~ 1007, if
0 =~ 30 degrees. Below 100 r, optical lines might not be
prominently emitted, as the disk is too hot and the accre-
tion flow might be advection-dominated (Giustini and
Proga, 2019). For a virial velocity field and a scaling law
r o< L* (Bentz et al., 2013), the velocity dispersion is scaling
as L/Lgaa~“?. A limiting width corresponds to the lower
boundary in L/Lgg4, beyond which no broad line emission
is possible. Such sources — radiating at very low Eddington
ratio < 10~° — would emit a narrow line spectrum consis-
tent with the one of type 2 due to the prominent X-ray
emission expected in the accretion regime of an
advection-dominated ion torus (e.g.,Giustini and Proga,
2019, and references therein). In this view, the presence
of low-level, type-2 activity could just reflect the scarcity
of atomic gas in the interstellar medium of cluster galaxies,
most likely driven by gas supply starvation and ram-
pressure stripping of cold gas (D’Onofrio et al., 2015;
Brown et al., 2017; Marziani et al., 2017).

5.2.2. The brightest cluster galaxies of WINGS

The paucity/weakness scenario of nuclear activity is not
challenged by the presence of nuclear activity in brightest
cluster galaxies. Of the 44 clusters of WINGS studied by
D’Onofrio et al. (2019), BCGs were spectroscopically
observed only for 23 clusters of galaxies, as the survey
was not intended to specifically address BCGs. Of these
23, only WINGS J010851.12-152423.0 (BCG of Al51) is
classified as a LINER/transition object. Of the remaining
clusters, a search for spectra in literature identified 4
LINERS, and a strong radio-loud source, making up about
25% of the BCGs not covered by the survey. The majority
appear line-less. For the remaining quarter no data are
available. Since a type-1 AGN would most probably have
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been noted, we tentatively conclude that there is no evi-
dence of luminous type-1 nuclei in the BCGs of the survey
in agreement with Somboonpanyakul et al. (2022) who
found a very low prevalence (~ 1%) of active BCGs at
low redshift.

6. Conclusion

The main sequence is a powerful tool to contextualize
type-1 AGN properties also at low luminosity and in the
cluster environment. A striking result is the near absence
of nuclear activity due to rarity of AGN and modest level
of activity. Unlike fibre spectra, integral field spectroscopic
observations might be able to detect very low-level activity
at greater efficiency. The GASP survey based on MUSE
(Poggianti et al., 2017; Radovich et al., 2019) indeed detects
an excess in galaxies that are ram pressure stripped (Peluso
et al., 2022). Seyfert 1s may preferentially occur in clusters
with prominent sub-structures, but small number statistics
makes this inference uncertain. The high Seyfert 2/Seyfert 1
number ratio appears perhaps as a more robust results. The
implications for the strong unification scheme could be in
the sense of a revision dependent on the galactic environ-
ment, as suggested (Dultzin-Hacyan et al., 1999;
Krongold et al., 2003; Koulouridis, 2014).

In conclusion, there are some fundamental aspects of
our understanding of the phenomenology of AGN in clus-
ters, such as a dearth of activity in low-z cluster, with
higher prevalence of AGN in the cluster outskirt, and an
increase of the prevalence of AGN with increasing redshift
that seems to be established. The issue remains however
compounded with the still-debated extent of the effect that
the environment may have on the nuclear activity of galax-
ies. Frontier aspects are now the definition of the appar-
ently widespread X-ray detected activity, and the
understanding of the complex interplay between the
AGN feedback and the intra-cluster medium, as well as
the environment provided by high-redshift clusters and
proto-clusters that is apparently conductive to enhanced
star formation and more widespread activity.
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