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ABSTRACT

We exploit a sample of over 80,000 SDSS galaxies at the centre of their local halo to investigate the effect of AGN feedback
on their evolution. We trace the demographics of optically-selected AGN (Seyferts) as a function of their internal properties
(stellar and halo mass, central velocity dispersion, star-formation activity, morphology) and environment. We find that the
preeminence of AGN as the dominant ionising mechanism increases with stellar mass, overtaking star-formation for galaxies
with Mgenar = 101 M. The AGN fraction changes systematically with the galaxies’ star-formation activity. Within the blue
cloud, this fraction increases as star-formation activity declines, reaching a maximum near the green valley (~ 17 +£4%), followed
by a subsequent decrease as the galaxies transition into the red sequence. This systematic trend provides evidence that AGN
feedback plays a key role in regulating and suppressing star formation. In general, Seyfert central galaxies achieve an early-type
morphology while they still host some residual star formation. This suggests that, in all environments, the morphology of Seyfert
galaxies evolves from late- to early-type before their star formation is fully quenched. Stellar mass plays an important role in
this morphological transformation: while low mass systems tend to emerge from the green valley with an elliptical morphology
(T-Type ~ —2.5 + 0.7), their high-mass counterparts maintain a spiral morphology deeper into the red sequence. In high-stellar-
mass centrals, the fraction of Seyferts increases from early- to late-type galaxies, indicating that AGN feedback is linked with
the morphology of these galaxies and, perhaps, its transformation. Our analysis further suggests that AGN are fuelled by their
own host halo gas reservoir, but AGN at the centres of groups can also increase their gas reservoir via interactions with satellite
galaxies.
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1 INTRODUCTION nisms to reduce and quench the galaxies’ star formation and change
their morphology (e.g. Trussler et al. 2020; de Sa-Freitas et al. 2022),

The last few decades, astronomers have focused on understanding but a definitive answer s still to be found

the different mechanisms driving galaxy evolution across cosmic
time. The persistent bimodality observed in the distribution of sev-
eral galaxy properties such as their colours and star-formation rates
(Strateva et al. 2001; Baldry et al. 2006; Wetzel et al. 2012) provides
not only a key piece of evidence, but also a major challenge for any
theory of galaxy formation and evolution that that tries to explain it.

Galaxies divide between the blue cloud (BC) — blue star-forming
galaxies dominated by late-type morphologies (late-type galaxies,

A particularly interesting class of objects are the so-called ‘central
galaxies’. These are systems located at that the centre of dark matter
potential wells, and therefore at the focus of any possible gas accre-
tion. Because they are the dominant galaxy in their dark-matter halo,
it is reasonable to expect that the influence of external objects may be
smaller than for satellite galaxies. If this is the case, internal processes
may be relatively more dominant than external (environmental) ones,

LTGs); the red sequence (RS) — red galaxies with little or no star for-
mation, populated mainly by galaxies with early-type morphologies
(early-type galaxies, ETGs); and the green valley (GV) — an interme-
diate class comprising galaxies with intermediate colours, reduced
star formation, and a range of morphologies (Schawinski et al. 2009;
Masters et al. 2010a,b; Schawinski et al. 2014; Angthopo et al. 2019).
There have been many attempts at explaining the transition from the
BC through the GV to the RS invoking a variety of physical mecha-

* E-mail: vitor.sampaio@nottingham.ac.uk

© 2023 The Authors

and therefore easier to study.

A great deal is already known about central galaxies, providing a
solid framework to study their transformation. Their evolution has
been show to depend on the mass of their host dark-matter halo
(Mhyg10), the velocity dispersion of the cluster/group they inhabit
(0¢luster) and the number of its members (Npembers) (Katayama et al.
2003; Wang et al. 2018; Zhang et al. 2021; Guo et al. 2022). All
these properties correlate with the depth of the potential well at
whose centre these galaxies live, linked with their ability to accrete
gas. The velocity dispersion and the number of members also relate
to the nature of their potential interactions with other galaxies and the
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probability of merging with them (Chandrasekhar 1943; White 1976;
Binney 1977). Furthermore, Behroozi et al. (2013) have shown that,
in general, star-formation efficiency peaks at Mp,o ~ 101 "Me.
However, halo mass is not the only driver of star formation in central
galaxies; The detailed properties of their environment also matter.
For instance, La Barbera et al. (2014) find that central early-type
galaxies hosted by halos with Nyempers = 3 and Mp,10 > 10'2M¢
have younger ages and longer star-formation timescales (lower alpha
enhancement, [@/Fe]) than isolated centrals occupying less mas-
sive halos (< 10'29Mg). Younger ages and longer star-formation
timescales may be the result of gas-rich interactions with satellite
galaxies (Jog & Solomon 1992), whose probability depends cru-
cially on environment.

One of the main internal drivers of galaxy evolution is the presence
of a central super-massive black hole (SMBH). According to Dubois
et al. (2013) and Donahue & Voit (2022), the SMBH mass is one
of the parameters that most effectively predicts whether a galaxy
is star-forming or quenched. It has been suggested (e.g., Bourne
et al. 2014) that the relation between SMBH mass and star-formation
suppression is due to the effect an active galactic nucleus (AGN)
has on the interstellar medium of the galaxy (often called ‘AGN
feedback’). The effect an AGN has will depend both on the mass of
the SMBH at its centre and the amount and rate of ‘fuel’ feeding it.

Empirically, Magorrian et al. (1998), Ferrarese & Merritt (2000),
Gebhardt et al. (2000), Tremaine et al. (2002) and Giiltekin et al.
(2009) have shown a positive correlation between the SMBH mass
and the central stellar velocity dispersion of its host galaxy (0gaaxy)>
while Bluck et al. (2016) and Zhang et al. (2021) find an increasing
fraction of quenched galaxies with increasing ogy1axy- Since cluster
centrals are generally the galaxies with the largest ogalaxy (Sheth
et al. 2003), we expect them to host the most massive SMBHs, and
therefore show signs of strong star-formation suppression.

A variety of models try to address the physics behind AGN feed-
back and its effect on a galaxy’s interstellar medium and thus its
star formation (Silk & Rees 1998; Fabian 1999; King 2003, 2010).
High velocity AGN-driven winds and radio jets have been shown
to prevent the cooling of the available gas and even to cause gas
outflows (Morganti 2017; Baron et al. 2018; Santoro et al. 2020),
therefore preventing this gas from forming stars. Wada (2012) also
show that radiation pressure around the AGN region can cause a
vertical circulation of gas, a phenomenon called a ‘galactic foun-
tain’, which constantly prevents the collapse of gas clouds. These
are examples of ‘negative’ AGN feedback, where star formation is
suppressed. On the other hand, Begelman & Cioffi (1989) and Rees
(1989) propose that the alignment of radio and optical structures in
high redshift galaxies is the result of localised enhanced star forma-
tion due to the AGN radio jets themselves. This would be a form of
‘positive’ AGN feedback, which enhances star formation instead of
suppressing it. Chokshi (1997) further suggests that the most power-
ful jets are responsible for the formation of the most massive elliptical
galaxies, whereas less powerful ones are linked to smaller ellipsoids
and bulges. Gaibler et al. (2012) show that positive AGN feedback is
also found in simulations. The balance between positive and negative
feedback is not fully understood, and the possibility of a combination
of both modes has also been debated in the literature (Silk 2013; Zinn
et al. 2013; Zubovas et al. 2013). In this paper we will try to use a
relatively large sample of galaxies to shed light on these issues.

One way to track the presence of AGN activity is through emission-
line diagnostic diagrams, which identify the main ionizing mecha-
nism in the interstellar gas by combining permitted and forbidden
lines. Hydrogen permitted lines are due mainly to high-energy pho-
tons generated by young stars, thus serving as a proxy for star for-
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mation. The forbidden lines, mostly from ionised metals, originate
mainly in collisionally excited states, which are usually related to the
presence of AGN activity, traveling shocks, or the effect of evolved
stars during a short, yet very hot and energetic phase known as post
asymptotic giant branch (post-AGB, e.g. Cimatti et al. 2019). Several
diagnostic diagram have been proposed in the literature (e.g. Cid Fer-
nandes et al. 2010; Zhang & Hao 2018), among which the Baldwin,
Phillips & Terlevich (BPT, Baldwin et al. 1981) diagram is the most
commonly used.

Understanding the details of how AGN affect their host galaxies
requires large samples to be able to account separately for the external
environment (e.g., mass and richness of host halo, local density) and
internal properties (e.g., stellar mass Mg|1ar, galaxy velocity disper-
sion, morphology). The Sloan Digital Sky Survey (SDSS) provides
optical imaging and spectroscopic data covering 14,555 squared de-
grees on the sky, providing a suitably large galaxy sample in the local
(z < 0.1) Universe. Environmental information is available for SDSS
galaxies (e.g. Yang et al. 2007; Wang et al. 2014), providing the nec-
essary data for extensive studies of the effects of the environment on
the properties of these galaxies (e.g. La Barbera et al. 2014; Pasquali
et al. 2019).

With such wealth of data we will be able to investigate the
demographics of optically-identified AGN in both isolated and
group/cluster central galaxies. We will study the interplay between
internal and environmental properties driving AGN and fueling. To
this end, we will first separate galaxies according to their environ-
ment and use the BPT diagram to investigate the fraction of strong
AGN (Seyfert galaxies) in different environments. Additional factors
such as galaxy mass, morphology, central velocity dispersion, and
host halo mass, will be considered and linked, together with the envi-
ronmental information, to the AGN and star-formation activity of the
galaxies. Our aim is to identify the physical processes fueling AGN
and driving star-formation activity, and causing both star-formation
quenching and morphological transition.

This paper is organized as follows: in §2 we present the galaxy
sample properties; in §3 we separate galaxies according to their
environment and stellar mass and compare their distribution on the
BPT diagram; in §4 we investigate the prevalence of strong AGN
as a function of galaxy morphology and environment; in §5 we
directly trace the interplay between environment, AGN activity, and
the evolutionary state of central galaxies through the star-formation
rate versus stellar mass diagram; in §6 we present the main results and
our final conclusions. Throughout this paper we adopt a flat ACDM
cosmology with [Qu, @4, Ho] = [0.27,0.73,72km s~ 'Mpc~!].

2 DATA AND SAMPLE SELECTION

We use the single-fibre spectroscopy from the Sloan Digital Sky
Survey Sixteenth Data Release (SDSS—-DR16, Abazajian et al. 2009).
We limit our sample to the redshift range 0.03 < z < 0.1; the lower
limit minimises aperture biases in the measured galaxy properties
due to the fixed 3 arcsec fibre diameter. To guarantee completeness,
we only select galaxies with apparent Petrosian magnitude in the
r-band brighter than 17.78, which corresponds to the spectroscopic
completeness limit of the survey at z = 0.1. We also impose a signal-
to-noise ratio (S/N)! threshold of 10 to ensure adequate spectral
quality.

' Median signal-to-noise ratio of all good pixels in the galaxy spectrum.
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Figure 1. Distribution of the r-band absolute magnitude M, (left) and host-
halo mass My, (right) for the four sub-samples of central galaxies: isolated
centrals (blue line), centrals in binary system (green), in groups (orange), and
in clusters (red). The vertical dashed line in the right panel show the lower
halo-mass completeness limit from the Yang Catalogue.

2.1 Central galaxy selection and environment characterization

From these data, we select central galaxies using the Yang catalogue
(Yang et al. 2007). This catalogue was built by applying a halo finder
algorithm (Yang et al. 2005) to the New York University Value Added
Galaxy Catalogue (Blanton et al. 2005). Galaxies in the same halo
are considered to be part of the same group/cluster. This allows us to
define different environments for central galaxies: 1) isolated centrals
— galaxies living in halos occupied by a single galaxy (Nyembers =
1); 2) binary system centrals — the most massive galaxy of a pair
hosted in the same halo (Npempbers = 2); 3) group centrals — central
galaxies in halos occupied by at least 3 galaxies, but no more than 10
(3 < Nmembers < 10); and 4) cluster centrals — the central system in
halos populated by more than 10 member galaxies (Npembers > 10).
For halos hosting more than one galaxy, we define the central system
to be the most massive one, with stellar mass calculated via equation
(2) in Yang et al. (2007). We tested how the sample would change
if we selected the brightest cluster galaxy (BCG) instead; we find no
significant differences, since 98.2% of the most massive galaxies are
also BCGs. We further guarantee completeness regarding the halo
mass estimate by imposing the conservative threshold presented in
Yang et al. (2009),

z¢ —0.085
0.069
where z. denotes the median redshift of a given system (halo), and

M0 is the halos mass estimated by Yang et al. (2007).

In our analysis we will need to take into account that, as a result
of separating central galaxies according to the number of satellites
in their host halo, each sub-sample has different magnitude (and
therefore stellar mass), and host halo-mass distributions, as shown in
Fig. 1.

The four sub-samples of central galaxies we have defined contain
59,605 isolated centrals, 11,639 in binary systems, 7,586 in groups,
and 1,291 in clusters.

log(Mhalo/Me) 2 12 + > (1

2.2 Galaxy properties
2.2.1 Stellar masses, star-formation rates, and velocity dispersions

The galaxies® stellar mass (Mgiar), Star formation rate (SFR), and
velocity dispersion (0galaxy) are obtained from the Max Planck Insti-
tut fiir Astrophysik —John Hopkins University catalogue (MPA-JHU,
Tremonti et al. 2004; Brinchmann et al. 2004). It provides reliable
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Figure 2. Relation between host-halo mass and redshift. Galaxies are sep-
arated into isolated centrals (top left), centrals in binary system (top right),
group centrals (bottom left), and cluster centrals (bottom right). The dashed
line in each panel indicates the halo mass completeness limit as a function
of redshift (Equation 1). Points are coloured according to the galaxies’ stellar
mass.

measurements and their associated errors for galaxies in the SDSS—
DRS8 without spectral anomalies. An important feature is the way they
estimate the galaxies’ SFR: it is first derived using the Ha emission-
line flux for galaxies classified as ‘star-forming’ in the BPT diagram
(see Section 2.2.2), and then extrapolated to other galaxies using a
calibration between SFR and the 4000A break. This is particularly
important in our study since this method prevents the SFR estimates
being contaminated by possible AGN contribution to the Ha flux.
An indication of the typical uncertainties in the galaxies’ properties
is provided in Table 1,

The galaxies in our sample have stellar masses in the range
1010M5 < Mgepar < 10112 M. However, Equation 1 implies that
for some of the sub-samples we lose some of the less massive systems
at high redshift (see Fig. 2). This affects mostly isolated centrals, for
which we only reliably cover the full stellar mass range up to z ~ 0.06.
Since we only consider a relatively narrow redshift range, we do not
expect significant evolution with look-back time, and therefore the
fact that for some low-mass galaxies we don’t sample the full redshift
range should not affect our results.

2.2.2 BPT classification

The BPT diagram uses the flux ratios of two pairs of emission lines,
[OII] 45007 over HB, and [NII] 16584 over Ha (Baldwin et al. 1981).
The lines in each pair are close in wavelength, minimising extinction
effects. The MPA-JHU catalogues provide the required emission-line
fluxes. These are measured after the continuum and stellar absorption
lines have been subtracted?. Table 2 shows the median uncertainties
in the emission-line flux measurements.

2 The stellar contribution to the spectra is estimated through spectral fitting
using single stellar population models from Bruzual & Charlot (2003). See
Brinchmann et al. (2004) for more details
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Figure 3. Comparison of the SDSS images of pairs of galaxies with different morphologies (T-Types) in three redshift bins (rows) for no-AGN (left image in
each pair) and AGN (Seyfert, right image) galaxies classified using the BPT diagram. It is apparent that the presence of an AGN doesn’t alter the morphology
of the host galaxy significantly.

Table 1. Median uncertainties in the Meliar, SFR, and o gqlaxy estimates for galaxies in different stellar-mass ranges. For the stellar masses and SFRs we
calculate the relevant 1-o- uncertainty A(10-) for each galaxy from the 86™ and 14™ percentiles Qgg and Q14 using A(107) = 0.5 x (Qgs — Q14). The velocity

dispersion uncertainties are provided by the MPA-JHU catalogues.

10 < IOg(Mslellar/MO) <10.5

10.5 < log(Mgeltar/ M) < 11

11 < log(Mstellar/MQ)

Alog(Mgeliar) [Mo] 0.09
Alog(SFR) [Mo/yr] 0.31
A0 galaxy [km/s] 11.85

0.09 0.09
0.99 1.02
10.66 11.44

On a BPT diagram (see Fig. 4), the line demarcating the region
where the dominant ionisation mechanism is star formation can be
derived theoretically as the upper limit for the line ratios that can
arise in gas ionised by an starburst (Kewley et al. 2001). A second
line is defined observationally by Kauffmann et al. (2003) separating
systems whose interstellar gas is mainly collisionally ionized. The
intermediate region enclosed by these two lines contains galaxies
with ‘composite’ spectra, such that their interstellar gas is ionized by
a combination of both radiative and collisional mechanisms. Galax-
ies above and to the right of the Kewley et al. (2001) line are fur-
ther divided into two different classes, Seyferts and LINERs (Low
Ionization Nuclear Emission Regions), using another line defined by
Kewley etal. (2001). Fig. 4 presents BPT diagrams for several galaxy
sub-samples, showing the lines dividing the different regions.

Using emission-line data, the MPA-JHU catalogue classifies
galaxies according to their dominant ionising mechanism using the
BPT diagram with the dividing lines defined above. Galaxies are
thus divided into six categories: 1) star forming, 2) low S/N star
forming, 3) composite, 4) Seyfert, 5) LINER, and 6) unclassified.
This last class comprises galaxies with no reliable classification in
the BPT diagram due to at least one of the four relevant emission

MNRAS 000, 1-12 (2023)

lines having S/N smaller than 3. Furthermore, in order to increase
the robustness of our results, we only accept the BPT classification
for galaxies with He equivalent width (EW (Ha)) greater than 3A,
which is the threshold used in the WHAN diagram to separate LIN-
ERs and Retired galaxies (Cid Fernandes et al. 2010). The flux of
weaker lines would be highly uncertain in the presence of underlying
stellar absorption lines even after correcting for them. This way we
avoid contaminating our sample with weak emission line galaxies
that can be explained by the presence of old stellar population. Here-
after we will refer to the joint sample of ‘unclassified’ galaxies and
those with EW(Ha) < 3A as ‘Passive+Retired’ (P+R) galaxies. As
we will show below, these Passive+Retired galaxies have negligible
star formation, as expected.

It is important to point out that, while the emission lines of Seyfert
galaxies are well explained by the presence of a strong AGN, there is
considerable uncertainty — and some controversy — on the origin of
the emission lines observed in LINERs. However, it is now generally
accepted that, in addition to low-activity AGN, LINER emission
may also be due to the presence of an old stellar population (Cid
Fernandes et al. 2010) containing very hot low-mass stellar relics
such as post-AGB stars. Since the object of this work is to investigate
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Figure 4. Normalized Gaussian-kernel-smoothed distribution of central galaxies in the BPT diagram for different environments (from left to right, and
in order of ‘environmental richness’, isolated centrals, centrals in binary system, in groups, and in clusters) and in three mass bins (from top to bottom,
1010 < Mgepar/ Mo < 10193 10105 < Mgenar/Mo < 10'; and Meiar/Mo > 10'1). The lines separating different regions of the diagram are described
in section 2.2.2. The number of galaxies in each sub-sample is indicated towards the bottom left of each panel. Note that our sample does not contain cluster

centrals with log(Mgejiar/ Mo ) < 10.5.

the effect of AGN activity on their host galaxies, we will not consider
either composite-spectra galaxies, since we want to make the cleanest
possible separation between star-forming and Seyfert galaxies, or
LINERs, because it is very likely that these objects are not driven
primarily by a central SMBH engine, given that we use single fibre
spectroscopy, so that we cannot probe the spatial distribution of the
nebular emission. In what follows we will only consider galaxies
in the Seyfert region of the BPT diagram as unequivocal optically-
selected AGN.

2.2.3 Morphologies

When the star-formation properties of galaxies change, their mor-
phologies may also change. Here we use the T-Type parameter, first
introduced by de Vaucouleurs (1963), to describe a galaxy’s mor-
phology. To aid our analysis it is convenient to use a revised T-Type
parameter which varies continuously from —3 to 6 (Meert et al. 2015)
instead of the original discrete values. As usual, a T-Type value < 0
indicates an early-type galaxy, while T-Type values > 0 correspond to
late-type morphologies. We adopt the T-Type values from the work
of Dominguez Sdnchez et al. (2018), which was based on the ap-

plication of a deep-learning convolutional neural network algorithm
to 670,722 galaxies from the SDSS-DR7 database.

It is conceivable that the presence of a strong AGN may influ-
ence the morphological classification of the host galaxy. To ensure
that such effect is not significant enough to alter the conclusions of
this work, we examine the images of a subset of randomly selected
galaxies classified as Seyfert and compare them with the images
of non-Seyfert galaxies with similar morphologies. Fig. 3 shows this
comparison for a sample of galaxies, Seyfert and non-Seyfert, for dif-
ferent morphologies and redshifts. Visual inspection indicates that
that the presence of an AGN does not alter the morphology signifi-
cantly, at least at optical wavelengths in these nearby galaxies.

Furthermore, in order to check that the results of our analysis do
not depend critically on the specific choice of morphological data, we
repeated our analysis using independent visual morphologies from
the the Nair and Abraham catalogue (Nair & Abraham 2010). These
morphologies do not rely on automated algorithms, being based on
human inspection of the galaxy images. Notwithstanding the different
sample sizes of both morphological catalogues, the results obtained
are completely compatible.

The results of both tests indicate that the morphological data we
adopt are suitable for this analysis.

MNRAS 000, 1-12 (2023)
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Table 2. Median uncertainties in line flux measurements for galaxies in different stellar-mass ranges. The flux units are 1017 erg s~

1 2

cm™ .

10 < log(Mstellar/MO) <10.5

10.5 < log(Mstellar/MG) <11

11 < log(Mslellar/MO)

A[NII] 16584 2.81 3.57 5.17
AHa 3.53 3.86 5.59
A[OII] 15007 2.62 3.32 4.45
AHpS 2.61 3.05 4.24
3 STAR FORMATION AND AGN ACTIVITY AS A T T
FUNCTION OF STELLAR MASS AND ENVIRONMENT BN Isolated centrals (a)
— Binary system
Fig. 4 shows the distribution of central galaxies in the BPT diagram centrals
for the different environments we are considering (isolated centrals, 0.20F Group centrals -

centrals in binary system, in groups, and in clusters), in three stellar-
mass bins (1019 < Menar/Mo < 10193: 10195 < Myejar/Mo <
1011; and Mgellar/ Mo > 1011)~

We observe a decreasing fraction of star-forming galaxies for in-
creasing stellar mass, irrespective of environment. This is in agree-
ment with the so-called ‘downsizing’ scenario, and suggests that, as
star formation decreases, other ionizing mechanisms become more
relevant and prominent at high stellar masses. In particular, the in-
creasing fraction of massive galaxies where collisionally driven ion-
isation dominates suggests that AGN activity may be involved in
quenching star formation (Combes 2017; Bluck et al. 2020). Within
a given stellar mass bin, we find a decreasing fraction of star-forming
galaxies as ‘environmental richness’ increases. For instance, in the
low stellar-mass bin the fraction of star-forming galaxies decreases
from 31% in isolated centrals to 17% in cluster centrals.

Moreover, Fig. 4 indicates that AGN presence also depends on
environment. For instance, for low stellar mass centrals there is a
higher Seyfert fraction in group centrals (11%), compared with 6%,
8% and 7% for isolated, binary system and cluster centrals, respec-
tively. Although AGN are always a small minority in each category,
the change is sizeable. In more detail, Fig. 5 shows the Seyfert frac-
tion as a function of stellar mass, separating galaxies according to
their environment. We calculate the fraction in bins of 0.25 dex, from
log(Mgteriar/ Mo) = 10 to 12, limiting the calculation to bins with at
least 20 galaxies. We interpolate linearly between neighbouring bins.
Here and in subsequent figures we estimated the uncertainties using
a standard bootstrap technique with 1000 re-samplings. We find that
the Seyfert fraction increases with stellar mass for isolated, binary
system and group centrals, whereas cluster centrals show an almost
constant fraction (~ 12.5 + 4% from 101! to 10M1-5M, followed by
a steep decrease towards 10! 1'75M@ (3 £ 6% in the last bin). Com-
parison between different environments shows an increasing Seyfert
fraction for increasing richness in the 101%-25 and 1011-2M, range.
This suggests there may be a significant environmental effect on the
fueling of AGN activity, which supports that in order to understand
AGN feedback on central galaxies we need to analyse the complex
interplay between internal and external factors in detail.

4 THE DEMOGRAPHICS OF AGN AS A FUNCTION OF
THE INTERNAL AND ENVIRONMENTAL PROPERTIES
OF CENTRAL GALAXIES

AGN activity depends on the availability of gas that can be accreted
onto the central SMBH. It is generally accepted that most galaxies in
the mass range we are considering contain a SMBH at their centre.
The fact that only a small fraction of galaxies contain a strong AGN
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Figure 5. Seyfert fraction as a function of stellar mass, separating galaxies
according to environment. Dashed lines and shaded areas represent medians
and 1-sigma uncertainties, respectively.

(e.g., Seyfert galaxies) can be attributed to the large amounts of
gas required to fuel strong AGN (Coldwell et al. 2014; Ellison et al.
2016). By tracing the fraction of Seyferts as a function of the galaxies’
properties and environment we may be able to shed light on the
combination of internal and environmental factors needed to drive
AGN fueling in central galaxies, and consequently investigate the
effect of AGN activity on galaxy evolution.

4.1 The relation between AGN and the morphology of their
host galaxies

In Fig. 6 we show the fraction of Seyferts as a function of the T-
Type of their host galaxies. To provide context, we also show the
fraction of star-forming and P+R galaxies. To guarantee reliable
results, we also impose a minimum of 20 galaxies per bin to calculate
the relevant fractions. For reference, we define three T-Type ranges:
-3 < T < -0.75 corresponds to elliptical galaxies; —0.75 < T <
0.75 to lenticular (SO) galaxies; and 0.75 < T < 6 to spiral galaxies.
These limits were chosen to be consistent with the uncertainties in T-
Type (AT-Type ~ 0.5); changes in the bin boundaries of this size will
not significantly change our results. Elliptical and lenticulars are often
combined under the label ‘early-type galaxies’ (ETGs), while spirals
are ‘late-type galaxies’ (LTGs). Overall, the decreasing fraction of
star-forming systems for decreasing T-type values (from LTGs to
ETGs) simply reflects the fact that most LTGs host significant star



formation, whereas the opposite trend observed for P+R galaxies
indicates that most ETGs do not form many stars. Although this
basic picture is true for all galaxy masses and environments, the actual
fraction of galaxy type changes both with mass and environment.

The fraction of Seyfert galaxies is always relatively small, increas-
ing with the galaxies’ stellar mass in all environments. In agreement
with the results of previous works, we find that low-mass galaxies
are less likely to host an AGN than massive ones (Wang & Kauff-
mann 2008). This can be interpreted as an indication that the fueling
of an AGN depends on the amount of gas retained by the galaxy’s
host halo, which correlates with the halo mass. For the two lowest
stellar mass bins, we find an almost constant fraction of Seyferts for
morphologies in all environments, although the small numbers make
this invariance somewhat uncertain. This low fraction may indicate
that, regardless of their morphology, these systems are rarely able
to hold a large enough gas reservoir to both fuel star formation and
AGN activity. In this case, as soon any AGN feedback is triggered,
all the neutral hydrogen gas is removed, preventing any subsequent
AGN activity (Guo et al. 2022).

For high stellar masses, the Seyfert fraction is significantly higher
than in low-mass galaxies. Quantitatively, the average over all envi-
ronments for the lower stellar mass bin gives a Seyfert fraction of
5+3%, in comparison with 13+4%. In the most massive bin, Seyferts
are more abundant than star-forming galaxies in all environments for
virtually all morphologies. There are more than twice as many high-
mass galaxies classified as Seyferts than as star-forming even for
late-type spirals. This could simply suggest that, in the absence of
star formation as an ionising mechanism, even a relatively modest
level of AGN activity becomes apparent. But it could also mean that
AGN activity is linked to (and perhaps the cause of) star-formation
suppression in massive galaxies.

Furthermore, the decreasing fraction of Seyferts when we tran-
sition from spirals to ETGs provides some support to the idea that
AGN feedback plays some role in the morphological transition pro-
cess, and in generating the morphological diversity we observe in
present-day galaxies (Rogers et al. 2009; Dubois et al. 2016; Var-
glund et al. 2022). Our analysis further shows that the slope of the
relation between AGN activity and morphology depends on envi-
ronment, increasing with ‘environmental richness’: it is flatter for
isolated centrals and for those in binary systems than for group and
cluster centrals. The numerical values of the slopes of the relation
between Seyfert fraction and T-Type in Fig. 6 are 0.009 + 0.003,
0.015 £ 0.009, 0.022 + 0.010 and 0.042 + 0.009 for isolated, binary,
group, and cluster centrals respectively, showing that environment
plays a role.

4.2 The relation between AGN, halo mass, and central velocity
dispersion of their host galaxies

The availability of gas and the mass of the central SMBH are both key
factors in AGN activity. The total gas mass is related, albeit in a com-
plex way, to the mass of the host galaxy halo (Mpy),), while the mass
of the SMBH correlates with the central velocity dispersion of the
galaxy (0glaxy; Tremaine et al. 2002; Giiltekin et al. 2009). To bring
all these parameters together, we show in Fig. 7 the median fraction of
Seyferts in the ogyjaxy VS. Mhalo plane for central galaxies in different
environments. For each pixel, we derive the Seyfert fraction median
and its uncertainty using a bootstrap technique, as before. We will
limit our analysis to galaxies with ogylaxy > 100km/s, since below
this value the galaxy velocity dispersions provided by the MPA-JHU
catalogue become unreliable due to the resolution of SDSS spectra.
In order to confirm the robustness of this trend, we repeated this
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analysis using 50% larger bins to reduce the statistical uncertainties.
None of the trends described below changed. Furthermore, we ap-
plied Gaussian smoothing to the density maps to enhance the visual
appearance of the observed overdensities. This also confirmed our
conclusions below. We decided to present the raw binned density
maps without smoothing since they provide a fairer representation of
the data and their uncertainties.

Panel (a) of Fig. 7 shows that the largest Seyfert fraction in iso-
lated centrals is found in galaxies residing in the largest mass ha-
los (Mpalo = 1013Mg) and at intermediate velocity dispersions
(100 < ogalaxy < 200km s~1). A similar locus with a relatively
high fraction of Seyfert galaxies (highlighted by the red circles) is
also found in the other panels. Quantitatively, this region has median
Seyfert fractions of 17 + 9%, 15 + 7%, and 14 + 3% in isolated, bi-
nary system, and group centrals respectively. A high Mp,j, suggests
a large reservoir of gas (Chen et al. 2014; Davies et al. 2019), which
may be used to fuel the AGN. However, a direct relation between the
size of the gas reservoir and AGN fueling still needs to be verified
by observations. The intermediate velocity dispersion range occu-
pied by these galaxies corresponds to the transition region between
late- and early-type morphologies, providing additional circumstan-
tial evidence of the effect strong AGN may have on the galaxies’
morphological transition.

Panel (c) of Fig. 7 shows, for group centrals, a second region with
high Seyfert fraction (indicated by the blue ellipse). These are galax-
ies with relatively high velocity dispersion for their halo masses. The
fraction of Seyferts in the same location of the diagram decreases
systematically when we move to centrals in binary systems and iso-
lated ones, with median values of 2 &+ 2%, 9 + 4% and 18 + 7% for
isolated, binary system and group centrals, respectively. Clearly, in
this region of the diagram, the environment affects AGN fuelling.
For group centrals, at a given halo mass Seyferts are mainly found in
galaxies with high oga1axy, indicating that, even if the gas reservoir is
the same, a larger SMBH mass increases the probability of AGN ac-
tivity. These high velocity dispersion galaxies tend to be ETGs. That
this happens mostly in the group environment may suggest that group
centrals are more likely to have experienced a recent interaction with
other galaxies (their satellites) than isolated centrals and centrals in
binary systems. Such interactions can drive gas to the central system,
boosting its fuel reservoir. In support of this, La Barbera et al. (2014)
show that central galaxies in groups hosted a more recent star forma-
tion episode in comparison to their isolated counterparts, indicating a
recent supply of gas. Additionally, Kollatschny et al. (2012) show and
increase in [OIII]5007A when moving closer to the central galaxy.
Finally, Onoue et al. (2018) show an enhanced galaxy overdensity
around quasar pairs, which are more common in more massive halos.
Together with our results, these results provide evidence that the in-
teraction between galaxies can enhance AGN activity. Nevertheless,
a more direct test to support this scenario would be the observation
of the gas component of a large sample of central galaxies covering a
wide range of halo masses, with enough resolution to detect inflows
and outflows.

Moving to cluster centrals, panel (d) of Fig. 7 shows the highest
fraction of Seyferts at the low-halo-mass end of the distribution
(20 = 10%). The innermost regions of the most massive clusters are
already “fully developed” (Butcher & Oemler 1978; Capelato et al.
1980; Carlberg et al. 1997; Sampaio et al. 2021), and the probability
of satellite galaxies interacting with the cluster central — and thus
providing fuel —is lowest for the most massive clusters due to the very
high relative velocities of the satellite galaxies (Chandrasekhar 1943).
From the AGN demographics presented in this section, we have found
that, although stellar mass is the strongest statistical predictor of AGN
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activity (c.f. Sections 3 and 4.1), other factors such as morphology,
environment, SMBH mass, and halos mass also play important roles.
For massive galaxies, the relatively high AGN fraction in LTGs and
the dependence of AGN frequency on T-Type suggests that feedback
from the AGN is relevant in the morphological transformation of
the galaxies. The details of the distribution of Seyfert fractions in
the Mpa1o VErsus ogalaxy plane provides further insight into how the
environment may drive the fueling of AGN activity. For a given halo
mass range, the high fraction of Seyferts in group centrals is found
at high velocity dispersion, suggests that interactions with satellite
group galaxies can enhance the gas reservoirs that fuel the AGN of
group central galaxies, which are predominantly ellipticals.

5 THE ROLE OF AGN ON THE STAR-FORMATION
ACTIVITY OF CENTRAL GALAXIES

In this section we focus on how the interplay between AGN activ-
ity, stellar mass, and environment drives the evolution of the star-
formation activity of central galaxies. We quantify the galaxies’ star-
formation activity through the the SFR vs. M1, diagram, shown in
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Fig. 8 for central galaxies in different environments. The Blue Cloud
(BC), Green Valley (GV), and Red Sequence (RS) regions are defined
by two dividing lines: log(SFR) = 0.7 log(Mgeliar) — 7.5 separates
the BC from the GV, and 1og(SFR) = 0.7 log( Mey1ar) — 8.0 separates
the GV from the RS (Trussler et al. 2020; Sampaio et al. 2022). To
avoid confusion, we refer to galaxies located in the BC region of
this diagram ‘Blue-Cloud galaxies’, reserving the term ‘star-forming
galaxies’ for those classified as such in the BPT diagram.

Consistent with the results of previous sections, we find that the
fraction of galaxies in the BC, i.e. with significant star formation,
decreases with stellar mass and environmental richness, while the
RS shows the opposite trend.

In order to provide a more detailed continuous description of the
transition from the BC to the RS, we divide the SFR vS. Me[jar
plane into 12 zones separated by the white dashed lines in Fig. 8.
The dividing lines have the same slope as the lines separating the
BC/GV/RS regions, but with intercepts varying from —6.5 to —9.5
in steps 0.25 wide. It is important to highlight that by adopting a
slicing procedure rather than using three discrete zones, we largely
remove the dependence of our results on the specific boundaries
chosen for the BC/GV/RS. Nevertheless, despite being a some-
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what arbitrary choice, the adopted boundary definition has proven
to have physical meaning, since it is shown to coincide with the re-
gions where most of the morphological transition happens (Sampaio
et al. 2022). Each zone corresponding to different vertical distances
ASFMS from the star-formation main sequence (SFMS; Daddi et al.
2007; Noeske et al. 2007; Karim et al. 2011) defined by the line
log(SFR) = 0.7 log(Mjteliar) — 7.0. The resulting variation in galaxy
type fraction as a function of the vertical distance to the star-forming
main sequence is shown in Fig. 9 for different environments and
stellar-mass ranges. As before, we limit our analysis to bins with at
least 20 galaxies.

5.1 Red but not dead: AGN in massive central red-sequence
galaxies in groups

ETGs are mainly found in the red sequence and are usually assumed
to be passively evolving, such that their star-formation has ceased
and their stellar populations simple age with time. They are often
called “red and dead”. However, by tracing the Seyfert fraction as a
function of ASFMS, we find that, depending on environment, not all
central galaxies in the red sequence are quite as dead as previously
thought. In panel (h) of Fig. 9 we find that a relatively high fraction
(about one third) of the most massive group galaxies with the lowest
star-formation activity are AGN (panel h). This high AGN frequency
is in agreement with our previous results, suggesting that massive
central galaxies in groups (usually ellipticals) can be fed with gas via
interactions with satellite galaxies, generating AGN activity.

5.2 The AGN-driven transition from the blue cloud to the red
sequence

The results shown in Fig. 9 provide a new perspective on the possi-
ble effect of AGN activity on the evolution of central galaxies. The
increasing Seyfert fraction across the BC as we move away from the
SFMS coincides with a corresponding decrease in the star-forming
fraction, providing evidence that, despite representing only 10-20%
of the central galaxy population, AGN feedback could be extremely
efficient at quenching star formation for all stellar masses. In this
scenario, the AGN is responsible for decreasing the galaxies’ star
formation, but there is a time delay between the triggering of the
AGN and its radiation becoming the main source of the ISM ioni-
sation. During this process, the AGN activity becomes ‘unmasked’
after the associated decrease in star formation reduces the ionisisng
effect of the high-mass stars. High spatial resolution integral-field
spectroscopic data from instruments such as MUSE may provide the
necessary evidence to test this scenario.

These results are consistent with the idea that the transition from
the BC to the RS is caused by AGN-driven outflows (Trussler et al.
2020). Interestingly, the peak of the Seyfert fraction occurs in the
vicinity of the GV, a region associated with both star-formation sup-
pression and morphological transition (Sampaio et al. 2022), suggest-
ing, once again, that AGN activity is linked with galaxy transition
from spirals to early-type galaxies.

The subsequent decrease in Seyfert fraction from the GV to the
RS may be due to the combination of two processes, AGN feedback
ejecting gas from central galaxies, which depletes the gas fuel reser-
voir needed to feed the SMBH, and the morphological transition
from disks to spheroids, in which the gas is more stable and less
likely to be accreted by the SMBH (Martig et al. 2009). In other
words, the AGN itself is ultimately responsible for shutting down its
own activity.
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5.3 Morphological Transition vs. Star Formation Quenching

By tracking the morphology of Seyfert galaxies as a function of their
star-formation activity, we are also be able to address the question of
whether AGN feedback changes the star formation activity of their
host galaxies before or after their morphology changes. The median
T-Type of Seyfert galaxies as a function ASEMS is shown in Fig. 10,
where the galaxies have been separated according to stellar mass and
environmental richness. For group and cluster centrals, we show only
the curves with a minimum number of 10 galaxies per bin to ensure
the statistical uncertainties are not too large.

This figure shows that, statistically, Seyfert galaxies reach ellipti-
cal morphologies (median T-Type ~ —2) before their star-formation
is completely suppressed (i.e., before they reach the core of the RS
region, ASFMS ~ -2). There is also a mass dependence in the mor-
phological transition of Seyfert galaxies: while low-mass galaxies
typically emerge from the GV with elliptical morphologies (irre-
spective of their environmental richness), intermediate-mass systems
emerge, on average, as SOs, and high mass systems tend to retain spi-
ral morphologies beyond the GV. This provides evidence suggesting
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that the AGN activity is more relevant in the morphological transi-
tion of low-mass galaxies, whilst more massive systems hold their
morphology “longer”.

In summary, our results show that morphological transition and
star-formation suppression happen at different pace, in agreement
with Sampaio et al. (2022). Although the detailed connection be-
tween AGN activity and the physical processes by which it affects
morphological transition are still not wholly understood, it is notice-
able that the sequencing we observe suggests that, irrespective of
stellar mass and environment, the morphology of Seyfert galaxies
evolves from late- to early-type before their star formation is fully
quenched.

6 CONCLUSIONS

With the aim of shedding light understanding how AGN affect the
evolution of their host galaxies, we have investigated the relationship
between the properties of central galaxies, their environment, and the
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presence or absence of an AGN at their centres. We focus on central
galaxies because, as the dominant object in their dark-matter halo,
external influences may be weaker than for satellite galaxies, making
them ideal candidates for studying the effect of internal processes
such as AGN feedback.

We have traced the effect of the environment by dividing the galax-
ies into isolated centrals and centrals in pairs, groups, and clusters.
SDSS spectroscopy and the BPT diagram allow us to determine
whether the dominant ionising mechanism of the galaxies’ inter-
stellar medium is star-formation or AGN activity. We analyse this
information as a function of internal galaxy properties such as their
stellar and dark-matter halo mass, morphology, and central velocity
dispersion (correlated with their SMBH mass). In doing so we ex-
plore how the interplay between different combinations of internal
and external factors may be linked to the fueling of the central SMBH
and thus AGN activity, and how this activity may affect the properties
and evolution of its host galaxies. The main results of this analysis
are:

e In all environments, the preeminence of AGN activity as the
dominant ionising mechanism increases with stellar mass, overtaking
star-formation for galaxies with Mgejiar > 101'Mg (Figs. 5 and 6).
It is noticeable that, at these high masses, the fraction of LTGs
with Seyfert activity reaches 21 + 4% in group centrals, while only
7 + 3% of these galaxies have their interstellar medium ionised by
star formation.

e In high stellar mass central galaxies, the fraction of Seyferts
increases with T-Type from 5 + 1% at T-Type ~ —2.5 (ellipticals)
to 18 + 3% at T-Type ~ 4 (late spirals). This increase in Seyfert
fraction with morphology suggest that AGN feedback is linked with
the morphology of these galaxies and, perhaps, its transformation.
The low fraction of Seyfert nuclei in low-mass galaxies, independent
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of morphology and environment, results from the inability of these
systems to fuel star-formation and AGN simultaneously.

e The separate variation of the Seyfert fraction with the galaxies’
velocity dispersion and halo mass suggests two different ways to fuel
AGN activity. First, central galaxies can rely on their own host halo
gas reservoir to fuel their AGN, which is increasingly efficient with
increasing halo mass; and second, central galaxies can increase their
gas reservoir via interactions with satellite systems. We find that the
second mechanism is most important for the evolution of high-mass
centrals in groups and low-mass clusters, where such interactions
will be more common.

e The Seyfert fraction changes systematically as a function of
star-formation activity in their host galaxies (Fig. 9). Within the
blue cloud this fraction increases as star-formation activity declines,
reaching a maximum when the galaxies enter the green valley. The
peak fraction depends on both stellar mass and environmental rich-
ness. For instance, high mass group centrals show a peak Seyfert
fraction of 18 + 4% near the green valley. Subsequently, the Seyfert
fraction decreases as the galaxies transition into the red sequence.
This sequence strongly suggest that AGN feedback plays a key role
in regulating and suppressing star-formation.

e Tracing the morphology of Seyfert central galaxies as a function
of their star-formation activity, we find that they typically achieve
an early-type morphology while they still host some residual star
formation. This suggests that, in all environments, the morphology
of Seyfert galaxies evolves from late- to early-type before their star
formation is fully quenched. We additionally show that stellar mass
plays an important role in the morphological evolution of Seyfert
galaxies: low mass systems tend to emerge from the green valley
with an elliptical morphology, whereas their high-mass counterparts
maintain a spiral morphology deeper into the red sequence.

In summary, we have found strong evidence that AGN activity
in central galaxies is intimately linked with the morphology and
star-formation of their hosts, and that this link depends on both the
internal properties of these galaxies and their environment.
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APPENDIX A: COMPARISON USING ALTERNATIVE
DIAGNOSTIC DIAGRAMS

The main underlying hypothesis of this work is that the BPT diagram
we have chosen is able to reliably identify the main mechanism ion-
izing the insterstellar gas in central galaxies. However, the literature
provides alternative diagnostic diagrams to achieve the same goal
using a variety of emission-line ratios. Since the question “which di-
agnostic diagram is the best for this purpose?” doesn’t have a simple
answer (see Cid Fernandes et al. 2010 for a comprehensive compar-
ative study of several diagnostic diagrams), we have tested whether
our findings depend on the specific diagnostic diagram we choose.
As an example, we show in Fig. Al the distribution of galaxies in
an alternative BPT diagram that uses the [SII]/Ha ratio instead of
[NII]/He, as we did in Fig. 4. Comparing both figures we find that the
galaxy distribution is similar using the alternative diagnostic. There-
fore, we are confident that our results do not depend significantly on
the specific diagnostic diagram adopted.
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Figure A1. Gaussian kernel smoothed distribution of galaxies in the NII-BPT diagram. We divide systems according to stellar mass and environmental richness.
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