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Abstract

Despite their relative sparseness, during the recent years it has become more and
more clear that extragalactic radio sources (both AGN and star-forming galaxies)
constitute an extremely interesting mix of populations, not only because of their
intrinsic value, but also for their fundamental role in shaping our universe the way we
see it today. Indeed, radio-active AGN are now thought to be the main players
involved in the evolution of massive galaxies and clusters. At the same time, thanks
to the possibility of being observed up to very high redshifts, radio galaxies can also
provide crucial information on both the star-formation history of our universe and on
its large-scale structure properties and their evolution. In the light of present and
forthcoming facilities such as LOFAR, MeerKAT and SKA that will probe the radio
sky to unprecedented depths and widths, this review aims at providing the current
state of the art on our knowledge of extragalactic radio sources in connection with
their hosts, large-scale environments and cosmological context.

Keywords Radio continuum: galaxies - Galaxies: general - Galaxies:
evolution - Galaxies: clusters: general - Cosmology: large-scale structure
of universe
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1 Introduction

During the past years, radio galaxies have quickly moved from being an interesting class
of extragalactic objects to become one of the fundamental bricks of the wall of our
comprehension of the physical processes that shape galaxy formation and evolution.
Indeed, radio-emitting AGN have been invoked as the major players in action to halt star-
formation in massive galaxies, with an effect that would also prevent their masses to reach
unobserved values and produce the local ‘read and dead’ population of ellipticals both in
terms of physical properties and number density (the so-called ‘radio-mode’ feedback, e.
g., Croton et al. 2006; Bower et al. 2006; Fanidakis et al. 2012; Weinberger et al. 2018).
Furthermore, a very strong connection between radio-AGN and galaxy clusters is now
well established, with radio-AGN emission being responsible for a large part of their
thermal state (see McNamara and Nulsen 2012; Brunetti and Jones 2014 for reviews on
this topic) as well as for enhancing or suppressing star-formation within its member
galaxies (e.g., Gilli et al. 2019; Salomé et al. 2016).

Extragalactic radio sources come in two flavours: AGN and star-forming galaxies.
Radio-emitting star-forming galaxies, at least in the local universe, generally coincide
with  normal spiral and irregular galaxies, typically present low
(L1.46125102 W Hz !sr~!) luminosities and dominate the radio source counts
below the mly level (see Padovani 2016 for a review). On the other hand, the
population of radio-emitting AGN, much brighter and extending to much higher
redshifts as observed by current facilities (indeed these were the first galaxies to be
found above redshifts one, two, three and four—cf. Stern and Spinrad 1999 and
references therein), is way more variegated. Historically, radio-AGN have been sub-
divided in two different ways. Fanaroff and Riley (1974) classified sources according
to their radio morphologies as type I (FRI), in which the peak of radio emission is
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located near the core (edge-darkened) and type II (FRII), in which the peak of surface
brightness is at the edge of the radio lobes far from the centre of emission (edge-
brightened). A further classification scheme is instead based on the presence and
relative intensity of high- and low-excitation lines in their optical spectra (e.g., Hine
and Longair 1979) and divides them into high-excitation radio galaxies (HERGs) and
low-excitation radio galaxies (LERGs). HERGs and LERGs are believed to represent
intrinsically different types of objects (see Heckman and Best 2014 for a review),
with LERGs accreting at low rates (luminosities below 1% of their Eddington limit)
and HERGs accreting at high rates (between 1% and 10%).

As amatter of fact, the realm of radio-emitting AGN is even more complex than this.
On top of compact/point-like (or FRO cf. Baldi and Capetti 2010) galaxies, radio-quiet
AGN which are thought to emit at radio wavelengths mainly thanks to star-forming
processes taking place within their hosts (cf. Padovani 2016) and quasars, blazars and
BL Lacs believed to be the very same AGN-powered radio galaxies only seen at smaller
viewing angles (Urry and Padovani 1995), in the recent years new populations have
been discovered, such as the Compact Symmetric Objects (CSO), the Compact Steep
Spectrum (CSS) galaxies and the Gigahartz-Peaked galaxies (GPS). These are all
powerful sources (L 4Gu, > 10%* W Hz ! sr!), with GPS presenting very compact
(<1 Kpc) radio emission with a peak in the GHz range (see O’Dea and Saikia 2021 fora
review), and CSS being less compact (<15 Kpc) and with a peak around 100 MHz (see
Miley and De Breuck 2008 for a review). CSOs are instead the smallest sources, with
sizes of less than a few hundred pc (see Hardcastle and Croston 2020 for a review). We
further note that radio-AGN with resolved morphologies can also present themselves as
Giant Radio Galaxies (GRG) if their extension goes beyond ~ 0.7 Mpc (e.g., Willis
etal. 1975) or as Wide Angle/Narrow Angle Tail (WATs or NATs) galaxies when their
jets do not lie along a common direction but show various degrees of bending (e.g Owen
and Rudnick 1976).

Many excellent reviews tackling in a very comprehensive way the AGN
phenomenon and more in general radio emission are available in the literature (e.g.,
Miley and De Breuck 2008; De Zotti et al. 2010; Heckman and Best 2014; Tadhunter
2016; Padovani 2016; Padovani et al. 2017; Hardcastle and Croston 2020). Our
purpose is to extend the content of these reviews by presenting radio galaxies as
cosmological objects in connection with the more general context of galaxy and
large-scale structure formation and evolution. To this aim, we will present the current
state of the art on our knowledge of extragalactic radio sources (both AGN and star-
forming galaxies) from the point of view of their galaxy hosts, environments and
cosmological behaviour, so to provide a link between radio activity on small (nuclear
and sub-galactic) scales and environmental (Kpc to Mpc) properties.

Within this framework, we have decided to concentrate on a number of topics
which are mostly still controversial and/or poorly understood. For what concerns the
hosts of radio galaxies we will then discuss the role of their mass on radio emission,
the FRI/FRII dichotomy, the cosmological evolution of radio-AGN in terms of star-
formation activity within their hosts and, in the case of star-forming galaxies, the
properties of the relationship between infrared and radio luminosities (the so-called
IR-radio correlation) as obtained at the different radio frequencies and redshifts.
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Environments will instead be investigated by following three different methods. The
choice is dictated by the fact that in general these different methods return different
and complementary answers. For example, statistical techniques such as clustering
analyses are the only ones capable of providing information on the dark matter
content of the structures that host radio-AGN and star-forming galaxies. Furthermore,
they can also offer a snapshot of the large-scale structure of our universe as traced by
these sources and on its evolution up to the earliest epochs. The other two methods,
which consist in (a) searching for structures around pre-selected radio-AGN and (b)
pinpointing radio-AGN within known structures might seem to be very similar to
each other. As a matter of fact though, these two are also complementary since they
return results which in some cases differ even by large factors. For instance, the first
method finds that most radio-AGN reside within overdense structures, while
according to the second method this is true only for a much smaller fraction of
sources. This discrepancy reverberates e.g., onto the estimates of the life-time of the
radio-active AGN phase and on a number of other issues, so that a direct comparison
between the results obtained in these two different ways is not always possible.
Furthermore, whenever structures such as groups or clusters of galaxies with
available X-ray information are involved, the second method can also return
fundamental information on the interaction between radio-AGN activity and the
intracluster medium (ICM).

The layout of this review is then the following: Sect. 2 will summarize the main
methods adopted in the literature to distinguish between radio-emitting AGN and
star-forming galaxies. Section 3 will be devoted to the hosts. In more detail, Sect. 3.1
will investigate the role of galaxy mass on radio (mainly AGN) activity, while
Sect. 3.2 will discuss the morphological dichotomy between FRI and FRII galaxies
from the point of view of their hosts and nuclear/accretion properties (LERG vs
HERG distinction). Section 3.3 will present a detailed analysis of the cosmological
evolution of star-forming activity within radio-AGN hosts beyond zx 1, while
Sect. 3.4 will review our current knowledge on the controversial issue of the IR-radio
relation in star-forming galaxies, its dependencies and eventual redshift evolution.
Section 4 will instead be dedicated to the environments of extragalactic radio
sources. As previously discussed, these will be presented by following the method
adopted to investigate their properties. So, after a brief introduction on the theory
behind statistical methods such as the correlation function and cross-correlation
function—necessary to understand some of the works reviewed in this sub-section—
Sect. 4.1 will present the results obtained so far by making use of the aforementioned
techniques. Section 4.2 will instead show our current knowledge on the environ-
mental properties of radio galaxies as obtained by pinpointing them within pre-
defined over-densities such as groups and clusters of galaxies, while Sect. 4.3 will do
the same but in the case of structures identified around chosen radio sources. Our
conclusions will then be summarized in Sect. 5.

Because of its contents, this review is thought to reach an audience which extends
beyond radio astronomers. To this aim, it will present the various topics in a
somehow didactic way. Each section will first introduce the general problem and then
present a historical excursus of the most relevant results obtained throughout the
years up to the present days with the aim to understand what has been done so far,
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what we think is understood, what is still missing and where (if any) contradictions
stand. Since sample sizes, completeness issues and depths of the observations are all
crucial quantities that can largely affect the outcome of statistical analyses such a
those presented in the following sections, we will add these pieces of information
when discussing most of the works.

Before moving on though, an important point has to be made. Many names can be
found in the literature for the radio-active AGN population. From the historically
adopted radio-loud AGN to jetted AGN (Padovani 2016). We personally believe that
none of these can correctly describe the considered sources, since the term radio-loud
made more sense when radio surveys only sampled bright ‘monsters’, while it is not
anymore the case for current facilities that reach the sub-mJy/ uJy regime. On top of
that, as it will become more clear in Sect. 2, radio-loudness does not have a univocal
definition (e.g., Jarvis et al. 2021) since radio-emitting AGN can be selected in many
different ways. At the same time, not all radio-active AGN present jetted structures,
so even this terminology only provides a partial description of the radio AGN
phenomenon. Our preference goes to the more general terms ‘radio-active AGN’,
‘radio-emitting AGN’ or alternatively ‘radio-AGN’ to indicate all AGN emitting at
radio wavelengths because of their nuclear activity. This is the wording that will be
used throughout this review. We also stress that throughout the text we will use the
word “protocluster” to indicate a non-virialized, overdense structure formed by
galaxies and/or AGN, regardless of whether it will subsequently evolve into a cluster.
Lastly, whenever mentioned, / is the reduced Hubble constant. Note that most (if not
all) of the works presented in this review and published after 2000 adopt the standard
cosmological model 2y ~ 0.3, Q4 ~ 0.7, h ~ 0.7 (e.g., Aghanim et al. 2018), with
Qy and Q, respectively present density of (total) matter and dark energy. However,
earlier results still consider a universe with Qo = 1 and 2,4 = 0.

2 The difficult art of discerning between radio-active AGN and star-
forming galaxies from continuum radio surveys

Extragalactic radio sources are a mixed bag of different astrophysical populations.
And while until the 1990s the radio sky was dominated by bright enough objects to
ensure they were bona fide radio-active AGN, indeed with the advent of deep enough
radio surveys it became clear that the counts below ~ 1 mJy start to be dominated by
different objects such as star-forming galaxies (e.g., Windhorst et al. 1985;
Magliocchetti et al. 2000; Prandoni et al. 2001 and references therein) and radio-
quiet AGN, whereby—despite the presence of an AGN—radio emission mainly
originates from star-forming processes within their hosts rather than from accretion
onto a black-hole (e.g., Kimball et al. 2011; Condon et al. 2013; Bonzini et al. 2015;
Ceraj et al. 2020—see also Panessa et al. 2019 for a review on these objects and
Padovani 2016 for a review on the faint radio sky). It follows that, unless the radio-
AGN present morphological structures (such as lobes and jets) that uniquely identify
them as such, distinguishing between these three different populations in continuum
radio surveys is currently an impossible task. Information (both photometric and/or
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spectroscopic) at wavelengths different than radio is required, but even in this case
the answers are not always univocal.

As we will see later in Sect. 3.1, in the local universe radio-AGN are almost
ubiquitously associated with massive elliptical galaxies, with little or no ongoing
star-forming activity. This prompted early studies to introduce a value for the radio-
to-optical (R band) ratio (defined as gR = F| 4guz X 10(R=125)/25 \ith F expressed
in mJy) larger than ~ 30 (e.g., Kellermann et al. 1989; Urry and Padovani 1995) as
an indicator for a radio-emitting AGN. At the same time, still in the local universe,
star-forming galaxies (and radio-quiet AGN) present a very tight correlation between
their far-infrared (FIR) and radio fluxes (e.g., Condon 1992, cf. Sect. 3.4). So,
distinguishing between radio-AGN and star-forming galaxies at z<1 is rather doable.

The situation becomes more complicated once we move to redshifts higher than
z~1—1.5. The explanation is quite straightforward: z~ 1.5 in fact marks the
transition from a relatively quiet universe, to one dominated by AGN and cosmic
star-formation activities (e.g., Merloni et al. 2004). In such a universe, many star-
forming galaxies are found to host an AGN and the other way round (cf. Sect. 3.3),
so a clear distinction between these two classes of sources based on their radio-to-
infrared colours is extremely difficult. At the same time, galaxies at z~2 are
generally younger than those found in the local universe, therefore also an optical
search for radio galaxies as red-and-dead sources is proven to be ineffective. This
implies that new techniques have to be applied to try to distinguish between radio-
emitting AGN and the other populations. Padovani (2016) (see also Hardcastle et al.
2019 and references therein) provides an excellent summary of the different selection
methods. Here we will just briefly list the more commonly used ones in view of their
strengths and weaknesses:

(a) Optical/NIR spectroscopy This method (e.g., Baldwin et al. 1981; Veilleux and
Osterbrock 1987) provides the cleanest distinction between AGN and star-
forming galaxies and is based on the absence or presence (and relative
strength) of emission lines indicating AGN and/or star-forming activity in the
optical/NIR spectra of radio galaxies. Despite its success, being spectroscopy a
very time-consuming task, a wide application is however currently limited
only to relatively local sources, or alternatively to sparse samples of bright
objects in the more distant universe. Also, even if line emission in the spectra
guarantees the presence of an AGN, it does not provide any information on
whether radio emission is due to nuclear activity or to star-forming processes
within the host galaxy, as is the case for radio-quiet AGN.

(b) SED fitting This method (e.g., Smolci¢ et al. 2008) uses photometry at a
number of wavelengths (the more the better) to produce a spectral energy
distribution (SED) for the sources in exam. This can be thought as a lower-
resolution version of the spectroscopy method, which only considers
continuum emission instead of lines. Observations then get fitted with
synthetic models for stellar evolution (e.g., Bruzual and Charlot 2003) to infer
a number of galaxy properties, including presence and relevance of an AGN.
Less precise but also less expensive than spectroscopy, it can be applied to
much higher redshifts. As in the spectroscopy case though, it cannot discern
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whether in presence of an AGN radio emission originates from the central
black hole or from surrounding star-forming regions.

Radio/FIR excess This method (e.g., Delvecchio et al. 2017) selects as radio-
AGN all sources that present a radio excess and lie below the IR-radio relation
(cf. Sect. 3.4), and as star-forming galaxies those that either lie on the relation
or show a FIR excess. As already discussed, it works very efficiently in the
local universe. However, it has to rely on FIR observations which are currently
unavailable for many radio sources. Also, it is proven to loose its ability at
redshifts z= 1 — 1.5 due to the cosmological evolution of the galaxies, most of
them co-hosting AGN and star-forming processes at the same time.

Radio continuum slope This method (e.g., Alberts et al. 2020) relies on radio
observations taken at different frequencies. It works well at identifying flat-
spectrum or inverted-spectrum AGN, but it is ineffective at distinguishing
between steep-spectrum radio-AGN and star-forming galaxies as they
generally present very similar values for the radio spectral index, o~ 0.7 (e.
g., De Zotti et al. 2010).

X-ray emission Most of the AGN emit in the X-ray, therefore another way to
distinguish between a radio-AGN and a radio-active star-forming galaxy is by
looking at the X-ray emission produced by a radio source. However, this
method only (partially) works for very bright objects, since the majority of
radio-AGN have X-ray luminosities lower than ~ 10* erg s~!, value below
which X-ray emission might just as well be due to star-forming processes
within the host (e.g., Fragos et al. 2013). As a matter of fact, the fraction of
radio-AGN also detected in the X-ray bands is quite low (~ 5%, e.g., Hickox
et al. 2009, value that can however increase according to selection criteria and
flux densities, e.g., Magliocchetti et al. 2020).

MIR colours Another possibility to distinguish between radio-AGN and star-
forming galaxies is provided by the investigation of their mid-infrared (MIR)
colours (e.g., Stern et al. 2012). However, this method is also shown to work
well only for very luminous and radiatively efficient AGN, while it misses the
majority of the radio-active AGN population since it is biased against lower
MIR luminosities and higher redshifts (e.g., Donley et al. 2012; Mingo et al.
2016), both typical of most radio-AGN.

Radio luminosity The last method presented here (Magliocchetti et al. 2014b)
—which we discuss in greater detail since it is not mentioned in the reviews of
Padovani (2016) or Hardcastle et al. (2019)—relies on the radio luminosity of
the sources. Indeed, thanks to the steepness of the radio-luminosity function of
star-forming galaxies as opposed to the flatter one exhibited by radio-AGN (e.
g., Magliocchetti et al. 2002; Mauch and Sadler 2007), selecting sources
brighter than the radio luminosity value at which the two distributions cross,
virtually ensures that all a// of them will be radio-AGN. This holds in the local
universe. At higher redshifts, the cosmological evolution of these populations,
together with the existence of extreme starburst galaxies, implies that sources
with star-forming rates above ~ 10° M, year~! will present radio luminosities
>10* W Hz !sr~! and therefore be mistakenly identified as radio-AGN (e.
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g., Hardcastle et al. 2019). However, such sources are relatively rare and
furthermore Magliocchetti et al. (2014b) take the evolutionary issue into
account by introducing a criterion based on the radio-luminosity function as
provided up to redshifts ~ 2.5 by McAlpine et al. (2013), who indeed find that
star-forming galaxies evolve in a much stronger way, o (1 + 2)2‘5, than radio-
selected AGN (o (1 4 z)'%). By using this result, Magliocchetti et al. (2014b)
adopt an evolving luminosity threshold that scales with redshift as
LOgIO[Lcross (Z)] = LOglO[LO,cross] +z  (with Locross = 1027 W Hz™! Srila
roughly corresponding to the break of the local radio luminosity function of
star-forming galaxies) up to z = 1.8 and Leyss(z) = 102 W Hz !sr~! for
z > 1.8, above which to select radio-AGN. Since the radio-AGN samples
selected in this way are contaminated by very few interlopers (Magliocchetti
et al. 2014b, 2016, 2018a), the present method has the important advantage of
being rather clean while only needing redshift determinations instead of
expensive spectroscopy or multi-wavelength information for the sources in
exam. On the other hand, it cannot identify star-forming galaxies and misses

faint radio-AGN which end up in the mixed bag which also contains radio-
quiet AGN.

The main points to be taken from the above discussion are then three:

1.

Despite the enormous wealth of multi-wavelength information that is getting
more and more accessible to the astronomical community, discerning between
radio-active AGN and galaxies dominated by star forming activity is still not a
straightforward task.

None of the methods highlighted above provides the ‘ultimate’ selection, as they
all suffer from various (and generally different) limitations.

Different techniques as a matter of fact select slightly different populations,
which generally coincide only in the case of sources with very bright (or
alternatively very faint) radio luminosities. This is an issue that always needs to
be kept in mind when comparing results from different works adopting different
selection methods.

3 Hosts of radio-active AGN and star-forming galaxies

This section presents results on the connection between radio-activity and host
galaxy properties. It is divided into four different parts that will respectively tackle
the connection between host (stellar) mass and radio emission (Sect. 3.1), the
possible causes for the FRI-FRII dichotomy (Sect. 3.2), the cosmological evolution
of radio-AGN in terms of star-formation activity within their hosts (Sect. 3.3) and—
in the case of star-forming galaxies—the IR-radio relation, its eventual dependences
and redshift evolution (Sect. 3.4).
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3.1 The role of mass on radio activity

It has been clear since many years now (Matthews et al. 1964) that the majority of
powerful radio-AGN is hosted within the most massive galaxies (stellar masses
M, ~10'"' M, and above) known in the universe. This result has been confirmed at
least up to z~ 1 (and in some cases beyond) both by direct estimates (e.g., Heeschen
1970; Ekers and Ekers 1973; Auriemma et al. 1977; Jenkins 1982; Best et al. 2005a;
Mauch and Sadler 2007; Smolci¢ et al. 2009; Magliocchetti et al. 2016; Sabater et al.
2019; Capetti et al. 2022) and also by the extremely tight correlation in the My — z
plane exhibited by the hosts of radio-AGN (e.g., Lilly and Longair 1984; Eales et al.
1997; Jarvis et al. 2001; De Breuck et al. 2002; Willott et al. 2003) that can be
explained by assuming that the observed K-band light is dominated by emission from
the old stellar population and that radio-AGN have very similar (large) host masses
all across half of the age of the universe. More recent results based on rest-frame 1.6
and 4.5 um photometry also report very high masses for the hosts of radio-AGN, at
least up to z~ 3 if not beyond (Seymour et al. 2007; De Breuck et al. 2010; Giirkan
et al. 2014; Drouart et al. 2016).

However, these results do not fully answer the question that naturally arises when
considering radio-AGN: what causes their radio emission? In a seminal paper by
Hickox et al. (2009), it was found that the overlapping between families of AGN
selected with different methods (X-ray, Spitzer-IRAC bands and radio) was
extremely small, especially when it came to radio emission from X-ray- and NIR-
selected AGN (~ 5%). Between a third and a half of X-ray selected AGN were
instead observed to have a counterpart in the NIR, and the other way around (cf. top
panel of Fig. 1). Although the relative depths of the different samples can provide at
least a partial answer to this effect (e.g., Ho 2008), it is also very possible that it
might instead be mainly determined by more physical factors.

On the other hand, there are instead cases where radio-AGN emission is almost
ubiquitous. Brown et al. (2011) used 1.4 GHz, NRAO VLA Sky Survey (NVSS—
Condon et al. 1998) observations of 396 local early-type galaxies selected from the
2MASS Extended Source Catalogue (Jarrett et al. 2000), finding that virtually all 120
galaxies with absolute magnitudes Mg < — 25 (corresponding to stellar masses
210" M) were radio emitters with flux densities larger than ~ 1 mJy. This was in
line with earlier findings (e.g., Sadler 1999 and references therein). Much more
recently, Capetti et al. (2022) have come to the same conclusion for their complete
sample of 188 local giant ellipticals with Mg < — 25 taken from the 2MASS
Redshift Survey (Huchra et al. 2012) and with radio information from the LOFAR
Two-Metre Sky Survey Data Release 2 (LoTSS DR2—Shimwell et al. 2022).
Indeed, they show that about 78% of these sources are detected by LOFAR above
Lisomiz > 102! W Hz ™!, and that all the brightest, Mx < — 25.8, giant ellipticals are
associated with radio-emission, even if for one case this might be due to star-forming
processes. The same result has also been obtained by Grossova et al. (2022) who
extend the work of Dunn et al. (2010) by considering 42, very local (distance <100
Mpc), optically and X-ray brightest early-type galaxies observed with the highest
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CDFS+UDS

/

X-ray 88% X-ray 70%

//
X+Radio 10%
X+Radio 2%

Radio 10% Radio 20%
ALL AGN M.>10% M,,,, AGN
X-ray 906 X-ray 123

Radio 100 Radio 36

Both 26 Both 16

Fig. 1 Top panel: Venn diagram showing the relative number of AGN with spectroscopic redshifts in the
range 0.25<z<0.8, selected in the radio, X-ray, and near-infrared (NIR). Out of 122,
Lisgu, > 1028 W Hz™!, radio-AGN, only 6 are also detected in the X-ray (down to Ly = 10*? ergs
s71) and IRAC (down to Ly sum = 10% ergs s~1) bands. Similarly, out of 296 (199) X-ray-selected (IRAC-
selected) AGN, only 6 (6) are also detected at radio wavelengths. Bottom panel: Pie chart illustrating the
contribution of the different emitters to the total (radio+X-ray) AGN population obtained by combining
together the UDS and CDFS fields. The yellow areas correspond to X-ray emitters, the purple to radio
emitters while the green regions indicate the contribution from those AGN which simultaneously emit in
the radio and X-ray bands. The left-hand pie shows the case for AGN associated with galaxies of all stellar
masses, while that on the right corresponds to AGN residing within hosts with A, > 10'! M. Images
reproduced with permission from [top] Hickox et al. (2009), copyright by AAS; and [bottom] from
Magliocchetti et al. (2020), copyright by the authors

resolution VLA A configuration in the frequency range 1-2 GHz. Out of these 42
sources, 41 present detectable radio emission.

The discrepancy between the frequency of radio-AGN emission as obtained for
local massive galaxies by the aforementioned works and for higher-redshift AGN as
obtained by Hickox et al. (2009) is really striking (~ 5 vs ~ 100%). A number of
factors could contribute to this disagreement, such as galaxy type, nuclear/accretion
differences and/or redshift range. However, in the following we will mainly
investigate the effects of the host mass. Indeed, already 50 years ago, a number of
works had envisaged a strong correlation between the probability for a galaxy to be
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the host of a radio-active AGN and its optical luminosity (e.g., Colla et al. 1975;
Auriemma et al. 1977; Hummel et al. 1983). Best et al. (2005a) brought these early
works to a much more solid statistical grounding by presenting an analysis performed
for 420, z<0.1 radio-AGN brighter than 5 mJy (corresponding to a radio luminosity
limit of L; 461, =102 W Hz™! at z = 0.1), selected from the Faint Images of the
Radio Sky at Twenty centimeters (FIRST—Becker et al. 1995) and NVSS surveys,
and with spectroscopic information from the second data release of the Sloan Digital
Sky Survey (SDSS—York et al. 2000). Their results clearly showed that there is a
steady increase of the fraction of galaxies that host a radio-AGN with increasing
stellar mass M,. The functional form is of the kind Fugio—aGN X M*z'5 (which holds at
at all radio luminosities), until a plateau of about 30% is reached for M, = 107 M.
It is interesting to note that Best et al. (2005a) also observe a correlation between
Fragio—acN and central black hole mass, which is however shallower than what found
in the case of the host mass (oc ML0).

Mauch and Sadler (2007) use a z<0.15 sample of 2661 radio-AGN selected from
the NVSS survey with radio fluxes above 2.8 mly, magnitudes K > 12.75 and
spectroscopic redshifts from the 6 degree Field Galaxy Redshift Survey (6dFGRS—
Jones et al. 2004). These authors also find that the probability for a galaxy to host a
radio-AGN has a strong dependence on the K-band luminosity (proxy for the stellar
mass) of the host galaxy with a functional form Fyagio-acn = Fx( > P14) o< LE! (cf.
Fig. 2). At least ~60% ( ~ 100% if one includes upper errors) of their NIR brightest,
—26 <My < — 25, sources are found to have a radio-AGN counterpart down to
~ 102 W Hz"'. On the other hand, no correlation is observed between radio
luminosities and K-band magnitudes, since radio-AGN span a wide range in L 4Gpy
but are almost all found in the most luminous NIR galaxies.
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Fig. 2 Fraction of galaxies Fx( > P;4) which host a radio-AGN as a function of radio luminosity P; 4
calculated in four bins of absolute K magnitude (Mk) as labelled in the figure. Image reproduced with
permission from Mauch and Sadler (2007), copyright by the authors
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These results have been recently confirmed by the work of Sabater et al. (2019)
who use the LoTTS Data Release 1 (DR1—Shimwell et al. 2019) cross-matched
with the seventh data release of the SDSS (DR7—Abazajian et al. 2009) to identify
with various methods 2021, z<0.3, radio-AGN. Their study also shows a strong
dependence of the fraction of galaxies hosting a radio-AGN on their stellar mass and
radio luminosity. In the most extreme case of Ljsomm, > 10>! W Hz~! and stellar
masses M, > 10'! M, the analysis of Sabater et al. (2019) finds that such a fraction
reaches the value of 100% i.e.,—in agreement with the works of e.g., Brown et al.
(2011) and Capetti et al. (2022)—one has that @/l local massive galaxies are switched
on to a radio-emitting AGN. As in Best et al. (2005a), Sabater et al. (2019) also
conclude that the probability for a galaxy to host a radio-active AGN has a stronger
dependence on its host mass rather than on the mass of the powering black hole,
suggesting a tighter physical link between radio-activity and gas fuelling with respect
to nuclear properties. On a side, we further note that the same dataset used by Sabater
et al. (2019) indicates that the morphology of the host galaxy is also related to radio-
AGN activity, with sources with L;somp, > 102 W Hz~! more likely to be found
within massive, round galaxies, with respect to fainter radio-AGN hosts which
instead exhibit more elongated shapes with a distribution which is indistinguishable
from that of inactive galaxies with the same stellar mass content (Zheng et al. 2020).
This confirms the very early results of e.g., Heeschen (1970) and Hummel et al.
(1983).

Smolci¢ et al. (2009) repropose the Best et al. (2005a) analysis but at intermediate
(03<z<0.7) and high (0.7<z<1.3) redshifts for a sample of 610,
Liagu, > 1020 W Hz™! radio-AGN selected from the VLA-COSMOS survey
(Schinnerer et al. 2007). No evolution from the local results is found in the
intermediate-redshift range, while in the high-redshift range the fraction of galaxies
host of a radio-AGN is always higher than that derived up to z~ 0.7 for all galaxy
masses. This increase is however differential in the sense that low-mass galaxies at
z~1 present a stronger increment with respect to higher-mass ones. Very similar
results are obtained by Williams and Réttgering (2015) who present a study of the
evolution of the fraction of radio-active (L 4Guz > 10%* W Hz’l) AGN as a function
of their host stellar mass, spanning from z~0 to z~2. The comparison between
local and high-redshift observations is achieved by considering at z<0.3 the
catalogue of Best and Heckman (2012), while in the range 0.5 <z <2 a catalogue of
~ 1500 radio-AGN resulting from combining the VLA-COSMOS survey (Schin-
nerer et al. 2007) with Ks<23.4 sources selected from the COSMOS/UltraVISTA
survey (Muzzin et al. 2013). Also in this case, it is observed that the fraction of
galaxies host of a radio-AGN shows a clear increase with host mass and redshift,
with a functional form which goes as oc M27 in the local universe and as o< M at
1.5<z<2 (cf. Fig. 3). This implies that radio-AGN activity amongst galaxies of
different mass increases differently towards higher redshifts, with a more marked
increment (more than an order of magnitude) observed amongst galaxies of lower
(M.<10'75 M) mass. The radio-AGN fraction within higher mass galaxies
(M, > 10" M) instead stays roughly constant in time. In agreement with the
conclusions of SmolCi¢ et al. (2009), these trends are interpreted as being due to a
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Fig. 3 Fraction of galaxies hosting a radio-AGN with L; 46y, > 10%* W Hz™! (frr) as a function of their
stellar mass in the four redshift bins highlighted in the plot. The coloured lines show linear fits over the
stellar mass range 10'° < (M, /M) <10">. Image reproduced with permission from Williams and
Rottgering (2015), copyright by the authors

rising contribution of AGN accreting in the radiative mode (see later in this Section)
at those earlier epochs thanks to larger reservoirs of gas in lower-mass galaxies.

In terms of redshift evolution, it is also worth noticing that both Lin et al. (2017)
and Mo et al. (2020) report a strong increment of the fraction of radio-AGN within
galaxies residing in the proximity of cluster centers. In more detail, Lin et al. (2017)
analyse the recurrence of L; 4Gr, > 10?47 W Hz ™! radio-AGN detected with FIRST
in galaxies belonging to the 400, 0.3 <z<1, brightest clusters from the Subaru
Hypersuprime-Cam Survey (Aihara et al. 2018), finding that this is a steep function
of their stellar mass. Mo et al. (2020) obtain a similar result but based on 194,
Ly 4cuz > 102 W Hz ™!, FIRST-detected radio-AGN found within 500 Kpc from the
centres of clusters selected at 0.7 <z< 1.5 by the Massive and Distant Clusters of
WISE Survey (MaDCoWS—Gonzalez et al. 2019). They further report that the
fraction of radio-AGN within cluster galaxies is factor ~3 higher than within
galaxies of the same mass but in the field. Lin et al. (2017) instead observe that the
increased fraction of radio-AGN within large stellar mass galaxies at high, z= 0.8,
redshifts is due to blue massive galaxies, at variance with the predominance of red
galaxies inhabited by a radio-AGN at lower-z. In agreement with e.g., Smol¢i¢ et al.
(2009) and Williams and Roéttgering (2015), the authors conclude that this finding
hints to a switch in the dominant accretion mode powering cluster radio galaxies,
from cold/efficient at high-z to hot/inefficient at low-z (see below).

Recently, Magliocchetti et al. (2020) presented an analysis of 100 radio-emitting
and 907 X-ray emitting AGN from the two cosmological UKIDSS Ultra Deep Field
(UDS) and Extended Chandra Deep Field South (CDFS) regions, which showed that
the stellar mass of AGN hosts is a fundamental quantity which determines their level
of activity. Optical/NIR counterparts, together with precise redshift estimates (both
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spectroscopic and photometric) for these sources were taken from the VANDELS
survey (McLure et al. 2018; Pentericci et al. 2018). The depths of both radio
(Simpson et al. 2006; Miller et al. 2013) and optical/NIR observations ensure
completeness up to at least z ~ 3. By using this data it was then found not only that
all radio-AGN hosts are very massive, M, >10'3 M, galaxies, but that the
probability for an X-ray-selected AGN to also emit at radio wavelengths is a very
strong function of its host mass. Indeed, this increases from ~ 1 to ~ 13% when the
stellar mass goes from M, ~ 10'%3 M. to M, ~10''> M. Within the same mass
range, the chances for a radio-active AGN to also emit in the X-ray go from ~ 15
~45%, value which reaches ~ 78% in the deepest CDFS field. These findings,
summarized in the bottom panel of Fig. 1 to show the variations from the Hickox
et al. (2009) diagram for AGN of different masses, led the authors to conclude that
the mass of a galaxy host of an AGN plays a crucial role in determining the AGN
level of activity, not only in the case of radio emission alone, but even more so for
simultaneous emission in the various bands of the electromagnetic spectrum. No
dependence was instead found on the cosmological evolution of these sources (i.e.,
the probability that an AGN will be simultaneously active at both X-ray and radio
wavelengths is the same at all epochs) or on their luminosities (radio and/or X-ray),
accreting level of the black hole responsible for the AGN signal or even on the star-
forming activity of their hosts.

All the results presented so far clearly indicate that radio emission from an AGN is
strongly favoured within galaxies of large stellar mass. In the most extreme case of
local and very massive ellipticals there is a general consensus on the fact that almost
all them present radio emission at some level, mostly of AGN origin. On the other
hand, studies performed at high redshifts indicate that galaxies, especially those with
a lower stellar mass content, were more prone to host a radio-AGN than those in the
local universe. The reason for such a differential trend in host mass is not totally
understood, but could be explained by invoking different accretion properties (and
different cosmological evolutions) for radio-AGN within galaxies of different mass.
In this light, a possible connection could be envisaged with the two populations of
HERGSs and LERGs. As already briefly presented in the Introduction, radio-AGN can
be divided into high-excitation radio galaxies (HERGs) and low-excitation radio
galaxies (LERGs) according to the absence or presence and relative importance of
emission lines in their optical spectra (Hine and Longair 1979). HERGs (which also
include quasars) are believed to possess high accretion rates onto their super-massive
black holes (producing a total luminosity > 0.01 Lgqq, where Lgqgq is the Eddington
luminosity), as opposed to LERGs for which <0.01 Lg4q (see Heckman and Best
2014 for a review). It is further argued (e.g., Hardcastle et al. 2007) that the
difference between HERGs and LERGs is dictated by different sources of fuel. In the
first case black holes would accrete cold gas via an accretion disc which produces
radiation in an efficient manner, while LERGs would be fuelled by the accretion of
hot gas from the haloes of their host galaxies and surrounding environments through
advection-dominated flows (ADAFs, e.g., Narayan and Yi 1995) and release the
accretion energy in the form of jets or winds (e.g., Merloni and Heinz 2007).
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Given the differences between the two populations of HERGs and LERGs, it is
then worth investigating whether these also reverberate onto their host galaxies.
Indeed, in the recent years, more and more works have considered the host properties
of these two populations separately. Heckman and Best (2014) (see also Tadhunter
2016) present a detailed review of the LERGs vs HERGs distinction, so we refer the
reader to their work. Here we will just briefly summarize the most important findings
and concentrate on the more recent results which are mainly obtained at high
redshifts. It is observed that in the local universe HERGs appear within
systematically smaller, lower-mass and less concentrated galaxies than LERGs and
also exhibit higher levels of star-forming activity (e.g., Smol¢i¢ 2009; Smol¢i¢ and
Riechers 2011; Best and Heckman 2012). Furthermore (Jannsen et al. 2012), HERGs
are preferentially found within green (i.e., in the process of being quenched) and blue
galaxies, and — at all radio luminosities—the probability for a galaxy to host a LERG
exhibits a steeper dependence on its stellar mass (o< M2) with respect to a HERG
(o< M!). These results are also confirmed by IR observations which clearly show
that the vast majority of LERGs is associated with galaxies with WISE (Wright et al.
2010) colours that identify them as ‘early-type’, as opposed to HERGs whose hosts
are preferentially ‘late-type’ (Sadler et al. 2014), and also by the fact that HERGs are
typically about four times more luminous than LERGs in the FIR, 250 pm band
(Hardcastle et al. 2013).

On top of these differences, LERGs and HERGs are also found to present different
cosmological evolutions at least up to z~ 1 (e.g., Best et al. 2014; Pracy et al. 2016;
Butler et al. 2019), with LERGs substantially not evolving (or even showing negative
evolution, at least for low-luminosity sources, Best et al. 2014) and HERGs
presenting a strong degree of positive evolution (e.g., o (1 + 2)7 for a pure
luminosity evolution model in the work of Pracy et al. 2016). It is to be noted though
that there is some inconsistency between the different degrees of evolution as found
for the two classes of sources by the various works. Also, cf. Williams et al. (2018)
who find in the range 0.5 <z <2 no evolution for HERGs and a negative evolution at
all radio luminosities for LERGs.

From the above discussion it then appears that in the relatively local, z<1,
universe the hosts of LERGs and HERGs are quite different. Things however seem to
change at higher redshifts. Fernandes et al. (2015) use Spitzer information combined
with a SED-fitting approach on a sample of 27, z ~ 1 radio-AGN spanning the range
in radio luminosity 10%° <L;simu,/[WHz '] <10?® to find that HERG and LERG
hosts do not differ from each other, since they all present large
(10197 <M, /Mg <10'?) stellar masses. The only dichotomy shown by the
Fernandes et al. (2015) sample is in accretion modes, whereby HERGs accrete at
a much higher rate (A/Agqq 2 0.1), while virtually all LERGs cluster around the value
A/Ngqa ~ 0.01 (see also Giirkan et al. 2014 for similar results on accretion rates based
on WISE observations).

Delvecchio et al. (2017) consider radio sources from the VLA-COSMOS 3 GHz
Large Project (Smol¢i¢ et al. 2017b) down to a 1o sensitivity of 2.3 pJy. Available
excellent quality multi-wavelength information up to z~ 6 allows to sub-divide the
sample into 1604 high radiative luminosity AGN (HLAGN, close relatives of
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HERGS) and 1333 low radiative luminosity AGN (MLAGN, close relatives of
LERGs) which are then investigated at the different cosmological epochs. Although a
number of differences are observed between these two classes of sources also as a
function of redshift, when only radio-active HLAGN (i.e., the 30% of the HLAGN
population as selected by Delvecchio et al. 2017 which emit at radio wavelengths
because of the presence of a radio-active AGN and not ongoing star-formation within
the hosts) are considered, the Delvecchio et al. (2017) analysis shows that MLAGN
and HLAGN host properties are largely overlapping, with basically no difference in
either star-forming activity or (large) mass distributions at all cosmic epochs. Also,
no difference between the distributions of mechanical powers (obtained from AGN-
related radio emission) for these two classes of sources is observed.

Butler et al. (2018b) apply similar methods to those described in Delvecchio et al.
(2017) to select at 2.1 GHz and up to z~ 4 1729 LERGs, 1455 HERGs (out of which
296 are defined as radio-quiet by the authors, i.e., with radio emission powered by
star-formation) and 558 star-forming galaxies (SFGs) from ATCA observations of the
XMM extragalactic survey south field (XXL-S—Pierre et al. 2016; Butler et al.
2018a). 76% of the original radio sample is endowed with multi-wavelength
information. According to this study, LERGs and radio-active HERGs tend to reside
within hosts with substantially the same stellar mass content, gathering around a
median value of (M. ) ~ 10'! M., except for a more pronounced tail exhibited by the
distribution of HERGs at lower stellar masses. Larger differences are instead
observed in the star-forming properties of these sources, whereby LERGs are mainly
found amongst lower star-formation (about a factor 5 less) and redder galaxies than
HERGs. However, since the Butler et al. (2018b) analysis has been carried out
without a distinction between more local and more distant sources, it is not possible
to discern whether their results are due to intrinsic properties of the two HERG and
LERG populations or whether these originate from some cosmological evolution.
Indeed, LERGsS in the Butler et al. (2018b) sample dominate below z~ 1.2, while
they almost totally disappear at higher redshifts, when only HERGs are found.

Williams et al. (2018) instead consider 624 radio-AGN  with
Lisiviz > 102 W Hz ! in the redshift range 0.5 <z <2 as observed with LOFAR
on the Bodtes field (Williams et al. 2016). Multi-wavelength information for these
sources is used to classify 297 HERGs, 138 LERGs and 199 SFGs. The relative
relevance of these populations varies according to the considered redshift range
(more HERGs and SFGs beyond z = 1). At all redshifts, LERGs appear in massive,
M, 210" M, galaxies. Also HERGs are mainly hosted within massive galaxies, but
their distribution presents a tail towards lower, M,<10'"3 M. masses, especially
beyond z ~ 1. Furthermore, while below z~ 1 the u — r colours of the galaxies host
of LERGs and HERGs show marked differences, with LERGs being systematically
redder than HERGs, at higher redshifts there is a larger overlap since HERGs are
found within galaxies of all SFRs and LERGs shift to more star-forming systems. On
the other hand, while the fraction of LERGs within the general galaxy population
show no cosmological evolution—result that suggests the same fuelling mechanism
for this class of sources at all z<2 (Best et al. 2014)—that of HERGs instead
increases with redshift by a factor ~ 3 at all stellar masses. Also the functional form
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of the dependence of this fraction on the host mass is different, since Williams et al.
(2018) find Fragio_aGNn o M>~23 for LERGs, while in the case of HERGs the slope is
much flatter, going from the z<1 value of ~0.5to ~ 1.2 at z~ 2. Such a differential
evolution implies that beyond z ~ 1 the fraction of HERGs will always be higher than
that of LERGs, except for the most massive galaxies which will be as likely to host a
LERG as a HERG.

All the works considered so far converge at indicating that locally LERGs and
HERGs do not only differ in terms of their accretion properties but also for what
concerns their hosts, which are generally less massive, more star-forming and bluer
for HERGs with respect to LERGs. The situation is however less clear at redshifts
z2 1, since there seems to be no agreement between conclusions originating from
different studies. Indeed, in some cases it is found that HERGs are generally
associated to more star-forming galaxies than LERGs (result which once again would
hint to the need of cold gas to trigger efficient accretion), while in others it is instead
reported a substantial overlap between the colours (and therefore star-forming
properties) of these two populations. Furthermore, there does not seem to be much of
a difference for what concerns the masses of their hosts, possibly except for a tail in
the distribution of HERGs below M, ~ 10'%3 M. These results which generally
point to a less marked distinction between LERGs and HERGs with respect to what
observed in the more local universe, likely stem from the cosmological evolution of
the general galaxy population. Indeed, not only all galaxies become more star-
forming as cosmic noon is approached, but also star-formation activity preferentially
shifts to more massive systems (the so-called cosmic downsizing, e.g., Cowie et al.
1996). Another issue that should also be taken into account when comparing local
with high-redshift (and also high-redshift with high-redshift) results is that, while in
the local universe the LERG-HERG classification is based on the spectral properties
of these sources, for z=0.5 it mainly has to rely on less precise multi-wavelength
photometric information and on various selection methods. This gives rise to samples
of LERGs and HERGs that might not only differ from each other, but that are also
more contaminated than local ones.

3.2 What causes the FRI-FRIl dichotomy?

From the radio morphological point of view, FRI and FRII galaxies look very
different, with the first population appearing as ‘edge-darkened’, while the second
one—generally more luminous and more extended (up to Mpc scales) than FRIs and
presenting small-scale high surface brightness regions (the so-called hot spots)—as
‘edge-brightened’. The remarkable result obtained by Fanaroff and Riley (1974) was
that this morphological classification was strongly related to radio luminosity, with
sources fainter than Lyogmp, = 102 W Hz~! being almost all FRIs, while for
Laosmp, > 1027 W Hz ! the overwhelming majority of the sources showed FRII
morphologies. Whether this dichotomy, and radio morphology in general, are also
the result of factors other than radio luminosity has been the subject of debate for
many years (e.g., Fabbiano et al. 1989). In this section we mainly aim at investigating
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the role of the host galaxies. Eventual differences in their environmental properties
will then be discussed in Sect. 4.

Early works showed that, while FRI galaxies were associated to giant ellipticals,
the hosts of the radio-brighter FRIIs presented lower optical luminosities and smaller
sizes (e.g., Lilly et al. 1984; Lilly and Prestage 1987; Owen and Laing 1989; Owen
and White 1991; Baum et al. 1992; Ledlow and Owen 1996; Zirbel 1996). Their
main conclusion was that, since FRIs were also mostly associated with the dominant
galaxy (roughly coinciding with the BCG) in relaxed groups or clusters of galaxies,
while FRIIs mainly appeared in disturbed galaxies, then these two classes of sources
could not be different evolutionary stages of a single object. One possible
explanation for this different behaviour (e.g., Heckman et al. 1986) was attributed
to different fuelling mechanisms, with FRII galaxies being the product of collision or
merger of galaxy pairs, while FRIs would result from accretion of an intracluster
medium. On the other hand, other works (e.g., Zirbel and Baum 1995; Baum et al.
1992) suggested that intrinsic different properties of the central engine should be the
main driver of the difference between FRI and FRII galaxies. On top of this, Ledlow
et al. (1998) (see also Ledlow et al. 2001) reported one of the first evidence for the
existence of powerful (L;4gH, > 10°* W Hz™!) FRIs hosted by spiral galaxies,
proving that—although enormously more common—not all FRIs reside in elliptical
galaxies even in the very local universe. It was then clear that the distinction between
FRI and FRII sources was everything but a clear-cut case.

In a seminal paper, Ledlow and Owen (1996) consider observations taken from
the literature in the redshift range z = 0.01 — 0.5 and for different environments to
investigate the dependence of radio morphology on both radio luminosity and optical
luminosity of the hosts. It was found that the FRI/II division was a strong function of
the optical luminosity of the host galaxy, with radio-AGN above the dividing line
Liagio 0¢ Lo being all FRIIs, while those below it being all FRIs. This implied that
FRI galaxies could also be found at radio powers equivalent to FRII sources but in
galaxies one or two magnitudes brighter (cf. left-hand panel of Fig. 4), and more
importantly suggested that “the optical luminosity and the properties of the host
galaxy are the most important parameters which affect radio source formation and
evolution”, even though no strong dependence of the AGN radio luminosity on the
host optical luminosity was reported. On the other hand, in the same work it was also
noticed that when considering a more homogeneous and local sample of sources
within a cluster environment, some (although very few) FRII galaxies lay below the
FRI/FRII dividing line (cf. right-hand panel of Fig. 4). Not much could be however
concluded from this finding, given the general paucity of FRII sources. The plot of
Ledlow and Owen (1996) quickly gained high visibility and Ghisellini and Celotti
(2001) converted it into an AGN-power vs black hole mass relation, with the
dividing line between FRI and FRII sources representing a constant ratio between
AGN power and Eddington luminosity of the black hole. This suggested the FRII-
FRI dichotomy to be determined by a change in the accretion mode, from a
radiatively efficient to an inefficient one, possibly in connection with the ageing of
the FRII population. We will get back to the ageing issue later in this section.
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Fig. 4 Left-hand panel: FRI/II diagram for a sample of objects taken from the literature. Right-hand panel:
FRI/II diagram for radio-AGN within the Ledlow and Owen (1996), z<0.25 cluster sample. Images
reproduced with permission from Ledlow and Owen (1996), copyright by AAS

As already noted by the authors themselves, the work of Ledlow and Owen (1996)
though suffered from a number of biases due to the fact that they used a highly
heterogeneous sample of sources taken from the literature. As a result of that, the
population of FRI galaxies lay at redshifts z< 0.1, while FRIIs were generally found
beyond z = 0.25. Due to a strong redshift-luminosity correlation, this generates a
Malmaquist bias (only brighter sources are visible at higher redshifts) which is very
difficult to disentangle from physically-based effects (e.g., Singal and Rajpurohit
2014). Best (2009) repeated the Ledlow and Owen (1996) analysis for their much more
homogeneous sample of ~ 1000 local FIRST and NVSS galaxies endowed with a
SDSS counterpart which exhibited extended radio morphologies. Although most of the
sources above the Ledlow and Owen (1996) limit were indeed FRII galaxies, while
below it they were more likely FRIs, a very large overlap between these two
populations in the region below the dividing line was observed. Best (2009) showed
that FRIIs in the overlapping region were on average smaller in the radio maps than
FRIs. No further difference was instead found in terms of black-hole or host galaxy,
apart from a tendency for the hosts of FRIs to be more extended. According to Best
(2009), this led to the conclusion that more massive and more extended galaxies are
more likely to disrupt the radio jets, therefore leading to an FRI morphology.

Lin et al. (2010) also consider a homogeneous sample of ~ 1000, FIRST and
NVSS z<0.3 radio-AGN classified according to both their radio morphology and
nuclear emission line activity. Similarly to the Best (2009) (but see also Wing and
Blanton 2011) results, they find that FRI and FRII sources overlap in their host
galaxy properties, except for the sub-class of very extended and high emission-line
luminosity FRIIs which are hosted by lower mass galaxies, live in relatively sparse
environments, and likely have higher accretion rates onto their central supermassive
black hole. Based on these results, Lin et al. (2010) discuss the possibility of radio
morphologies being determined by the joint effect of nuclear accretion (playing the
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primary role) and environment, with bright FRIIs originating from high-accretion
rates and FRIs from low-accretion rates within dense galactic structures.

An entirely different point of view was instead provided by Sadler et al. (2014)
who analyse 202, <z = 0.058 > radio-AGN selected at 20 GHz with counterparts
from the 6dFGRS. Although with some overlap between the two classes of sources
(46 FRIs and 16 FRIIs), Sadler et al. (2014) indeed confirm the Ledlow and Owen
(1996) relation to hold even at high frequencies. Furthermore, these authors observe
that the FRIIs and FRIs belonging to their sample exhibit marked differences in terms
of MIR/WISE (Wright et al. 2010) colours of the host galaxies, as ~ 93% of FRIs
were found within the population of early-type galaxies, while ~ 93% of FRIIs were
found to be associated with late-type (i.e., star-forming galaxies and quasars)
galaxies. This clearly indicated a near-complete dichotomy between the hosts of FRI
and FRII sources.

The reason for such a disagreement between the findings of Sadler et al. (2014)
and those of e.g., Best (2009) and Lin et al. (2010) is unclear, as all of them refer to
homogeneous samples of local galaxies so that systematic biases should be minimal.
Part of the difference could be due to the different flux limits (40 mJy for the AT20G
survey used by Sadler et al. (2014) vs 2.5 mJy for NVSS) and to slightly different
classification schemes adopted in the different works. On the other hand, another
possibility could be the selection at different frequencies, since it is known that—
unlike those carried out at v<1.4 GHz—high-frequency surveys preferentially
include flat-spectrum sources (e.g., De Zotti et al. 2010; Massardi et al. 2011). To test
for this effect, we can refer to the results of Vardoulaki et al. (2021) who investigate
the FRI-FRII dichotomy by considering 59 FRII, 39 FRI and 32 hybrid FRI/FRII
galaxies spread between redshift 0 and ~2.5 (peak in the distribution at z~ 1),
selected at 3 GHz in the COSMOS field (Smol¢i¢ et al. 2017b). However, despite a
selection frequency higher than 1.4 GHz (although not by a large amount), at
variance with Sadler et al. (2014), no difference either in the hosts or in the
environments (cf. Sect. 4.2) of these two populations was reported. It should however
be kept in mind that the Sadler et al. (2014) analysis was carried out for very local
sources, while that of Vardoulaki et al. (2021) embraces objects up to z~2.5,
therefore including any possible cosmological evolution of the FRI and FRII
populations. Interestingly enough though, Vardoulaki et al. (2021) find that as many
as ~ 50% of the sources in their sample classified as FRIIs at 3 GHz are recognised
as FRIs at 1.4 GHz. The authors attribute this effect to the combination of higher
sensitivity and resolution of the 3 GHz sample with respect to those of other 1.4-GHz
surveys, or alternatively to synchrotron ageing/losses, although the small frequency
difference disfavours this second option. Whatever the reason, given the unexplained
disagreement between the FRI vs FRII results obtained at 20, 3 and 1.4 GHz, this is
an issue that should be carefully better investigated with further data to come.

Mingo et al. (2019) provide the most comprehensive analysis to date of the FRI-
FRII dichotomy based on both radio luminosity and host properties. Their sample
include 5805 extended radio-AGN from the LoTSS DRI1. 1213 FRIs and 345 FRIIs
were subsequently identified via automatic tools complemented by visual inspection
at z<0.8, where this redshift limit was chosen to minimise selection biases,
including that of host galaxy coverage. Their analysis clearly shows that there is a
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huge overlap between the properties of the two FRI and FRII populations. Indeed,
while about only 10% of FRIs lie above the radio luminosity break identified by
Fanaroff and Riley (1974), as many as 63% of FRIIs are found below that limit. FRII
galaxies appear to fill the entire Ledlow and Owen (1996) plane, just as a non-
negligible fraction of FRIs is located on its top half (top panel of Fig. 5). The relevant
sub-population of low-luminosity FRIIs (i.e., FRII galaxies below the Ledlow and
Owen 1996 dividing line) was further compared to its high-luminosity counterpart
matched in redshift and distribution of physical sizes, finding that both samples share
the same properties, except for host K-band luminosities (proxy for stellar mass):
low-luminosity FRIIs are observed to inhabit fainter (i.e., smaller) galaxies than those
hosting higher-luminosity FRIIs. Based on this result, the authors conclude that the
majority of radio-faint FRIIs are indeed sources inhabiting relatively sparse
environments that prevent their radio jets from being disrupted, at variance with
what is expected to happen to FRI sources which are mainly found to reside within
overdense structures. Mingo et al. (2019) explain the general absence of low-
luminosity FRIIs from early works as due to the combination of high flux limits of
the e.g., 3CR survey (Bennett 1962, see Laing et al. 1983 for an updated version) on
which these previous studies were mostly based, together with the rarity of such
sources in the local universe (bottom panels of Fig. 5).
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Fig. 5 Top: the relationship between radio morphology, radio luminosity, and host-galaxy magnitude (a
‘Ledlow & Owen’ plot). The black line indicates the luminosity above which the normalized probability of
finding an FRII exceeds that of finding an FRI. Bottom row: the same sample split into three redshift bins,
with dashed lines indicating the break luminosity determined for each redshift slice, and the solid lines
showing the full-sample relation as in the upper panel. Image reproduced with permission from Mingo
et al. (2019), copyright by the authors
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3.2.1 HERGs vs LERGs and the FRI-FRII dichotomy

So far we have only concentrated on radio morphology, with the distinction into FRI
and FRII classes of sources. However, as already seen in Sect. 3.1, radio-AGN can
also be sub-divided into HERGs and LERGs. To a zero-th order approximation, FRI
galaxies are closely connected to LERGs while FRIIs are strictly related to HERGs.
Indeed, in most cases, FRIs and LERGs share the same host properties just as FRIIs
and HERGs do, with FRIs and LERGs generally appearing within massive red and
passive ellipticals, while FRIIs and HERGs within relatively lower-mass, bluer star-
forming galaxies (e.g., Baldi and Capetti 2008; Smol¢i¢ 2009; Buttiglione et al.
2010; Jannsen et al. 2012; Best and Heckman 2012; Hardcastle et al. 2013).
However, differences exist, in the sense that it is not unlikely to find mixed
populations of sources, especially FRIIs which are also LERGs (e.g., Laing et al.
1994; Tadhunter et al. 1998; Hardcastle et al. 2006; Sadler et al. 2014; Capetti et al.
2017b; Mingo et al. 2022). It is then worth investigating the properties of FRI and
FRII galaxies also in connection with their HERG/LERG distinction.

For instance, it has been known for some years (e.g., Chiaberge et al. 1999, 2000;
Baldi et al. 2010) that the FRI-FRII distinction is not univocally connected with the
properties of the nuclei of these sources, since while FRIs of all luminosities are a
substantially homogeneous population—with optical/NIR and radio core luminosi-
ties being strongly correlated—FRIIs show a much more complex behaviour, with
~30—-50% of them exhibiting nuclear properties typical of FRI galaxies. This
indicates a common structure of the central engine despite the differences in radio
morphology and radio power. More recently, Buttiglione et al. (2010) presented
spectroscopy for a z< 0.3 sample of 104 3CR sources. And while they do reproduce
the Ledlow and Owen (1996) result (but with the caveat of sampling radio-bright
sources), they also find a large fraction (~30%) of FRII galaxies associated with
LERG nuclei, with LERGs spanning all the probed radio luminosity range. On the
other hand, HERGs were only observed in association with radio-bright FRII
sources. About ~30% of HERGs showed prominent broad lines in their optical
spectra, while this does not happen in any of the LERGs. A substantial superposition
of the host galaxy luminosities is also reported. Based on these results, Buttiglione
et al. (2010) conclude that the LERG vs HERG dichotomy is dictated by different
accretion modes set by the initial temperature of the infalling gas (hot vs cold, see
also Best and Heckman 2012).

Capetti et al. (2017a, 2017b) present two catalogues of 219 FRI and 122 FRII
galaxies selected at z<0.15 from the Best and Heckman (2012) sample. In
agreement with some of the previous works, they found that, while the population of
FRI hosts is remarkably homogeneous, being composed by all luminous red early-
type galaxies, spectroscopically classified as LERGs and containing large mass black
holes, FRIIs do behave very differently. First of all, in the Capetti et al. (2017b)
sample, only 10% of FRIIs are HERGs, all the remaining sources being classified as
LERGs. Furthermore, 75% of them lie below the dividing line identified by Ledlow
and Owen (1996). FRII LERG hosts also exhibit properties which are very similar to
those of FRIs, being once again all luminous red elliptical galaxies, hosting massive
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(M =108 M) black holes. Even the median radio luminosity of FRII LERGs was
observed to be only a factor ~ 3 higher than that measured in FRIs. On the other
hand, in agreement with Lin et al. (2010), the few FRII HERGs are found to be very
different from the other two sub-populations, since they are associated with lower
mass black holes and with hosts which are fainter, optically bluer and MIR redder. At
variance with the Ledlow and Owen (1996) but also with the Mingo et al. (2019)
results, the main conclusion of Capetti et al. (2017b) is that radio morphology is not
related to different properties of the host galaxy, except in the rase cases of FRII
HERGsS. Similar results on the independence of radio morphology on the host galaxy
properties has been recently obtained by Jimenez-Gallardo et al. (2019) by
comparing their sample of local, small extension (<60 Kpc), FRII galaxies to that
of FRI galaxies from Capetti et al. (2017a), as both populations are spectroscopically
classified as LERGs and found to be hosted in red, early-type galaxies.

Miraghaei and Best (2017) also consider FRI and FRII galaxies and their sub-
division into LERGs and HERGs. The FRI/FRII dichotomy was investigated by
studying a sample of 108, z< 0.1 FRI LERGs and FRII LERGs with the same stellar
mass and total radio luminosity distribution, drawn from the FIRST and NVSS
catalogues with a flux cut of Fjsgu, > 40mly. At variance with the results of
Capetti et al. (2017b) and Massaro et al. (2019, 2020), it is found that FRIs reside in
richer environments (cf. Sect. 4), are hosted by smaller galaxies with higher
concentration, higher mass-surface density and higher black hole-to-stellar mass ratio
than FRIIs. These findings lead the authors to conclude that their data prefers models
employing extrinsic parameters (i.e., jet disruption by the interstellar and intergalactic
media) rather than intrinsic ones (e.g., nuclear or jet content) to explain the FRI/FRII
dichotomy. At the same time, HERGs are found in more star-forming and disky
galaxies, supporting the theory that AGN fuelling source is the main origin of the
HERG/LERG dichotomy.

A still different point of view is that provided by Macconi et al. (2020) and Grandi
et al. (2021) who investigate the FRI-FRII dichotomy from the jet-accretion system
point of view, the former authors concentrating on brighter 3CR sources, Grandi et al.
(2021) instead re-considering the Capetti et al. (2017a, 2017b) samples. After
restating that in the local, z<0.15 universe lowering radio fluxes leads to the
appearance of a large number of FRII LERGs which were basically unobserved in
brighter surveys (cf. Fig. 6), Grandi et al. (2021) find that the majority of the
analyzed radio sources (excluding the very few FRII HERGs) are at a late stage of
their life, both in terms of host properties (which exhibit evolved stellar populations)
and accretion capabilities (more massive black holes producing an inefficient
engine). This evidence makes the authors envisage an evolutionary scenario whereby
FRII-LERGs are aged FRII-HERGs (see also Tadhunter 2016), even if other
explanations such as intrinsic differences related to the black hole properties (e.g.,
spin or magnetic field at its horizon) cannot be excluded. According to this theory,
once the nuclear cold fuel has been consumed, the accretion configuration becomes
hot and inefficient, even though the extended radio structures still maintain traces of
the past activity. Eventually, the ageing process will move along the lobes and these
sources will ultimately turn into FRIs.
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Fig. 6 Fraction of FRI and FRII radio galaxies with z<0.15 in the 3CR (left panel) and in the Capetti et al.
(2017a, 2017b) (right panel) catalogues. The relevance of LERGs dramatically increases moving down to
fainter sources. Image reproduced with permission from Grandi et al. (2021), copyright by the authors

At the time of writing, the last word on the FRI-FRII vs LERG-HERG dichotomy
is that presented by Mingo et al. (2022), who consider a sample of 287 (161 FRIs and
126 FRIIs), z<2.5 sources, selected within the LOFAR Two Metre Sky Survey Deep
Fields dataset (Tasse et al. 2021; Kondapally et al. 2021; Duncan et al. 2021; Sabater
et al. 2021) to have large ( > 27 arcsec) separations between their components.
Reliable SED information on which to base the LERG/HERG classification is also
provided (Best et al. 2022 submitted). 21 sources (out of which 19 FRIIs) are found
with sizes grater than 1 Mpc (the so-called giant radio galaxies or GRGs, e.g.,
Dabhade et al. 2020), showing a non-negligible contribution of this sub-population to
the extended source radio counts in deep enough radio surveys. In agreement with
previous works, 95% of FRIs are found to be LERGs, while 29% of FRIIs are
HERGsS, the remaining being associated to the sub-class of LERGs. According to the
authors, the fact that LERGs are the dominant sub-population across all morpho-
logical types and radio luminosities argues against either accretion mode or jet power
as the cause for large-scale radio-morphology. Further, by analysing a sample of FRI
and FRII galaxies within the same radio luminosity range, it has been observed that
FRIIs inhabit less massive galaxies than FRIs. At the same time, HERGs are strongly
favoured within systems with high specific star formation rates (sSFRs). Based on
these pieces of evidence, Mingo et al. (2022) conclude that it is the properties of the
host galaxy that determine the characteristics of the radio-AGN inhabiting its center,
with mass mainly controlling the FRI-FRII dichotomy and gas availability (as
inferred from the sSFR) in charge of the LERG vs HERG distinction.

With the data currently at hand, which also includes evidence for a class of hybrid
double sources, with a FRI jet on one side and a FRII lobe on the other (e.g.,
Harwood et al. 2020 and references therein) and also examples of FRI galaxies with
clear quasar nuclei (e.g., Heywood et al. 2007), it is clear that we are far from
reaching a consensus on the physical processes that determine the different
morphologies in radio-AGN. In particular, two distinct scenarios for the FRI-FRII
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dichotomy have emerged. The first one attributes differences in radio morphology to
the large-scale properties (i.e., host galaxy and environment) of radio-AGN which are
expected to influence the interaction of the radio jet with the external medium (e.g.,
Ledlow and Owen 1996; Zirbel 1996; Kaiser and Best 2007; Wing and Blanton
2011; Miraghaei and Best 2017; Mingo et al. 2019, 2022). According to this
scenario, differences between HERGs and LERGs would instead be dictated by
different fuelling mechanisms, with HERGs powered by accretion of cold gas,
provided by e.g., a recent merger with a gas-rich galaxy (e.g., Jannsen et al. 2012),
while LERGs accrete hot intergalactic gas from dense environments at a low rate,
with fuelling from major mergers being strongly disfavoured by recent observations
(e.g., Ellison et al. 2015)

On the other hand, other works do not observe any difference in the host and/or
environmental properties of FRI and FRII galaxies except in the rare cases of FRII
HERGsS (e.g., Lin et al. 2010; Capetti et al. 2017b; Jimenez-Gallardo et al. 2019;
Massaro et al. 2019, 2020; Vardoulaki et al. 2021), so that an alternative mechanism
for their large-scale radio behaviour has to be invoked. In this second scenario,
ageing processes can be thought as the main driver for the observed morphological
differences, with an evolutionary pattern that proceeds from FRII HERGs that switch
from efficient to inefficient accretion due to gas starvation and transform themselves
into FRII LERGs, sources that still maintain their large radio structures thanks to the
past nuclear activity at high efficiency (e.g., Ghisellini and Celotti 2001; Tadhunter
2016; Macconi et al. 2020; Grandi et al. 2021). The switch off/change in accretion
mode will eventually show in the radio morphology with the delay needed to reach
Kpc-to-Mpc distances, and the source will ultimately turn into an FRI galaxy.

3.3 Are radio-AGN all hosted in red and dead galaxies?

As we already saw in Sect. 3.1, at low—z< 1—redshifts, galaxies hosting radio-AGN
are dominated by well evolved stellar populations (age ~ 8-14 Gyr—e.g., Nolan
et al. 2001; Best et al. 2005a), exhibit a general absence of ongoing star-formation (e.
g., Siebenmorgen et al. 2004; Dicken et al. 2012) or—when present—normally lower
than the hosts of their radio-quiet counterparts (e.g., Hardcastle et al. 2010; Chen
et al. 2013; Virdee et al. 2013; Giirkan et al. 2015; Pace and Salim 2016), have rather
low dust/gas masses (e.g., Knapp and Patten 1991), and lie in the same region of the
fundamental plane as normal inactive ellipticals (e.g., McLure et al. 1999). Although
differences according to radio-AGN type have been found—with HERGs being on
average associated to a factor ~ 2-3 higher star-forming activity than LERGs (e.g.,
Hardcastle et al. 2013; Giirkan et al. 2015)—the above pieces of evidence have
prompted the introduction of the so-called radio-mode feedback in theoretical
simulations to halt star-formation in massive galaxies and produce the locally
observed ‘read and dead’ population of ellipticals (e.g., Croton et al. 2006; Bower
et al. 2006; Best et al. 2006; Fanidakis et al. 2012; Weinberger et al. 2018; Smolci¢
et al. 2017a), both in terms of physical properties and number density. According to
this paradigm, the accretion of matter onto a radio-active AGN does not lead to a
powerful radiative output, but rather to the production of highly energetic jets that
can heat (or even expel) the cold gas within galaxies and suppress star-formation.
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Cosmological evolution for these sources is however expected from theoretical
grounding, and since long-standing evidence suggests that the most of the hosts of
radio-AGN have evolved only passively since at least z~ 1 (e.g., Lilly and Longair
1984; Best et al. 1998; McLure and Dunlop 2000; Jarvis et al. 2001), this means that
their epoch of formation must be pushed back to higher redshifts, likely earlier than
the so-called ‘cosmic noon’ at z~ 2 when both galaxies and AGN experienced the
peak of their activity (cf. Madau and Dickinson 2014 for a review on this topic). As a
consequence of this scenario, both the gas mass and star forming activity within the
hosts of radio-active AGN should be strongly increasing functions of redshift as one
approaches z 2.

Indeed, observational evidence for increased star-forming activity with look-back
time is presented already between z < 0.3 and z~ 0.6 by e.g., Chen et al. (2013) for
their sample of 1600, M, > 10''* M, radio-active AGN selected from FIRST and
NVSS (cf. Fig. 7). Strong evidence for powerful star-formation was also provided by
rest-frame UV observations of the hosts of 13 high-redshift (2<z<4) radio galaxies
(Pentericci et al. 1998, 1999, see Miley and De Breuck 2008 for a review) which
showed morphologies characterised by clumpy structures—Ilikely the sites of
ongoing star-formation—or by observations of the z = 3.8, 4C 41.17 radio galaxy
which returned estimates for the rate of ongoing massive star formation activity,
~10° M, year~! (Dey et al. 1997). And, as already discussed in Sect. 3.1, also the
works of e.g., Smol¢i¢ et al. (2009), Williams and Réttgering (2015) and Lin et al.
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Fig. 7 Fraction of actively star-forming galaxies as a function radio luminosity. The dashed and solid lines
respectively indicate radio-AGN (RL) and the radio-quiet (RQ) control samples, matched in redshift, stellar
mass, spatial location and velocity dispersion. High-redshift data (represented in red) refer to z ~ 0.6, while
low-redshift data to z<0.3. Image reproduced with permission from Chen et al. (2013), copyright by the
authors
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(2017) hint to a switch in the host properties of radio-AGN towards more star-
forming systems at z > 1.

However, it has been only with the advent of facilities such as Spitzer (Werner
et al. 2004), Herschel (Pilbratt et al. 2010) and the Sub-millimetre Common User
Bolometer Array (SCUBA, Holland et al. 1999) which allowed to systematically
sample the infrared (both near and far) and sub-millimetre skies to high sensitivity
levels, that it has become more and more clear that—especially at high, z > 1.5,
redshifts—radio-active AGN often cohabit with episodes of intense star-formation.
Archibald et al. (2001) observed in the sub-millimetre 47 bright
(L151mu, 210 W Hz ' sr!) radio galaxies in the redshift range 0 <z <5, finding
that their typical sub-millimetre luminosities (and hence dust masses) were a strongly
increasing function of redshift, with Lgsoum o< (1 + 2)3, in line with the hypothesis of
enhanced star-formation within radio-AGN hosts at earlier cosmological epochs.
Reuland et al. (2004) expanded on the work of Archibald et al. (2001) by adding 24
radio-AGN, many of which at z > 3. They confirmed the Archibald et al. (2001)
conclusion for a strong redshift evolution of the sub-millimetre luminosity of these
sources, found to be associated with intense star-forming activity, with rates of up to
a few thousand M, year~!. Seymour et al. (2007) instead used Spitzer observations
at all available wavelengths for 69 radio-AGN with L3gy, > 10°° W Hz™! and
1 <z<5.2. In agreement with the previous works, it was concluded that these
sources not only are associated to very massive, M, ~ 101102 M, galaxies, but
also that most of them can be classified as Luminous Infrared Galaxies (LIRGs) or
even as Ultra-Luminous Infrared Galaxies (ULIRGs), given that they exhibit MIR
luminosities > 10'' L. Magliocchetti et al. (2008a) come to the same conclusion
for concurrent AGN and star-forming activity in their sample of z~ 1—3 radio
sources observed with Spitzer at 24 um in the First Look Survey field (Fadda et al.
2004). Rawlings et al. (2013) also derive from MIR, Spitzer spectroscopy of seven,
1.5<z<2.6, very powerful (Lsoompz = 10?78-10%1 W Hz!) radio-AGN extre-
mely high star-formation rates, of up to ~ 103 M, year™!, with no significant
correlation between radio emission and star formation activity.

A leap forward in the field though is provided by the work of Seymour et al.
(2011) who use both Herschel-SPIRE (Griffin et al. 2010) and Spitzer data for a
sample of 32 powerful radio sources with L 4G, = 10%-10%3 W Hz ! to derive
their total (i.e., [8-1000] pum) infrared luminosities. Data were subdivided into
moderate-redshift (0.4 <z <0.9) and high-redshift (1.2 <z < 3) sub-samples and then
compared to local (z<0.1) 3CRR sources with available Spitzer information (Dicken
et al. 2010). By also taking into account 250 pm non-detections, Seymour et al.
(2011) estimate the total mean star-formation rates for the three sub-samples to be:
~3.7,29.5411.6 and 581 + 143 M, year~! respectively at low-, moderate- and
high-redshift (cf. Fig. 8). This implies an extremely steep increase of the star-
formation activity associated with radio-AGN, SFR (1 + 2)4‘&0'8, with a degree
of evolution larger than what observed for the general population of star-forming
galaxies. According to the authors, this might indicate that at least some of the
inferred star formation may be directly associated with the AGN radio outputs,
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Fig. 8 Range of mean SFRs plotted as a function of redshift for radio-AGN with
10% < (L1 46u,/WHz ') <10 (shaded regions). The open rectangles indicate the results from
Hardcastle et al. (2010) using Herschel observations of sources with a similar range of radio
luminosities. The points with error bars present the approximate mean SFRs of X-ray-selected AGN
over the range of redshifts indicated from Lutz et al. (2010) (open circle) and Shao et al. (2010) (asterisk).
Image reproduced with permission from Seymour et al. (2011), copyright by the authors

although no dependence of the star-formation activity on radio luminosity is reported
for these sources. Drouart et al. (2014) also considered [3.6-870] pm multi-
wavelength information for a sample of 70, Ligu, > 10 W Hz! radio-AGN
spanning the range 1 <z<5.2, finding that almost all the hosts are ULIRGs with total
infrared luminosities L > 10'2L., corresponding to SFRs of up to
5000 M, year~'. Again, no connection was found between IR and AGN luminosity.
These authors also report higher levels of star-forming activity in radio-AGN atz > 2
with respect to their lower redshift counterparts, as well as a faster growth in terms of
stellar assembly when compared to the population of inactive, z= 2, star-forming
galaxies (cfr. Weinmann et al. 2011 and references therein). A very similar result is
obtained by Podigachoski et al. (2015) who concentrate on a complete sample of 64,
z>1, 3CR sources. The median infrared luminosity for these radio-AGN is
estimated from Herschel and Spitzer observations to be (Lir)~2 x 102 L,
corresponding to SFRs ~ 1001000 M, year~!. Also, in agreement with Seymour
et al. (2011) and Drouart et al. (2014), no strong correlation between AGN activity
and luminosity due to star formation is found.

These results provide clear, breakthrough evidence for intense star forming
activity ongoing within galaxies hosting a radio-AGN at high, z=1, redshifts.
However, they are all limited to the bright end of the luminosity distribution at both
radio and FIR wavelengths, and therefore by construction miss the bulk of the
population of radio-AGN, both in terms of faint radio emission and low,
<100 M., year~!, star-formation rates. Magliocchetti et al. (2014b, 2016, 2018a)
fill this gap by considering radio-AGN selected in the deepest cosmological fields
known to date (COSMOS—Magliocchetti et al. 2014b, 2018a and GOODS North,
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GOODS South and Lockman Hole—Magliocchetti et al. 2016). These fields not only
are covered with extremely deep 1.4 GHz and Herschel observations (fluxes down to
~ 6 ply and 0.9, 0.6 and 1.3 mJy, respectively at 1.4 GHz and 70, 100 and 160 pm),
but can also rely on a huge amount of multi-wavelength information. Furthermore,
since observations on COSMOS are somehow shallower but obtained on a larger
area than those on the other three fields, the combination of them allows for the first
time to probe, with a good statistical significance, both the mid- and faint-luminosity
regimes. The total number of radio-AGN selected on the basis of their radio
luminosity (cf. Sect. 2) on the four fields is ~ 800, 325 of them with a FIR
counterpart in the deep PACS Evolutionary Probe (PEP—Lutz et al. 2011) maps. The
percentage of FIR identifications greatly varies as a function of FIR depth across the
fields, from 39% in the shallower COSMOS, to 72% in GOODS North. No
dependence is instead found on either radio flux or redshift, at least for z<3.5. In
agreement with all previous studies, the authors find that the hosts of these sources all
exhibit very large stellar masses, with 90% of them with M, > 10'%5 M, and 50%
with M, > 10" M. Also, irrespective of the level of radio-AGN activity, FIR
emission was proved to stem from star-forming processes ongoing within the host
galaxies and not observed to affect the AGN output, at least at radio wavelengths.
More importantly, the Magliocchetti et al. (2014b, 2016, 2018a) analyses clearly
indicate that the level of star-forming activity within the hosts of radio-AGN presents
a dramatic increase with look-back time, and that relatively powerful radio-AGN
much more likely cohabit with a star-forming event at the earliest epochs: indeed, if
the probability for FIR emission from the z<1 host of a Ljsgu,
~103W Hz 'sr™! (L146H, ~ 1023 W Hz 'sr™') AGN is ~ 0% (~20%), this
becomes ~40% (~50%) at z > 2 (cf. the top panel of Fig. 9). Furthermore, the
deep data available for the Lockman Hole and the two GOODS fields shows that
virtually all radio-AGN beyond z ~ 1 co-exist with a star-formation event of intensity
as low as SFR~ 10M, year~', which proceeds independently of AGN radio
luminosity (cf. bottom panels of Fig. 9). These findings put together then imply that
negative feedback is present in radio-AGN hosts on/y in the local, z < 1 universe, and
with an effectiveness that strongly decreases for decreasing AGN radio power.

As a last step, it also worth highlighting a number of works that have recently
made use of IR information to investigate the star formation histories of samples of
radio-AGN not selected uniquely in radio luminosity as those presented so far, and
that further provide comparisons between the star-forming activities of radio-active
and radio-quiet populations. Del Moro et al. (2013) find that ~ 86% of their 51,
0<z<3, AGN presenting a radio excess with respect to the IR-radio relation (cf.
Sect. 3.4) have a far-infrared spectrum dominated by star-formation, although their
specific star formation rates (sSSFRs) are on average lower than those observed for X-
ray selected AGN hosts. On the other hand, Kalfountzou et al. (2014) find that in the
redshift range 0<z<4, radio-active quasars and their radio-quiet counterparts
exhibit on average the same star formation activity, except at low optical
luminosities, whereby the SFRs of radio-active quasars are about four times as
large as those of radio-quiet ones. Also, a strong positive correlation between radio
and FIR luminosity is observed for the former population. The authors argue that this

@ Springer



6 Page 30 of 95 M. Magliocchetti

NZFIR/NZ
OO OO O

UARRRRNRRRRRRRS

i

Cooo SO O
COPRDID NP DD® O ODD

NzFIR/Nz
T TTTToT 7T
b b T

NZFIR/ Nz
Sooo

TTTTTTTTT T

[aN]
o

22 24
LogP, 4 ¢u, [W/Hz/sr]

[aS)
[ep]

5 1 SRR N N R R § 1 ; ‘2‘<‘Z‘<"7‘ R R IR E
= E LH J E 05 =
{056 - & C - 7

& E - i =4 E | 3
= Eo e o b b b b

0 L

5 1 ELEL S 57 S B BN LI L EUR B P ZE 1 ; ‘1‘<‘Z‘<‘2‘ N e e R E
5 0.5 &% = ;5 0.5 b =

= F 3 SRR AR | e
Z [o [N IR [ TR i 0 S

§ 1 oo % L UL L9 Sy L ZE 1 ?‘G‘N‘Jrc‘}s\ L L BB A \0\<\Z‘<\1\ i E
Z E T E N, 0.5 F =
{05 | m ZE F 3

& C 7 Ev | T
= o J I AR I T 0 S—

21 22 23 24 25 26 el =2 &3 a4 eo =6

LogP W/H
LogP, 4 ¢u» [W/Hz/sr] & ra o [W/Hz/sr]

Fig. 9 Fraction of FIR emitters amongst radio-selected AGN as a function of radio luminosity at different
cosmological epochs. The top panel refers to the COSMOS field, while the labels ‘LH’ and ‘GN+GS’
respectively to the Lockman Hole and the combined GOODS North and GOODS South. Images adapted
from Magliocchetti et al. (2016) and Magliocchetti et al. (2018a)

is possibly due to powerful radio jets boosting the star formation activity by
compressing the intergalactic medium (positive feedback—e.g., Silk and Nusser
2010), especially in radio-active quasars with low nuclear accretion rates. This result
was further expanded by Kalfountzou et al. (2017) who analysed a sample of 173,
z~ 1, AGN sub-divided into radio-active quasars (74 objects), radio-quiet quasars
(72 objects) and radio-active galaxies (27 objects). Clear evidence for enhanced star-
forming activity (a factor of ~ 2.5) in radio-active quasars with respect to radio-quiet
ones matched in black-hole mass and bolometric luminosity and also with respect to
radio galaxies is reported, independent of other AGN and host galaxy properties.
Given these differences between radio-active quasars and galaxies, the authors argue
for a mechanism which works differently according to jet power, with a threshold—
also dependent on galaxy mass—that determines when radio-AGN feedback
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switches from enhancing star formation (by compressing gas) to suppressing it (by
heating or ejecting gas).

Based on the above discussion, the picture that emerges from IR observations of
radio-active AGN can then be summarized as follows. In the local, z<1, universe
star-formation within the hosts of radio-AGN is generally suppressed, and these
galaxies appear as passively evolving, massive red ellipticals. However, at higher
redshifts and up to the earliest epochs probed by the observations, not only star-
formation is enhanced with a growth rate that is a strongly increasing function of z,
but there are indeed cases at z= 1 whereby star-formation activity appears to be
boosted with respect to galaxies that do not host a radio-AGN (e.g., Drouart et al.
2014; Kalfountzou et al. 2014, 2017). These findings, which hold irrespective of the
depth of both radio and IR observations, point to a scenario whereby at early
—z 2 1—epochs radio activity of nuclear origin does not quench star formation in the
host galaxy, but either favours (positive feedback) or proceeds parallel to it, with the
two processes evolving independently thanks to the large reservoirs of gas present
within massive high-redshift galaxies. According to this second theory, the main
responsible for the quenching of the massive galaxy population in the nearby
universe would be intense star formation which rapidly consumes the available gas,
possibly then followed by the action of the radio jets, that at z<1 — 1.5 succeed at
removing the residual gas (e.g., Falkendal et al. 2019). More work and data are
needed to assess the validity of either scenarios and also to understand the drastic
change in feedback behaviour when we move from z~ 1.5 down to the local
universe.

3.4 The IR-radio relation in star-forming galaxies and its cosmological
evolution

As already mentioned in the Introduction, radio-emitting star-forming galaxies
(SFGs) at low-to-intermediate redshifts do not represent any special category
different from star-forming galaxies selected at other wavelengths. Furthermore, from
an observational point of view, it has been known since the 1970s that in this
population of sources the emission at radio and infrared (IR) wavelengths are
strongly correlated. First statistically significant evidence in this direction was
provided by De Jong et al. (1985) and Helou et al. (1985) who both relied on the data
acquired by the IRAS satellite (Neugebauer et al. 1984) to report a remarkably tight,
linear correlation between far-infrared (FIR) and radio (1.4 GHz) flux densities,
extending over three orders of magnitude. This held for a joint sample of blue spirals
in the Virgo cluster and in the field, as well as for a subset of galaxies with starburst
nuclei (Helou et al. 1985, cf. Fig. 10) and also for a heterogeneous sample of 91
sources which included normal spiral galaxies, irregulars, dwarfs and galaxies
containing an AGN (De Jong et al. 1985).

This incredibly tight relation which—we stress again—was obtained regardless of
the galaxy type as long as it hosted ongoing star formation, was parametrized by the
FIR-radio luminosity ratio gpr, Where
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(Helou et al. 1985), with Lgr luminosity extending over the far-infrared (rest-frame
[42.5-122.5] um) range and where 3.75 x 10'2 Hz is the frequency at 80 um,
approximately corresponding to the center of the FIR domain. We note that in the
literature also the parameters g;—with A within the IR regime—and gr are often
used. This latter corresponds to the g value inferred from the luminosity estimated
over the whole, [8-1000] um, infrared range. As Magnelli et al. (2015) note, these
different definitions bear no significant impact, since one has Lig = 1.91f8:(1)‘5) X LR,
and therefore qjr >~ grr + 2.

As summarized by Condon (1992), nearly all the radio emission from non AGN-
powered galaxies is synchrotron radiation from relativistic electrons and thermal
(free-free) emission from HII regions. Only stars more massive than ~ 8 M can
produce the Type II and Type Ib supernovae whose remnants are thought to
accelerate most of the relativistic electrons in star-forming galaxies, and can also
ionize the HII regions. Since both the life-time of massive stars and that of relativistic
electrons are relatively short (<3 x 107 year for massive stars and <10® year for
relativistic electrons), this implies that radio observations are powerful probes of very
recent star-formation activity taking place within galaxies. On the other hand, FIR
luminosity seems to be a good estimator of the bolometric luminosity produced by
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relatively massive (M =5 M) young stars heating the surrounding dust. To a first
order, the very tight FIR-radio correlation is then thought to result from the fact that
both emissions are produced by the same sources and within the same regions, as the
infrared radiation is the thermal re-radiation from HII regions, while that at 1.4 GHz
comes from relativistic electrons accelerated in supernova remnants produced by the
same population of massive stars that heat and ionize the HII regions (Harwit and
Pacini 1975).

The IR-radio correlation, which is found to extend over five orders of magnitude
(1073<Lpr /L»<10'%) with an extremely small dispersion (6<0.2, e.g., Yun et al.
2001), has been used throughout the years in order for instance to: a) distinguish
between SFGs and galaxies powered by a radio-active AGN (e.g., Donley et al.
2005; Park et al. 2008; Del Moro et al. 2013; Bonzini et al. 2015; Delvecchio et al.
2017); b) use the radio continuum to estimate the star-formation rate of galaxies in a
way which is unaffected by the presence of dust (e.g., Condon 1992; Murphy et al.
2011, 2012; Davies et al. 2017); c) estimate distances and temperatures of high-
redshift sub-millimetre galaxies (e.g., Carilli and Yun 1999; Chapman et al. 2005).
We also note that, although the correlation was originally found at 1.4 GHz, recent
works investigated its validity also at lower (150 MHz; e.g., Giirkan et al. 2018) and
higher (3 GHz; e.g., Delhaize et al. 2017) radio frequencies, finding again—at least
in the local universe—a tight correlation between radio and FIR luminosities. In
particular, by using relatively local (z<0.35) LOFAR-150 MHz and Herschel-
250 pm observations, Giirkan et al. (2018) observe a slightly steeper slope than what
obtained at 1.4 GHz (cf. Fig. 11). The authors argue that this is due to thermal
radiation becoming less important at lower radio frequencies.

However, despite the above explanations and results, many unknowns remain,
both from the theoretical point of view and also from observations. Indeed, the
“calorimeter theory” (Voelk 1989) which suggests that the IR-radio relation holds
because galaxies are both electron calorimeters and UV calorimeters, hence the total
radio and IR outputs remain proportional independent of variations within the galaxy,
requires galaxies to be optically thick to UV light from the young high-mass stars and
thus does not hold for optically thin galaxies. Also, a number of works seem to
converge at indicating a change in the slope of the IR-radio relationship at low
luminosities (e.g., Yun et al. 2001; Bell 2003; Best et al. 2005b; Giirkan et al. 2018).
This effect could be expected if small galaxies were unable to prevent synchrotron
electrons to escape, therefore causing a global deficit of radio emission at a fixed star-
formation rate (e.g., Chi and Wolfendale 1990). However, for instance Giirkan et al.
(2018) find the opposite effect, with low-SFR objects (<1 M., year!) exhibiting
more radio emission than what would be expected from extrapolations of the trend at
higher SFRs.

Possibly the most important open question associated to the IR-radio correlation is
its eventual redshift evolution, as erroneous estimates at high redshifts directly
translate into erroneous estimates of the star-formation activity of galaxies
throughout the cosmic epochs, therefore hampering the huge potential of present
and future radio surveys such as SKA to investigate the history of formation and
evolution of galaxies since the cosmic dawn. This redshift evolution would indeed be
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Fig. 11 Distribution of Herschel 250 um luminosities of SFGs as a function of their LOFAR 150-MHz
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lines as for the top panel. Image reproduced with permission from Giirkan et al. (2018), copyright by the
authors

expected, as e.g., electrons might lose energy by inverse Compton interactions with
the cosmic microwave background whose energy density scales as (1 + 2)4, resulting
in a lower level of radio emission in galaxies at higher redshifts. Also, synchrotron
emission is proportional to the square of the magnetic field strength, so any
cosmological evolution of this latter quantity should affect the constancy of the g
parameter at earlier epochs (e.g., Murphy 2009). Furthermore, changes in the galaxy
spectral energy distributions (SEDs) may also be expected due to evolution in dust
properties and metallicity (e.g., Chapman et al. 2005; Amblard et al. 2010).

The possibility for a redshift dependence of gz has started being investigated only
in the last 15 years or so, thanks to the advent of IR satellites such as Spitzer (Werner
et al. 2004) and Herschel (Pilbratt et al. 2010) which overcame the IRAS limitations
of observing just the local universe. Appleton et al. (2004) use Spitzer data at 24 pm
and 70 pm from the First Look Survey to analyse the behaviour of the
monochromatic quantities g4 um and g7o.m. By relying on spectroscopic redshifts
for ~ 500 objects, these authors find that g70 .y, Stays invariant up to z~ 1. The same
conclusion was reached for go4.m up to z~2, although with a larger spread that
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could be attributed to variations in the galaxy SEDs throughout the probed
population. Similar results were obtained by Vlahakis et al. (2007), Ibar et al. (2008),
Garn et al. (2009) for sources selected at 610 MHz and Jarvis et al. (2010), although
on a more limited, 0<z<0.5, redshift range. Jarvis et al. (2010) also report no
dependence of the IR-radio relation on the radio luminosity of the sources—as long
as they probed the non-AGN regime, L;46u, <102 W Hz !'—and a factor ~2
tighter relationship between radio and 250 pm luminosities than what inferred for the
whole [8§-1000] pm range. In agreement with e.g., Vlahakis et al. (2007), it is argued
that this could be obtained if the longer wavelength emission, i.e., in the sub-
millimetre regime, were not just produced by massive star formation and thus did not
trace the same physical mechanism(s) as the radio or the MIR-to-FIR emission. No
evolution was either observed by Chapman et al. (2010) for their sample of ~ 70
sub-millimetre galaxies. On the other hand, Kovacs et al. (2006)—by considering a
smaller sample of 15 sub-millimetre galaxies endowed with 350pum fluxes—infer in
the redshift range 1<z<3, gr ~2.07, value which is sensibly lower than that
reported for the local universe (~2.3—e.g., Condon 1992; Yun et al. 2001; Mauch
and Sadler 2007).

Ivison et al. (2010a) find no evolution in the values of gs0.m Obtained between
z~0 and z ~ 2 for a sample of ~ 20 sources observed with the Baloon-borne Large
Aperture Space Telescope (BLAST; Truch et al. 2009). However, when they instead
consider a sample selected at 24 um, with stacked FIR information subdivided into

redshift bins, they find that g is a steadily decreasing function of redshift in the

whole range probed by their analysis, with gir o (1 + 2)70'15i0'03. The Ivison et al.

(2010a) sample suffered the limitations borne by BLAST in terms of low sensitivity
and large beam Full Width Half Maximum (FWHM). To overcome this problem,
Ivison et al. (2010b) consider 65 star-forming galaxies selected in the GOODS North
field by Herschel at 250pm and with available 1.4 GHz information. By also making

use of the enormous wealth of multi-wavelength information available in that field,

they find a very mild evolution of g o (1 4 z) "% in the redshift range

0<z<?2, result which is confirmed by a larger sample of 24um-selected, Lpr-
matched galaxies. However, when the most local gjr value is discarded, the redshift
dependence becomes much more appreciable, with a trend similar to that reported by
Ivison et al. (2010a), gr o (1 + z) 2007,

The investigation of the cosmological evolution of g was subsequently repeated
for most of the cosmological deep fields observed by Spitzer and Herschel, returning
somehow discording results. Sargent et al. (2010) considered a homogeneous sample
of ~ 4000 sources with comparable IR luminosities over the last 10 Gyr, selected at
24 pm in the COSMOS field and, by also taking into account flux limits in their
analysis, conclude that there is no evolution in the z = 0 — 2 range. A similar result
was obtained by Mao et al. (2011) in the Extended Chandra Deep Field South
(ECDFS) for a sample of 70 um Spitzer-selected sources, while instead negative
evolution was found for ¢70,m by Bourne et al. (2011) in the very same ECDFS field
by applying stacking analyses to a mass-limited/NIR-selected sample of star-forming
galaxies. The main point that emerged from all these studies was that the reported
differences were mainly to be attributed to selection effects since, while the radio
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selection favours higher L,4i,/SFR ratios, the opposite is true for the FIR and sub-
millimetre selections which favour high SFRs. The bias associated with optical and
NIR selection is less straightforward; however such a selection is found to under-
represent dust-enshrouded, high-SFR galaxies.

Magnelli et al. (2015) bring the IR-radio investigation to much more solid
statistical grounding by analysing the variation of the ¢ir parameter for a very large
sample of ~ 300,000 galaxies selected on the basis of their stellar masses. All the
best known deep extragalactic fields such as GOODS North, GOODS South, ECDFS
and COSMOS were considered, and data included both deep Herschel FIR (100,
160, 250, 350 and 500 pm) and deep radio 1.4 GHz VLA and 610 MHz GMRT
observations. FIR and radio images were then stacked at the positions of this mass-
selected sample, complete down to M, = 10'° M, and across 0 <z<2.3. By doing
this, they found grr = (2.3540.08) - (1 +z)_0'12i0'04, where the z~0 value
perfectly agrees with local observations (e.g., Yun et al. 2001) and where the same
degree of evolution holds for both normal star-forming galaxies and starbursts, i.e.,
galaxies with a largely enhanced specific star-formation rate. The authors exclude
such an evolution to be due to large variations with redshift of the radio spectral
index of the probed population(s) since these are not observed in their data.

The issue of the evolution of the IR-radio correlation has moved in the recent
years to radio surveys performed at frequencies different from the “standard” 1.4
GHz, in order to assess its universal validity. Calistro Rivera et al. (2017) use
LOFAR-150 MHz data for 810 star-forming galaxies from the Bodtes field. At this
frequency, they estimate an evolution of the gqr parameter which goes as
o (142)7 "% with an intrinsic scatter of o~0.53, in the redshift range
0<z<2.5. The authors stress that the observed cosmic evolution of the IR-radio
relation must be taken into account for the future use of radio luminosity to estimate
unbiased SFRs at high z.

Roughly at the same time, Delhaize et al. (2017) and Molnar et al. (2018) analyze
the behaviour of the IR-radio correlation for sources in the VLA-COSMOS 3GHz
Large Project. More in detail, Delhaize et al. (2017) — accounting for non-detections
in the radio or infrared bands by means of the doubly-censored analysis presented in
Sargent et al. (2010) — find that the parameter gg decreases with increasing redshift
as o (14 2)7041%0401_ This was in agreement with most of the recent works, even
though the authors could not rule out that unidentified AGN contributions only to
radio wavelenghts may be steepening the observed trend.

We note that, at variance with the local result obtained for low-frequency-LOFAR
sources (e.g., gqir = 1.72 £ 0.04, Calistro Rivera et al. 2017), the z~ 0 value of
qir = 2.88 £0.03 at 3 GHz is higher than that obtained at 1.4 GHz (e.g., Yun et al.
2001). This trend can be recovered if one assumes for SFGs a single power-law radio
emission with a spectral index o~ 0.73 in the whole 150 MHz—3 GHz range (e.g.,
Calistro Rivera et al. 2017). Delhaize et al. (2017) indeed conclude that the choice for
the value of the average radio spectral index directly affects the normalisation of the
qr parameter, as well as its estimated trend with redshift. At the same time, an
increasing fractional contribution to the observed 3 GHz flux by free-free emission
from star-forming galaxies may also affect the derived evolution. Based on their
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results, the authors conclude that imperfect K-corrections in the radio regime might
be responsible for the decreasing trend of the IR-radio relation with redshift.

Molnar et al. (2018) refine the analysis of Delhaize et al. (2017) and investigate
the gr evolution for their sample of 3 GHz-selected SFGs subdivided by
morphology into spheroid- and disc-dominated galaxies. These authors find that
the spheroid-dominated population follows a declining trend for gig versus z, similar
to that measured in the most recent studies. However, for disc-dominated galaxies,
where radio and IR emission should be linked to star formation in a more
straightforward way, they only measure a very small—if any—change (cf. Fig. 12).
This suggests that low-redshift calibrations of radio emission as a star formation rate
tracer may remain valid out to at least z ~ 1—1.5 for pure star-forming systems, and
that the different redshift evolution of gg for the spheroid- and disc-dominated
samples is mainly due to an increasing radio excess in spheroid-dominated galaxies
at z=0.8, fact which hints at some AGN activity in these systems, as already
discussed in Sects. 2 and 3.3.

Another step forward in the comprehension of the relation between radio and IR
luminosities and of its cosmic evolution is provided by the work of Delvecchio et al.
(2021). These authors again use the 3GHz-selected sample of Smolci¢ et al. (2017b)
to calibrate for the first time the gqr parameter both as a function of redshift and
stellar mass. Starting from a sample of ~400,000—M, > 10.5M, 0.1 <z<4.5—
star-forming galaxies selected in the deep COSMOS UltraVISTA catalogue from
Muzzin et al. (2013), and relying on radio and IR stacking techniques, these authors
conclude that the main driver of the observed ¢ir — z evolution is the stellar mass,
with more massive galaxies systematically displaying lower gir (cf. Fig. 13). A
secondary, weaker dependence on redshift is also observed, leading to a total
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Fig. 12 Redshift evolution of the IR-radio correlation gmir = gir, for disc- and spheroid-dominated star-
forming galaxies (blue and red symbols, respectively). The local z = 0 measurements (open symbols) are
based on a morphologically-selected subset of the Bell (2003) sample. Shaded regions bordered by dashed
lines show the upper and lower limits of the 1o confidence interval of the fit. The black dashed line is the
evolutionary trend found for 0.2 <z< 1.5 SFGs with I-band magnitude <24 in the sample of Delhaize
et al. (2017). Image reproduced with permission from Molnar et al. (2018), copyright by the authors
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Fig. 13 Intrinsic gjr evolution as a function of redshift (x-axis) and stellar mass M, (colour bar). For
comparison, other trends with redshift are taken from the literature (black lines): Bell (2003, dotted);
Magnelli et al. (2015, dashed); Delhaize et al. (2017, dot-dashed) and their AGN-corrected version after
removing 2¢ outliers (triple dot-dashed lines). Image reproduced with permission from Delvecchio et al.
(2021), copyright by the authors

functional form of the kind: gir(M.,z) = (2.626 £ 0.024)

(1 4 z) 008=0008_0 148 4+ 0.013)(log M, /M., — 10). No dependence is instead
observed on SFRs.

On the other hand, Bonato et al. (2021), when using LOFAR-selected star-forming
galaxies from the Lockman Hole field, do find a dependence of the SFR/L;s50mmu;
relation on stellar mass, but only for z<1 and weaker than what obtained by
Delvecchio et al. (2021) (decrement of <0.1 as opposed to ~0.23 for increasing
masses), while Smith et al. (2021) report for LOFAR DRI observations of the
ELIAS-N1 field a linear SFR/L|sompu, relation with very little (possibly differential
due to mass dependencies) cosmological evolution at least up to z~ 1. A linear
relation between SFR and 1.4 GHz luminosity is also observed by Tisanic et al.
(2022) by using a local, z<0.1, 250 pm-selected sample from the Herschel
Astrophysical Terahertz Large Area Survey (H-ATLAS; Eales et al. 2010) with both
radio detections and stacking information from FIRST and NVSS. This is however at
variance with the results of Molnar et al. (2021), who further claim no redshift
dependence for the ggr parameter, since this would merely arise as the consequence
of selection effects, whereby different parts of the non-linear IR-radio correlation are
probed for varying redshift ranges and sample depths. From the above discussion it is
clear that, despite all the progress made in the recent years, a convergence on gr—
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especially for what concerns its cosmological evolution — is still far from being
reached.

4 The environments of radio-active AGN and star-forming galaxies

This Section presents results related to the environmental properties of radio-AGN
and—to a lesser extent—of radio-emitting star-forming galaxies. We have chosen to
divide them into three categories: those obtained with clustering studies (Sect. 4.1),
those derived by pinpointing radio-AGN within known structures (Sect. 4.2) and
those stemming from searching for over-densities around known radio-AGN
(Sect. 4.3). As already discussed in the Introduction, the choice is dictated by the
fact that these different approaches present different points of view that then need to
be integrated with each other in order to return a complete and coherent picture of the
large-scale behaviour of radio galaxies.

4.1 Methods for the detection of environment 1: clustering analyses
4.1.1 Useful definitions

This paragraph is devoted to define a number of quantities which will be used
throughout the section.

(a) The spatial two-point correlation functions The spatial two-point auto-
correlation (or more simply, just correlation) function &(r,z) is one of the most
commonly used tools to investigate the large-scale structure traced by a population
of sources. It is defined as the excess probability with respect to a Poissonian
(random) distribution of finding two galaxies at a distance r from each other within
the volume element 6. By following Peebles (1980), this can be expressed as:

OP = N[1 + &(r,2)]8V, (2)

where 8P is the probability and N is the mean number density of galaxies, and
where we have made it explicit that the quantity ¢ depends on both scale » and
redshift z. In most cases of astrophysical (i.e., non-cosmological) interest, &(r,z)
can be parametrized as a power-law &(r,z) = [r/ro(2)]’, with slope 7 and
correlation (or clustering) radius (or length) ry. Higher values of 7y imply that the
analysed sources are more strongly clustered. Closely related to the two-point
correlation function is the two-point cross-correlation function ap(r,z) which
compares objects coming from two different datasets A and B and is defined as the
joint probability of finding an object from A in the volume element §V4 and object
from B in the volume element 0V at a distance » (Peebles 1980):

OPa = NANg[1 + Eap(r,2)]0VA0VE, (3)

where N, and Np are the mean number densities of the two sets of objects. The
cross-correlation function can also be fitted as a power-law in the same manner as
the auto-correlation function discussed above. From a practical point of view, we
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note that cross-correlation analyses are necessary whenever the sample of interest
is too small to allow for meaningful statistical studies of the auto-correlation
function so that a second, much larger, dataset has to be considered to beat the
uncertainties. This is indeed the reason why this method was so widely used in the
early works that tackled the issue of large-scale structure as traced by radio
sources.

(b) The angular two-point correlation function In the absence of a complete set
of redshift information as is the case for many large-area surveys, one can rely on
the study of the projected distribution onto the sky of a population of sources via
the two-point angular correlation function w(0). This is defined as the excess
probability with respect to a Poissonian distribution of finding two galaxies at an
angular distance 6 from each other within the solid angle element 6Q. In a very
similar manner to Eq. (2), the above definition can be expressed as:

dPg = No[l + w(0)]6Q, (4)

with N o mean surface density over the region that subtends the solid angle €, and
0Q surface area element. As it was for the spatial correlation function, also w(6)
can be expressed as a power-low in most of the cases of astrophysical interest and
parametrized as w(0) = 40' ™7, where 7 is the same as in the definition of & and 4
is the amplitude.

(¢) The Limber equation The Limber equation (Limber 1953; Peebles 1980)
provides the standard way to relate the angular two-point correlation function to
the spatial two-point correlation function, once the redshift distribution of the
sources under consideration is known. It can be expressed as:

o(0) 2 0T PR P () du
o P e (i’

; (5)

where x is the comoving coordinate, F(x) gives the correction for cosmic
curvature, and the selection function @(x) satisfies the relation

No= /0 " p()F T (x)xdx = é /0 " N(2)dz, (6)

in which N is as in Eq. (4) and N(z) is the redshift distribution of the sources

defined as the number of objects in a given survey within the shell (z, z 4+ dz). If
&(r, z) can be parametrized as a power-law of the form &(r,z) = [r/ro(2)] 7, where
all the dependency on z is absorbed by the clustering length ro(z), then Eq. (5)
reduces to an integral over z (cf. Magliocchetti and Maddox 1999)

_H N(2)*[x(2)0]' "ro(z)'F(z)(dx /dz) dz
= [y N)dz)*

with H, = I'[1/2]T'[(y — 1)/2]/T'[y/2], ¢ speed of light and H, Hubble constant,
expressed as /2 - 100 km s~ Mpc~'.

w(0)

. (7)
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(d) The bias parameter The differences in the clustering properties of different
classes of extragalactic sources and between these and the background (dark)
matter distribution motivate the introduction of the bias parameter b, defined as (cf.
Kaiser 1984):

f al
P = & 8
TR (8)
where &y, is the spatial correlation function of a population of galaxies/AGN and
Epum that of the dark matter. In the case of cross-correlations between a population
A and a population B, the bias bap can be written as:
> ¢

bAB:ébA]]Tl:bA'bB) (9)

where ba and bg are expressed as in Eq. (8).

From the theoretical point of view, the paradigm of biased galaxy formation states
that the efficiency of galaxy formation is higher in dense environments since an
object of a given mass will collapse sooner if it lies in a region of large-scale over-
density, leading to an enhanced abundance of such objects with respect to the mean
(“natural bias”™—White et al. 1987). These rare high peaks of a Gaussian random
field will then be significantly more clustered than the underlying Gaussian field
itself (Fig. 14). Mo and White (1996) provided an expression for the bias b starting
from the extension of the Press and Schechter (1974) formalism which reads:

VF? — 1

where M is the mass of the dark matter haloes, zF is the redshift of formation of such
haloes, and vF = 6F /o (z), with ¢(z) variance of the density field on a mass-scale M
at a redshift z<zp and 0F = dc(1 +zF)/(1 +z) (dc is the critical linear over-

Fig. 14 The high-peak bias model. If we decompose a density field into a fluctuating component on galaxy
scales, together with a long-wavelength “swell” (broken curve), then those regions of density that lie above
the critical density threshold for collapse of 0 = vo, with ¢ variance of the density field on a scale
R corresponding to a mass M, will be strongly clustered. If proto-galaxies are assumed to form at the sites
of these high peaks (shaded and indicated by arrows), then this population has a non-uniform (i.e., biased)
spatial distribution even before dynamical evolution of the density field. Image reproduced with permission
from Peacock (1999), copyright by CUP
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density for spherical collapse). From the above equation it is possible to appreciate
that » depends not only on halo mass (i.e., more massive haloes cluster more
strongly), but also on the epoch when the haloes collapse, being higher for haloes
formed at earlier times. Note that there have been suggestions that 5 could also be
stochastic, non-linear and scale-dependent (e.g., Dekel and Lahav 1999; Narayanan
et al. 2000), but an in-depth analysis of this topic is outside the scopes of the present
review.

Following the Mo and White (1996) approach, one then has that the more massive
haloes (corresponding to rare peaks in the density field) that collapse earlier in time
will be more clustered than haloes of lower mass that collapse in more recent epochs.
Assuming that all galaxies are hosted within dark matter haloes, this for instance
implies that early-type galaxies—associated with older and more massive haloes—in
general cluster more strongly than late-type ones.

The above scenario holds for a one-to-one association between galaxies/AGN and
dark matter haloes. As in general dark matter haloes are occupied by more than one
galaxy/AGN, in more recent years the Mo and White approach has been
implemented with the so-called Halo Occupation framework (e.g., Scoccimarro
et al. 2001, see Magliocchetti and Porciani 2003 for an application to 2dFGRS
galaxies), which relates the clustering properties of a chosen population of
extragalactic objects with the way such objects populate their dark matter haloes.
Within this scenario, the two-point correlation function £ can be written as the sum of
two components, &;, and ¢&,,, where the first quantity accounts for pairs of galaxies
residing within the same halo, while the second one takes into account the
contribution to the correlation function of galaxies belonging to different haloes.
However, since most of the clustering studies presented in this review do not have
enough signal-to-noise to investigate the properties of the one-halo term ¢&;;, and,
from a more physical point of view, since for the overwhelming majority of radio-
AGN the approximation one source per halo is a good one (e.g., Magliocchetti et al.
2004), in the following discussion we will stick to the Mo and White (1996)
formalism.

The main point to be taken away from this discussion is that the biased galaxy
formation framework has the important advantage of relating the clustering
properties of a selected population of sources with the dark matter content of the
structures that host them, allowing to provide statistical estimates for their masses.
From an operational point of view, the rule of thumb is that, at fixed z, sources more
strongly clustered (i.e., with higher values for ¢ in the parametrization of &(r) as a
power-law) will present larger values of the bias parameter » (cf. Eq. (8)) and
therefore (via Eq. (10)) will be hosted by more massive haloes.

4.1.2 Early works on radio-galaxy cross-correlations
For many years after the discovery of radio-emitting sources, their distribution was
thought to be isotropic (e.g., Webster 1976a, b). First attempts to investigate the

large-scale structure traced by radio-AGN were presented in the work of Seldner and
Peebles (1978). These authors considered radio sources from the 4C catalogue
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(Pilkington and Scott 1965) and correlated them with galaxies from the Lick
catalogue (Seldner et al. 1977), finding that the shape of the cross-correlation
function was the same as that of the galaxy-galaxy correlation function, but presented
an amplitude which was about 10 times higher. By also interpreting some tentative
results on the auto-correlation function of radio sources, Seldner and Peebles
(1978) concluded that radio-AGN are not randomly distributed, but rather tend
to be found amongst strongly clustered galaxies. This result was confirmed by the
work of Longair and Seldner (1979), who further reported a distinct behaviour
in faint (Li7gmuz ~ 102-10** WHz ! sr™!) and powerful (L;78muz ~ 10%#-10%
WHz ! sr!) radio galaxies, whereby the latter population (with the noticeable
exception of classical double-lobed AGN) prefers to reside in regions of space where
the amplitude of the spatial cross-correlation function is about four to five times that
of inactive galaxies, while weak radio emitters show no tendency to belong to
overdense structures. Masson (1979) also observed the same effect in the 6C
catalogue (Masson 1978), while Seldner and Peebles (1981) speculated on the
possibility that this result could be due to faint radio sources residing at higher
redshifts than brighter ones.

Some years later, Prestage and Peacock (1988) used cross-correlation techniques
to derive the environmental properties of 118 radio-AGN taken from a number of
surveys, amongst which the S;76u,>2 Jy Parkes (Wall and Peacock 1985)
catalogue. For the first time, sources were divided according to their morphology. It
was found that, while compact radio sources did not appear in regions of enhanced
galaxy density, the same was not true for extended radio-AGN, especially FRI
galaxies which were typically found within overdense structures.

The first evolutionary studies were those presented by Yates et al. (1989), who
analysed the environments of 25 radio galaxies drawn from the 3C (Edge et al. 1959)
and Parkes (Bolton et al. 1979) samples, with flux densities > 1 Jy and redshifts
between z = 0.15 and z = 0.8, although only 11 sources had z > 0.35. These authors
found that the most luminous, (Li7gmp,) = 102! W Hz™!, sources at z~ 0.5 lay in
rich environments, while the same population at z~ 0.3 occupied structures which
were roughly three times sparser. However, given the limited size of their sample, it
was not possible to conclude whether the observed trend was due to cosmological or
luminosity evolution. Ellingson et al. (1991) instead performed a comparative study
between the environments inhabited by radio-active and radio-quiet quasars in the
redshift range 0.3 <z<0.6, finding that the latter population resided in structures
which were less rich than those occupied by radio-active quasars. This discovery
made the authors conclude that radio-active and radio-quiet quasars did not belong to
the same parent population simply observed with a different viewing angle, but were
different physical objects. Furthermore, based on the morphology-density relation by
Dressler (1980), Ellingson et al. (1991) speculate on the possibility that radio-active
quasars could be hosted by elliptical galaxies, while radio-quiet quasars by spirals.
Finally, in agreement with the results by Yates et al. (1989), they also report an
evolution of the environmental properties of radio-active quasars, since a larger
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number was observed to inhabit regions of enhanced density at the highest redshifts
probed by their analysis. No relationship was instead found between environmental
properties and radio luminosities.

4.1.3 The correlation functions of radio sources

Although some more studies (mostly of small high-redshift samples) kept relying on
the cross-correlation function between radio-AGN and galaxies (e.g., Best 2000;
McLure and Dunlop 2001; Hickox et al. 2009; Ramos Almeida et al. 2013; Lindsay
et al. 2014a), the advent in the 1990s of deep (~ mly level), large-area radio surveys
such as the Faint Images of the Radio Sky at Twenty centimeters (FIRST—Becker
et al. 1995) and the NRAO VLA Sky Survey (NVSS—Condon et al. 1998) allowed
to probe samples of objects about 10° — 10* times more numerous than what was
possible in the past. This in turn allowed for the first time studies of the
environmental properties of extragalactic radio sources by means of their auto-
correlation function. And, even more importantly, for the first time these studies
permitted to derive cosmological information from the distribution of radio galaxies
all over the sky.

First works in this direction were presented by Peacock and Nicholson (1991) who
analysed the spatial two-point correlation function for a sample of 310 local (z<0.1)
and bright (Fj 46, > 0.5 Jy) radio galaxies for which spectroscopic redshifts were
available, finding that it showed a power-law shape that could be parametrized as
&(r) = (r/ro)”7, with y ~ 1.8 and 7y ~ 11 Mpc/h (cf. Fig. 15). Noticeably, while the
value of y resembled that found for correlation function analyses of the more general
galaxy population within the same redshift range, that of the correlation length ry was
about two times higher (~ 5.4 Mpc/h—e.g., Baugh 1996) and closer to the value
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Fig. 15 The spatial two-point correlation function & for the sample of Peacock and Nicholson (1991). The

curve shows the best-fit model & = (r/ro) "%, with ro =11 Mpc/h. Image reproduced with permission
from Peacock and Nicholson (1991), copyright by RAS
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found for clusters of galaxies (~ 15 Mpc/h—e.g., Dalton et al. 1992), in agreement
with the early findings of Seldner and Peebles (1978).

But it was really with the work of Cress et al. (1996) that correlation studies of
radio sources entered a new era. Indeed, these authors investigated the clustering
properties of ~ 138,000 FIRST radio galaxies down to 1.4 GHz fluxes of 1 mly,
finding that the angular (since no 3D information for most of the sources considered
in the Cress et al. analysis was available) correlation function could be parametrised
as w(0) = 40", with A~3 x 1073 and y ~2.1. By also considering only sources
fainter than 2 mly, Cress et al. (1996) found that w(0) was shallower than what
observed for the whole population, and interpreted this flattening as due to the
contribution of star-forming galaxies, expected to dominate the radio counts below
the mJy level (e.g., Prandoni et al. 2018).

One problem that affected the Cress et al. (1996) analysis was the presence of
extended and multi-component radio-AGN within their sample which, when
overlooked or erroneously combined together, produced spurious signal (excess if
considering each radio component as a single source or defect in the case all sources
within a chosen distance from each other are combined together regardless of their
physical association) in the correlation function on scales smaller than ~ 0.2°. This
issue was tackled in better detail by Magliocchetti et al. (1998), who provided a
simple, but effective recipe for combining multi-component sources together based
on the brightness and relative distance of the various members of a single object. The
formula read:

Fror\**
0 ink = 1 ) 11
link 00< 100 > arcsec (11)

where Fror is the the sum of the fluxes of the components of each apparent multiple
source. Equation (11) was then combined with a criterion for the ratio of the fluxes of
the components to be around 1, expected for real aggregations since fluxes in this case
are correlated. After a careful investigation, Magliocchetti et al. (1998) then chose to
combine pairs of sources only if their distance Op, Was below that identified by Eq. (11)
and if their fluxes differed by a factor less than 4 (i.e., 1/4 <fi/f, <4, with f; and f,
fluxes of two components of a single radio-AGN). Another difference between the work
of Magliocchetti et al. (1998) and that of Cress et al. (1996) was that the former authors
considered a brighter flux limit of 3 mJy for the sources to be considered in their
analysis: this was due to the known incompleteness of the FIRST catalogue below those
flux levels. Such a sample, corrected for flux incompleteness and the presence of mul-
ticomponent sources, comprised 86,074 objects and was then used to investigate the
distribution of the second (variance) and third (skewness) moments of the radio galaxy
distribution. The results from the variance L, could be then connected to the angular two
point correlation function via the relation (Peebles 1980):

= Ng + (Ng)* ¥, (12)

where Ng is the mean count of radio sources in the solid angle Q, and the reduced
variance ¥, is expressed as:
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P, = é/w(@)dQ]sz. (13)

From the above equations, Magliocchetti et al. (1998) obtained for the amplitude
of the two-point correlation function w(0) = 40'~7, the value 4~ 1073, in fair
agreement with the results of Cress et al. (1996), but derived a steeper slope, y ~2.5.
Furthermore, by investigating the third moment of the radio galaxy distribution,
Magliocchetti et al. (1998) could measure for the first time in an extragalactic radio
sample positive skewness ¥3; in the distribution of the sources and assess that
variance and skewness were related through the functional form V3 = S3(¥;)”, with
o~ 2 and S3 =constant (cf. Fig. 16). This result has important cosmological
implications, since it meant that the large-scale clustering of radio galaxies was in
agreement with the gravitational instability picture for the non-linear growth of
perturbations from a primordial Gaussian field.

These findings were subsequently used by Magliocchetti et al. (1999) to put
constraints on the composition and redshift distribution of radio galaxies at the mJy level
and also to investigate how their spatial distribution traces that of the underlying dark
matter within the biased galaxy formation scenario (e.g., Mo and White 1996, see
Sect. 4.1.1). It was found that observations could only be matched if one assumed two
populations, a less numerous and more local one made of star-forming galaxies whose
spatial distribution follows that of the dark matter, and a more numerous population of
radio-AGN, much more strongly clustered and presenting a largely biased distribution
with the bias parameter b (defined in Eq. (8)) increasing with look-back time.

A few years later, Blake and Wall (2002a) and Blake and Wall (2002b) analyzed
the clustering properties of 361,644 radio objects brighter than F 4Gy, = 15 mJy in
the NVSS survey. These authors did not correct for the issue of multi-component
sources, but rather parametrized the two-point correlation function of radio galaxies
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Fig. 16 Normalized skewness V3 vs normalized variance ¥;. Errors are estimated from the variance in
four random subsets. The dashed line represents the best-fit to the data obtained for a functional form
Y3 = S3(P,)%, witha = 1.9 + 0.1 and S; = 9 + 3. Image reproduced with permission from Magliocchetti
et al. (1998), copyright by RAS
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as the sum of two power-laws: one at small angular scales that mainly described the
spurious clustering signal induced by multiple-component and extended sources, and
one on scales larger than ~ 0.2° that would supposedly only take into account the
cosmological signal produced by radio-AGN. By doing this, they found an amplitude
on large angular scales 4 ~ 1073 and a slope y ~ 1.8, values that remained unchanged
when raising the flux threshold. Conversely, Overzier et al. (2003)—by re-analysing
the clustering properties of radio sources in the FIRST and NVSS surveys—found
that the amplitude of the projected correlation function increased from A ~ 10~3 for
objects fainter than 40 mJy to A~ 7 x 1073 at 200 mJy. These authors interpreted
their results at high fluxes, mostly dominated by FRII galaxies, as evidence for the
fact that these sources preferentially inhabit more massive structures than fainter
radio galaxies. By using the redshift distribution models proposed by Dunlop and
Peacock (1990), Overzier et al. (2003) estimate a correlation length 7y ~ 14 Mpc/h
(value which depends on the adopted assumption for the cosmological evolution of
clustering), in rough agreement with the results of Peacock and Nicholson (1991).
All the aforementioned works contributed in a substantial way at proving that
extragalactic radio sources could provide an invaluable contribution to the
investigation of the large-scale structure of the Universe. However, better information
on their physical and environmental properties as obtained from clustering studies
has only been made possible with the combination of radio data with observations at
different wavelengths, especially for what concerns the determination of redshifts. To
this aim, Magliocchetti et al. (2004) presented the clustering properties of a local,
z<0.3, Fl 46, > 1 mJy sample of 761 FIRST radio galaxies with optical spectra and
redshift information from the 2dF Galaxy Redshift Survey (2dFGRS—Colless et al.
2001; Magliocchetti et al. 2002). On the basis of such spectra, radio sources could be
divided into star-forming galaxies (225 objects) and AGN (536 objects). An analysis
of the spatial two-point correlation function indicated that these sources presented
clustering properties which were similar to those obtained for a general population of
inactive galaxies drawn from the same 2dFGRS parent catalogue (Hawkins et al.
2003; Madgwick et al. 2003): o ~ 7 Mpc (4 is fixed here to the value of 0.7) and
y~1.6. However, when the authors only included bona-fide AGN, both the
correlation length and the slope increased to rp~ 11 Mpc and y ~ 2. No difference
was found between faint (L;4gH, < 10> W Hz !sr™!') and bright AGN-fuelled
sources. Comparisons with physical models for the clustering properties of galaxies
(i.e., Mo and White 1996) further showed that radio-AGN reside within dark matter
haloes more massive than ~ 10'34 M, value which is higher than what found for
radio-quiet quasars in the same 2dFGRS survey (Porciani et al. 2004), and
compatible with a scenario that associates radio-AGN with protocluster/cluster-like
structures. Taken these results at face value, Magliocchetti et al. (2004) suggest that
radio-quiet quasars and radio-AGN are two different populations, with more massive
dark matter haloes required for an AGN to trigger radio activity. Similar values for
the halo masses of radio-selected AGN have been obtained by Mandelbaum et al.
(2009) and Hickox et al. (2009). Mandelbaum et al. (2009) also observe radio-AGN
to be associated with more massive dark matter haloes than those hosting both
inactive galaxies and optically-selected AGN with the same stellar mass content,
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finding which implies that radio-activity of AGN origin is enhanced within
overdense structures. Hickox et al. (2009) instead report a higher clustering signal
(and therefore larger halo masses) for their radio-selected AGN when compared to
those derived for the two other populations of AGN respectively selected in the X-
ray and Spitzer-IRAC bands (Mo ~10"35M, vs MX, ~108 M, and
MR <1012 M.).

Brand et al. (2005) investigated the clustering properties of 206, z<0.5,
F146u, > 3 mly sources drawn from the Texas-Oxford NVSS Structure (TONS)
radio galaxy redshift survey, finding a correlation length 7y ~ 9 Mpc for y fixed to the
standard 1.8 value. Large variation in the amplitude of the two-point correlation
function—possibly due to cosmic variance—was observed amongst the various
fields of the TONS survey. Wake et al. (2008) instead analysed a sample of 250,
z~0.55 radio galaxies drawn from the FIRST and NVSS surveys with spectroscopic
redshifts determined from the 2SLAQ Luminous Red Galaxy (LRG) redshift survey
(Cannon et al. 2006). They found that the correlation length was rg ~ 12 Mpc/h
(y~1.75), higher than the value obtained for the population of radio-quiet LRGs
(ro ~9Mpc/h) matched in redshift and optical luminosity. These results implied
radio-active LRGs to reside within haloes of typical masses ~ 10'# M_/h, higher
than the value of ~ 6 x 10'3 M, /h obtained for radio-quiet LRGs, and called for an
enhanced probability for LRGs to become radio-emitters if hosted within (more)
massive structures. A very similar result was obtained by Fine et al. (2011) who
matched NVSS and FIRST radio galaxies with a larger catalogue of LRGs endowed
with photometric redshifts. As in Magliocchetti et al. (2004), no difference in the
clustering properties was found for sources of different radio luminosity. Donoso
et al. (2010) also concentrated on samples of radio-AGN and phometrically-
identified LRGs. However, at variance with Fine et al. (2011), they did find a
dependence on radio luminosity on scales below ~1 Mpc, and also reported
different clustering behaviours for the two sub-classes of radio-galaxies and radio-
active quasars, with radio-galaxies clustering more strongly than radio-active quasars
matched both in black hole mass and radio luminosity. This result led the authors to
conclude that—in disagreement with AGN unification models (e.g., Antonucci 1993)
—radio galaxies and radio-active quasars were powered by different physical
mechanisms.

Lindsay et al. (2014b) considered Fjsgu, > 1 mJy FIRST radio sources with
spectroscopic and photometric information from the Galaxy and Mass Assembly
(GAMA—Driver et al. 2011) survey, finding for the two-point correlation function at
z~0.48 a correlation length 7y ~ 8 Mpc/h and a slope y ~2.15, with a value for the
bias b(z = 0.48) ~2. Lindsay et al. (2014a) instead concentrated on 766 radio
sources brighter than F| 4gu, = 90uJy drawn from the VIDEO survey (Jarvis et al.
2013) and, by cross-correlating this population with K <23.5 galaxies observed
within the same field, found that their clustering signal sensibly increased with look-
back time. This in turn implied an increment of the bias function b(z) from the value
of ~0.6 at z~0.3 to ~ 8 at a redshift z~2.2. Lindsay et al. (2014a) also report a
noticeable dependence of the clustering strength on the radio luminosity of the
sources even though, with the luminosity range probed by their work, their finding
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simply restated the well-known effect of (radio brighter) radio-AGN preferentially
residing in denser environments than (radio fainter) star-forming galaxies.

Magliocchetti et al. (2017) considered ~ 1000 radio sources from the VLA-
COSMOS survey (Bondi et al. 2008) endowed with photometric redshifts. By
relying on their radio-luminosity as it was done in Magliocchetti et al.
(2014b, 2016, 2018a) (cf. Sect. 2), these objects were classified as AGN (644
sources) and star-forming galaxies (247). Their clustering properties returned values
for the correlation length of ~ 7.8 Mpc for star-forming galaxies and ~ 11 Mpc for
radio-AGN (4 = 0.7). This implied radio-AGN to be hosted within dark matter
haloes more massive than ~ 10'3° M, in full agreement with the results obtained
both locally by Magliocchetti et al. (2004) and Mandelbaum et al. (2009) and in the
more distant universe by Hickox et al. (2009), Hatch et al. (2014) and Allison et al.
(2015) (cf. Sect. 4.3), and in line with the idea that radio-active AGN preferentially
reside in group/cluster-like structures. My, > 10127 M., was instead found for star-
forming galaxies (group which—we remind—given the adopted selection method
also includes radio-quiet AGN) at z<0.9. These authors took a step further and
compared the above results with information on the stellar mass content of the
galaxies harbouring a radio-active source as derived for the COSMOS population by
Laigle et al. (2016). This allowed to estimate the relationship between dark and
luminous matter in both populations: for radio-AGN it was found
(M.))/Mipa10 < 10727 (here (M.,) is the average stellar mass), while for star-forming
galaxies they obtained (M, ) /Mo < 10724 at all redshifts and (M. ) /Myao < 10721 at
z<0.9, result that clearly showed the cosmic process of stellar build-up as one moves
towards the more local universe. Lastly, comparisons of the observed abundance of
radio-AGN with that predicted by cosmological models for dark matter haloes more
massive than the value of 10'3¢ M obtained from the above clustering measure-
ments, indicated that about one in two z<2.3 haloes is associated with a radio-
emitting black hole. This led to estimates for the life-time of the AGN radio-active
phase of ~1 Gyr, possibly suggesting evidence for a recurrent phenomenon,
whereby each halo undergoes multiple episodes of radio-AGN activity between
z=23and z = 0.

Magliocchetti et al. (2017) further provide a compilation of the results obtained to
date for what concerns the large-scale properties of AGN active in the radio band
(mainly at 1.4 GHz) and star-forming galaxies. Figure 17 reports the various values
taken from the literature for the correlation length ry of radio-AGN of different
luminosity (left-hand panel) and star-forming galaxies selected at all wavelengths
(right-hand panel). Once again, radio-AGN were classified as such on the basis of
their luminosity as in Magliocchetti et al. (2014b, 2016, 2018a). Note that the results
from Wake et al. (2008), Donoso et al. (2010) and Fine et al. (2011) were not
included in the AGN compilation as they refer to sub-populations of radio-active
LRGs which are known to present enhanced clustering strengths due to the properties
of their parent population made of very massive galaxies.

Comparisons of the various works clearly show that:

1. In the case of radio-AGN there is no dependence of their clustering signal on
either radio luminosity or redshift. This implies similar environmental properties
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Fig. 17 Redshift evolution of the clustering length rq in the case of radio-selected AGN (left-hand panel)
and star-forming galaxies (right-hand panel). The left-hand panel compares the results from the work of
Magliocchetti et al. (2017) with those of Peacock and Nicholson (1991), Magliocchetti et al. (2004), Brand
et al. (2005), Lindsay et al. (2014b) and Lindsay et al. (2014a). The right-hand panel instead includes star-
forming galaxies selected in different ways: Far-Infrared (Saunders et al. 1992; Magliocchetti et al.
2011, 2013; Hickox et al. 2012; Van Kampen et al. 2012), UV (Magliocchetti and Maddox 1999; Heinis
et al. 2007), Mid-Infrared (Brodwin et al. 2008; Magliocchetti et al. 2008b; Starikova et al. 2012), BzK
method (Lin et al. 2012), HI emission (Martin et al. 2012) and radio at 1.4 GHz (Magliocchetti et al. 2017,
where the entire population of star formers is represented by the full hexagon, while the empty one is for
more local, z< 1, sources). Image reproduced with permission from Magliocchetti et al. (2017), copyright
by the authors

(and therefore similar hosts) at all different radio luminosities and—possibly
more importantly—no evolution of such properties throughout cosmic epochs,
from z ~ 2.5—3 down to the very local universe.

2. In the case of galaxies which form stars at relatively high rates,
SFR > 30M,, year~!, there is no difference between the environmental proper-
ties of objects selected at different wavelengths, including the radio band. This
also holds irrespective of the star-forming rate, as long as it is above the
aforementioned value. The striking feature highlighted by clustering studies of
star-forming galaxies is that in the relatively local universe these sources are all
hosted by relatively small dark-matter haloes, of the order of ~ 10! M, or less,
while beyond z ~ 1.5 vigorous star-formation is only found within very massive,
Mo > 1013 M, structures. Taking these results at face value implies that star-
forming galaxies at high and low redshifts belong to two different populations,
with intense star-forming activity at zx1.5 preferentially happening in
protocluster- or cluster-like structures (Magliocchetti et al. 2014a).

Retana-Montenegro and Rottgering (2017) also used the large-scale structure
results obtained from large samples of radio-active and radio-quiet quasars selected
in the 0.3<z<2.3 range to infer information on the physics of these two
populations. They find that radio-active quasars are more strongly correlated at all
redshifts, with mean dark matter host masses of ~5 x 10'3 M_/h, to be compared
with those of radio-quiet quasars for which they find ~2 x 10'? M /h. Intriguingly,
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the large-scale properties of quasars are also found to depend on their black hole
mass, with quasars powered by more massive black holes clustering more strongly
than quasars harbouring less massive nuclei (cf. Fig. 18). For black hole masses
above 10° M, radio-quiet quasars are found to have the same clustering properties
and therefore the same environmental properties of radio-active quasars. This
suggests that for the onset of the radio-active phase, black holes need to be at least
more massive than the aforementioned value (also see e.g., Laor 2000; McLure and
Jarvis 2004; Metcalf and Magliocchetti 2006).

Hale et al. (2018) were the first to present statistically significant clustering
estimates for a population of radio sources selected at frequencies different from 1.4
GHz. These authors consider 2937 objects observed at 3 GHz in the COSMOS field
(Smolci¢ et al. 2017b ) and divide them into star-forming galaxies and radiatively
efficient (roughly corresponding to HERGs) and inefficient (roughly corresponding
to LERGs) AGN on the basis of a number of criteria, such as AGN emission in other
bands. By restricting their analysis to z<1, these authors find for star-forming
galaxies values for the halo mass ~3—5x 10'2M_/h, while for AGN
Miaio ~1-2 x 10" Mo /h, in line with previous studies. By further analyzing the
two populations of high-efficiency and low-efficiency radio-AGN separately, it was
found that low-efficiency AGN cluster slightly more strongly, and therefore inhabit
slightly more massive haloes than high-efficiency AGN (Mo ~3—4 x 1013 M /h
VS Mhato ~ 1—2 x 1013 M_/h). A dependence of the clustering strength on the radio
luminosity of the AGN was also reported, whereby higher-luminosity sources seem
to be hosted by more massive haloes than lower-luminosity ones.
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Fig. 18 Ratio between dark matter halo (DMH) masses and average virial black hole masses for the quasar
samples in Retana-Montenegro and Roéttgering (2017) as a function of redshift. The labels RLQs and
RQQs respectively correspond to radio-active and radio-quiet quasars. Image reproduced with permission
from Retana-Montenegro and Rottgering (2017), copyright by ESO
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Other recent works which use observations at frequencies different from 1.4 GHz
are those of Rana and Bagla (2019) and Chakraborty et al. (2020). The first paper
uses GMRT observations at 150 MHz of about 90% of the whole sky (TGSS survey)
and therefore can only provide information on projected quantities, which
nevertheless show that the 2D clustering amplitude increases with radio flux
threshold, hinting to the conclusion that brighter objects are hosted by more massive
haloes. It should however be noted that the clustering signal as measured from TGSS
exhibits an unexplained excess mostly on large (6 =0.3°) scales with respect to that
derived from NVSS (Dolfi et al. 2019). The second paper instead concentrates on the
much smaller region of ELIAS-N1 and can therefore rely on the availability of multi-
wavelength observations. Chakraborty et al. (2020) then consider ~ 2500 radio
sources observed with uGMRT in the 300-500 MHz band. About 60% of them are
endowed with photometric redshifts and objects were subdivided into AGN and star-
forming galaxies on the basis of their radio luminosity as in Magliocchetti et al.
(2014b, 2016, 2018a). Their analysis of the clustering properties of these sources
returns values for the correlation length of ry~4.6 Mpc/h and ry~ 7.3 Mpc/h,
respectively for star-forming galaxies and AGN. We note that these values are in
excellent agreement with those of Magliocchetti et al. (2017) and Hale et al. (2018)
obtained for sources selected at higher radio frequencies.

At the time of writing, observations stemming from LOFAR (van Haarlem et al.
2013) have started providing breakthrough insights on the radio phenomena as seen
at low frequencies. The first results on the large-scale properties of LOFAR galaxies
are provided in Siewert et al. (2020), where the authors investigate the first and
second moments of the radio galaxy distribution, finding for sources from the DR1
brighter than F44 My, = 2 mly an angular correlation function described by a power-
law with amplitude 4 ~ 5 x 1073 and slope y ~ 1.7. More works in this direction are
those of Alonso et al. (2021), who cross-correlate LOFAR data with CMB lensing to
calibrate the (unknown) redshift distribution of LOFAR sources and of Tiwari et al.
(2021) who provide the first results for the angular power spectrum. As it was in the
1990s for FIRST and NVSS, the main limitation of these studies performed with
LOFAR observations is the lack of reliable redshift information for the majority of
the sources. This issue is going to be overcome soon with DR2, especially since
multi-wavelength data for the deep fields will also be released (Best et al. 2022
submitted).

4.2 Methods for the detection of environment 2: direct pinpointing
of sources within known structures

A second method used to investigate the environmental properties of radio galaxies is
based on direct searches for these sources within known structures. In the case of
virialized groups and clusters with available X-ray information, this approach also
has the advantage of investigating their thermal properties in the presence or absence
of a radio-AGN and therefore to study the interaction between radio emission and
intracluster medium (ICM).
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After some early works aimed at assessing the effects of dense/cluster-like
environments on radio-AGN activity that involved a relatively limited number of
sources (e.g., Jaffe and Perola 1976; Auriemma et al. 1977; Lari and Perola 1978;
Fanti et al. 1982) to our knowledge Ledlow and Owen (1996) were the first ones to
provide statistical robust results on the recurrence of radio-AGN within known
structures. This was obtained by performing a 1.4-GHz survey of 188, z<0.09,
radio-AGN within Abell clusters and by computing their radio and bivariate radio/
optical luminosity functions. Such functions were then compared to those of other
samples of radio sources not residing in rich clusters in order to determine the effects
of the environment on radio-AGN evolution. By doing so, Ledlow and Owen (1996)
found no significant dependence on the local galaxy density, evidence that made the
authors conclude that the radio luminosity function is representative of the intrinsic
properties and evolution of radio galaxies as one class, independent of the the large-
scale structure within which these sources reside.

A decade later, Best et al. (2007) used a sample of 625, z< 0.1 groups and clusters
of galaxies selected from the Sloan Digital Sky Survey (Miller et al. 2005; von der
Linden et al. 2007) and cross-correlated them with the NVSS and FIRST radio
samples to study the properties of radio-AGN hosted by the Brightest Cluster
Galaxies (BCGs). In their work they show that the fraction of BCGs that are radio-
active AGN increases linearly with (stellar) mass up to a plateau level of about ~
20-30% reached for their highest mass range which is about M, ~ 103 M, (cf. left-
hand panel of Fig. 19), and that BCGs are more likely to host a radio-AGN than other
galaxies of the same stellar mass. This trend is independent of the velocity dispersion
(i.e., the mass) of the clusters, as is the radio luminosity distribution, which is
observed to be the same for clusters of different masses. Interestingly enough, the
same behaviour is also observed for non-BCG cluster galaxies but only as long as
they reside in the proximity of the cluster center (< 0.2 ryg9, cf. right-hand panel of
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Fig. 19 Left-hand panel: the percentage of galaxies that host a radio-AGN, as a function of stellar mass,
for all galaxies and for BCGs. BCGs are more likely to be radio-active than other galaxies of the same
stellar mass, and the two relations have different slopes. Right-hand panel: the percentage of galaxies
which host a radio-AGN brighter than a given radio luminosity for non-BCG cluster galaxies (red line) as
compared to the all galaxy (dotted black line) and BCG (solid black line) samples. The other coloured lines
indicate the equivalent relations for different subsets of the non-BCG cluster galaxies with different
distances from the center. The radio-AGN fraction is boosted for galaxies within 0.2 99 of the cluster
center, but retains the same overall shape. Image reproduced with permission from Best et al. (2007),
copyright by the authors
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Fig. 19, where ryq is the radius within which the average density equals 200 times
the critical density J, for spherical collapse, see Sect. 4.1.1). The above findings led
the authors to conclude that radio activity of AGN origin is associated with the
cooling of gas from the hot envelopes of elliptical galaxies and, in the case of central
cluster galaxies, also from the intracluster medium. This is because accretion of hot
gas from a strong cooling flow is able to explain both the boosted likelihood of BCGs
hosting radio-active AGN, and the different slopes of the mass dependencies of the
radio-AGN fractions for BCGs and other galaxies.

Indeed, by then, evidence for a connection between radio-AGN activity and
thermal state of groups and clusters of galaxies had already started to accumulate,
although it was only based on a handful of observations (e.g., Smith et al. 2002; Kraft
et al. 2002; Croston et al. 2003). Croston et al. (2005) were the first ones to
systematically investigate a well-defined and homogeneous sample of 30 local
groups with available X-ray information (Osmond and Ponman 2004), reporting
evidence for the gas properties of groups containing radio-active galaxies (about 60%
of them) to differ from those not hosting them, in the sense that radio-active groups
were likely to be hotter at a given X-ray luminosity. They attributed this effect to the
heating induced by radio galaxies.

Magliocchetti and Briiggen (2007) extended the analysis of Croston et al. (2005)
and Best et al. (2007) to clusters of higher mass and with known X-ray information,
again to assess the importance of (central) AGN radio emission on the thermal
properties of the ICM. This was done by considering combined observations from
the REFLEX (Bohringer et al. 2004) and NORAS (Bohringer et al. 2000) cluster
surveys with NVSS for 145, z<0.3, X-ray selected clusters brighter than 3 X
1072 erg s™'em™2 that showed central radio emission above 3 mly. For cluster
masses Mcp < 1013 M., 11 clusters out of 12 (corresponding to 92% of the systems)
were found to be inhabited by a central radio source. This fraction decreases for
higher masses as oc M (cf. Fig. 20).

By further dividing the sample into clusters harbouring either a point-like or an
extended radio-AGN (about 41% of the analyzed cases, a percentage which is much
higher than what is generally found for radio galaxies within the same redshift range
and at similar radio flux levels, ~ 5%—e.g., Magliocchetti et al. 2002), these authors
observed that the steepening of the X-ray Luminosity-Temperature (Ly — T') relation
observed in low-temperature clusters (e.g., Helsdon and Ponman 2000) was strongly
associated with the presence of central radio-AGN with extended jets and/or lobed
structures. In this latter case, Ly oc 7%, while for point-like sources one recovers the
approximately self-similar relation Ly oc T2 (cf. left-hand panel of Fig. 21), expected
when gravity is the only source of heating. This bimodal behavior suggests a more
efficient mode with which extended sources can permeate the surrounding ICM and
transfer heat within the cluster. Interestingly, the net effect of extended radio-AGN on
the ICM is observed to decrease with increasing cluster mass (i.e., increasing £7), and
at larger masses also any relationship between AGN radio luminosity and cluster
temperature is lost (cf. right-hand panel of Fig. 21). Based on their data combined
with Montecarlo simulations, Magliocchetti and Briiggen (2007) conclude that the
presence of radio-AGN with an extended structure is responsible for the overheating
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data. Image reproduced with permission from Magliocchetti and Briiggen (2007), copyright by the authors
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Fig. 21 Left-hand panel: X-ray luminosity versus cluster temperature for those X-ray-selected clusters
brighter than 3 x 107!2 erg s~! cm~2 which exhibit central radio emission above 3 mJy. Open (red) circles
represent clusters associated with point-like radio sources, while solid (green) squares indicate clusters
inhabited by radio-AGN presenting extended structures. The dashed (green) line indicates the Lx—kT best
fit for the sub-population of extended radio sources, while the dotted (red) one is for point-like radio
objects. The solid line is the best fit to the whole radio cluster sample. Right-hand panel: radio luminosity
of the sources associated with cluster centres versus cluster temperature. Symbols are as before. Image
reproduced with permission from Magliocchetti and Briiggen (2007), copyright by the authors

of the intracluster gas, with an importance which dramatically increases in low-mass
systems. At the same time, Lin and Mohr (2007) considered a sample very similar to
that of Magliocchetti and Briiggen (2007) and estimated the radio-luminosity
function of radio-AGN within r,q9. At variance with Ledlow and Owen (1996), their
results showed that it was about seven times more likely for a galaxy to be radio-
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active if it resided within a cluster environment rather than in the field, 10 (~ 30)
times more likely in the case of associations between BCGs and
Ly, > 108 W Hz™! (Liaguz > 102 W Hz™') AGN. The authors also found
that the surface density profiles of the hosts of radio-AGN were much more
concentrated than those of inactive galaxies, and that more powerful radio sources
were more concentrated than weaker ones. All these pieces of evidence made the
authors invoke radio-AGN activity as an important heating source for the intracluster
medium, especially within 10% of the clusters virial radii. Lastly, by converting the
estimated radio-luminosity function into a life-time for the radio-active AGN phase,
Lin and Mohr (2007) derived values of about 0.6 Gyr, in rough agreement, even
though on the lower side, with Magliocchetti et al. (2017).

Smol¢i¢ et al. (2011) moved the analysis to higher redshift sources and
investigated the recurrence of 217 low-power (1023 <L;4cn,/[W Hz™!]<10%)
radio-AGN selected in the COSMOS field out of z = 1.3 within X-ray selected
groups of masses 10'32 < Maoo /M, < 10'*# (M is total mass of the group enclosed
within 790). In agreement with Best et al. (2007), they found a strong enhancement
of radio-AGN in group centers (<0.2 ry). Furthermore, by comparing their radio-
AGN to a control sample of inactive galaxies with the same stellar mass and colour
distributions, they observed that the fraction of radio-AGN was enhanced by a factor
~?2 in galaxy groups. By using these results combined with Halo Occupation
methods (cf. Sect. 4.1.1), Smol¢i¢ et al. (2011) also estimate the average time a
massive red galaxy in a galaxy group is switched on to a radio-active AGN phase to
range between 0.6 and 3.5 Gyr, value which depends on the mass of the group (the
more massive the group, the longer the active phase), in good agreement with the
findings of Lin and Mohr (2007) and Magliocchetti et al. (2017) obtained from
clustering methods. It is also worth mentioning that al/l galaxies with stellar masses
M, > 10" M, in the Smol&i¢ et al. (2011) sample are radio-active AGN found to
reside within groups.

Mo et al. (2018) instead investigate the interaction between radio-AGN activity
and cluster environment for 2300 galaxy clusters (212 with an embedded radio-AGN
from the FIRST survey) from the MaDCoWS survey (Brodwin et al. 2015), which
selected galaxy over-densities in the WISE bands up to z~ 1. Radio-AGN are
observed to be more concentrated towards the cluster centers, in line with the
behaviour of MIR-selected AGN but at variance with optically-selected AGN (cf.
Fig. 22). Also, the radio-AGN fraction was reported to be more than 2.5 times that of
the field, implying—in agreement with e.g., Best et al. (2007) and Smol¢i¢ et al.
(2011)—that the centers of clusters favour the triggering of radio emission in AGNS.
No statistically significant change in the AGN fraction as a function of cluster
richness was instead found. Mo et al. (2020) further find that the probability for a
cluster to host a radio-active AGN with L; 4G, > 10> W Hz ! is a steep function
of redshift, showing a factor ~ 10 increase in the range 0<z<1.2 (see also e.g.,
Donoso et al. 2009; Birzan et al. 2017), and that such a probability is also strongly
dependent on radio luminosity.

Magliocchetti et al. (2018b) analyse the recurrence of 218, z < 1.2 radio galaxies
from the same COSMOS-VLA survey (Schinnerer et al. 2007; Bondi et al. 2008)
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Fig. 22 Observed AGN fraction in MaDCoWS clusters divided by the field fraction as a function of
cluster-centric distance. Deviations from the field level are in the central 1’ region and are dependent on the
selection method of the AGN catalogue. The bottom x-axis represents the distance from the cluster center
expressed in arcmin, while the top x-axis that in Mpc. Image reproduced with permission from Mo et al.
(2018), copyright by AAS

considered by Smol¢i¢ et al. (2011), but within the different components of the
cosmic web such as clusters, filaments and the field as reconstructed by the work of
Darvish et al. (2017). It was found that while radio-emitting star-forming galaxies are
distributed in a fashion which is similar to the more general population of COSMOS
galaxies, radio-AGN tend to be more preferentially hosted by dense environments
(~20 vs ~10% of the general population). Furthermore, radio-AGN with
Liagu, > 108> W Hz 'sr~! are twice more likely to be found in clusters with
respect to fainter sources (~ 38 vs ~ 15%, cf. left-hand panel of Fig. 23), just as
radio-selected AGN hosted by galaxies with stellar masses M, > 10'! M, are twice
more likely to be found in overdense environments with respect to objects of lower
mass (~24 vs ~ 11%, cf. right-hand panel of Fig. 23), and to avoid underdense
structures more than inactive galaxies with the same stellar mass content. Stellar
masses also seem to determine the location of radio-active AGN within clusters as
~100% of the AGN coinciding with a BCG have M, > 10" M. No different
location within the cluster was instead observed for AGN of different radio
luminosities. Furthermore, in agreement with the early work of Tasse et al. (2008),
radio-AGN which also emit in the MIR are observed to present a marked preference
to be found as isolated galaxies (~ 70% of the sub-sample) at variance with those
also active in the X-ray that all seem to reside within over-densities. Based on the
above results, Magliocchetti et al. (2018b) advocate for a strong link between
processes taking place on sub-pc/pc/Kpc scales and the large-scale—Mpc—
environment of radio-emitters, irrespective of whether star-forming galaxies or
AGN. A strong dependence of the probability for a radio-active AGN to belong to an

@ Springer



6 Page 58 of 95 M. Magliocchetti

06 T LI LI LI LI LI T T LI LI LI LI LI T
£ L i £ 06 - -
= 5 L ]
2 r ] £ L @ i
i | | g
% 0.4 X 5 L A 4

r ) . 0.4 -
5 L - [
: ! : ,
L i - L |
Sozl T 5 r ] ]
g3 L | © 02 f
g P< 107235 | g F O M/Mg<10104 T A
F M,/M <101 R
% - A P>10%2 ] ;\ oA M/M@>1011 ¥ B
= L xALL B = 0 /Mo J_
FIELD FILAMENT CLUSTER § FIELD FILAMENT CLUSTER
©
<

Fig. 23 Left-hand panel: Distribution of radio-selected AGN within different environments for different
values of the AGN radio luminosity (expressed in W Hz ™! sr~!). Right-hand panel: Fraction of radio-
selected AGN (small filled symbols) and galaxies from Darvish et al. (2017) (large open symbols without
error bars) within different environments for various values of the stellar mass of the hosts. The circles
indicate the results obtained for sources with stellar masses M, /M < 10'%4, squares for sources with
M, /M < 10", and triangles for M,/Mz > 10'!. In all cases error-bars show 1g Poisson uncertainties.
Those corresponding to the galaxies from Darvish et al. (2017) are smaller than the symbol sizes. Image
reproduced with permission Magliocchetti et al. (2018b), copyright by the authors

overdense structure on its radio luminosity (~ 10% at Lisomm, = 10223 W Hz™! vs
~30% at Lisommz = 10 W Hz ') is also found by Croston et al. (2019), who use a
sample of 8745, z<0.4 radio-active AGN taken from the LoTSS DR1 catalogue
(Shimwell et al. 2019; Hardcastle et al. 2019) matched with two cluster catalogues
from the SDSS DR8 (Wen et al. 2012 and Rykoff et al. 2014). These authors further
observe that cluster richness and AGN radio luminosity are related, since AGN with
Lisomu, > 102 W Hz ! are likely to be found in rich cluster environments, and that
the location of a radio-AGN within its overdense region is also dictated by its radio
luminosity, as the most radio-luminous AGN are typically found close to the centre.
In agreement with Magliocchetti et al. (2018b) though, it is concluded that stellar
mass is likely to be the dominant cause for the different location preferences of low-
and high-luminosity AGN.

Miraghaei (2020) also investigates radio and optical AGN activity as a function of
environment spanning from voids to clusters of galaxies. Data were taken from the
value added spectroscopic catalogue of Best and Heckman (2012). No dependence of
radio-AGN recurrence on environment is found in either blue (i.e., with ongoing star-
formation) or green (i.e., in the process of being quenched) galaxies, while it is
reported as significant in the case of radio-AGN hosted by red galaxies, whereby
radio activity is observed to increase in dense environments. These findings lead the
author to conclude that the efficiency of gas accretion from small- or large-scale
environments onto super massive black holes is low in the presence of cold gas
within the galaxies while, in its absence, the hot gas from the intergalactic medium
filling a dense environment efficiently triggers radio-AGN activity.
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Lastly, it is worth mentioning the first attempts to investigate the environments of
radio-AGN by pinpointing these sources within known structures at redshifts as high
as z~4 (Uchiyama et al. 2022). In this case, no preference for high-redshift radio
galaxies to reside within overdense structures is observed. However, Uchiyama et al.
(2022)  report an excess of g-dropout galaxies around faint
(L1.4GHz ~ 10200265 W Hz~!) radio-AGN, while no difference is found between
the densities of galaxies surrounding brighter radio-AGN and of those belonging to
the field. Perhaps most interestingly, these authors observe that the galaxies
surrounding their sources tend to distribute along the major axes of the radio jets. If
confirmed, this would imply the onset of filamentary structures around radio-AGN at
an epoch as early as z ~ 4. Masses for the haloes hosting these sources are estimated
to be ~ 10'3! M, result which extends the observed independence of radio-AGN
environmental properties from look-back time (cf. Sect. 4.1) up to z~4.

4.2.1 The FRI-FRIl and HERG-LERG distinction

So far we have mainly considered radio-AGN as a single population of sources.
However (cf. Sects. 3.1 and 3.2), they indeed come in a number of flavours, mostly
as FRI vs FRII galaxies and/or as LERGs vs HERGs. It is therefore of interest
investigating the environmental properties of these sub-classes of sources separately.
A small number of early works (e.g., Prestage and Peacock 1988; Allington-Smith
et al. 1993; Zirbel 1997; Best 2004, see also later in this Section) already tackled this
issue, coming to the general conclusion that in the local universe FRIs and LERGs
occupy denser structures than FRIIs and HERGs, even if there were hints for a
positive cosmological evolution of FRII environments, at least up to z~0.5. Wing
and Blanton (2011) extended these studies by considering ~ 700 FRI and ~ 200
FRII galaxies from the FIRST survey with a counterpart in the SDSS DR7. They
observed a preference for extended radio-AGN of any kind (i.e., with straight or bent
morphologies) to reside within overdense environments as opposed to point-like
sources (up to ~80% in the case of bent-lobed AGN vs ~ 10—30% for single
objects), and also found more FRI galaxies within z<0.5 to inhabit rich structures
(such as groups or clusters or galaxies) than FRIIs (e.g., in the case of straight
extended radio emission, ~60 vs ~40% in group-like structures and ~37 vs
~21% in cluster-like structures). Gendre et al. (2013) applied the same method of
Wing and Blanton (2011) to investigate the richness of the structures surrounding 88
LERGs and 70 HERGs set at z< 0.3, further divided into FRIs and FRIIs. These
authors found that HERGs were more likely associated with poor over-densities
regardless of their further division into FRI and FRII morphologies, while LERGs of
any type could be found within both relatively poor and rich environments.

Ineson et al. (2013) and Ineson et al. (2015) present the results of the Environment
of Radio-loud AGN (ERA) program characterizing the cluster environment of radio-
AGN. In their first work they concentrate on 26 radio-AGN at z ~ 0.5 drawn from the
McLure et al. (2004) sample to beat effects due to cosmological evolution and
conclude that there is some weak correlation between radio luminosity and host
cluster X-ray luminosity, correlation driven by the sub-population of LERGs, with
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HERGS showing no significant correlation. Ineson et al. (2015) confirmed the above
results on 55 lower-redshift (z<0.2) AGN, finding strong correlations between radio
luminosity, cluster richness and central density in the case of LERGs and no
correlation between radio luminosity and cluster richness, or between radio
luminosity and central density for HERGs. HERG environments appear to be
poorer at lower redshifts with respect to z~0.5. No cosmological evolution of
structure density is instead observed for LERGs.

Miraghaei and Best (2017) also investigate the environmental properties of radio
galaxies selected according to their radio morphology (i.e., FRII, FRI, compact and
with unusual morphologies) as well as their accretion properties (LERGs vs HERGs).
The AGN sample adopted for their analysis is the one presented in Best and
Heckman (2012) which includes low-redshift (z <0.4) radio sources from the NVSS
and the FIRST surveys cross-matched with SDSS DR7, while that for the
environments was taken from Sabater et al. (2013). These authors conclude that
the environments of LERGs display higher densities compared to those of HERGs,
supporting the hypothesis that the source of AGN fuelling is the main origin of the
HERG/LERG dichotomy. Furthermore, by comparing FRI LERGs with FRII LERGs
at fixed stellar mass and radio luminosity, they show that FRI galaxies typically
reside in richer environments and are hosted by smaller galaxies with higher mass-
surface density (cf. Sect. 3.2), in agreement with a scenario invoking extrinsic effects
of jet disruption driving the FR dichotomy. No environmental difference is instead
found between extended and compact LERGs. Croston et al. (2019) also observe that
FRI radio galaxies inhabit systematically richer environments than FRIIs, and that the
probability for an FRI to be found within an over-density strongly increases with its
radio luminosity, at variance with bright FRIIs that tend to avoid rich structures.

Massaro et al. (2019, 2020) however argue that the above results on the
environmental differences between FRI and FRII galaxies as well as between LERGs
and HERGs mostly originate from selection biases and present a new analysis which
could minimize them. The adopted catalogues are those of visually-inspected FRIs
and FRIIs from Capetti et al. (2017a) and Capetti et al. (2017b) (cf. Sect. 3.2), with a
redshift range limited to z<0.15. The environments of the 195 FRI 4115 (14 of
which classified as HERGs, all the others being LERGs) FRII galaxies are then
investigated by making use of various techniques which include both cross-matching
the radio sources with known catalogues of clusters and groups of galaxies as well as
direct search for over-densities around the selected radio-AGN using them as
beacons. By combining these methods together, they find that in the local universe
FRIs and FRIIs as well as HERGs (all FRIIs in their catalogue) and LERGs all live in
overdense environments having the same richness, independent of the redshift range
considered, their radio luminosity or the absolute magnitude of their hosts, even
though the probability of finding an FRI in such structures seems to be enhanced with
respect to the population of FRIIs.

More recently, Vardoulaki et al. (2021) brought this analysis to higher redshifts
and considered the recurrence of 3GHz-selected radio-AGN down to ply level
subdivided into FRI (39 sources), FRII (59 sources) and compact/jetless radio
emitters (1818 sources) within 247, 0.08 <z<1.53, X-ray detected groups of
galaxies in the COSMOS field (Gozaliasl et al. 2019). At variance with most of the
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results presented so far in the literature, they find no preference for radio-AGN of any
morphology to reside within over-densities. They ascribe their results as possibly due
to the lack of high sensitivity and resolution in previous radio observations that could
in principle have prevented the detection of fainter and/or smaller radio sources.
These conclusions are however in disagreement with the findings obtained by the
same authors when they compare their radio samples with the density field
reconstructed in COSMOS by Darvish et al. (2017). Indeed, in this latter case they
observe that point-like radio sources preferentially reside within the field (40% of the
sub-sample), while FRII galaxies are more often hosted by cluster-like environments
(46%), although the small number of objects involved in the analysis does not allow
to draw strong conclusions.

4.3 Methods for the detection of environment 3: search for over-densities
around known sources

A third method to investigate the environmental properties of radio galaxies consists
in adopting an opposite approach to that discussed in Sect. 4.2 and observe the
structures that surround pre-selected radio sources. In this case the analysis can be
divided into (i) targeted searches around radio-AGN and (ii) cross-matches of radio
and optical (or IR) catalogues

4.3.1 Targeted searches around radio-AGN

Targeted searches for clusters and protoclusters of galaxies embedding radio-active
AGN have been proven throughout the years to be very successful. Hill and Lilly
(1991) were amongst the first ones to investigate the environment around powerful
radio-AGN by estimating the net excess number of galaxies within 0.5 Mpc from the
radio galaxy and within a magnitude range m; and m; + 3, where m; was the
magnitude of the radio galaxy itself. They observed 45 radio galaxies and 6 radio-
active quasars of radio luminosities spanning 4 dex within the narrow redshift range
0.35<z<0.55. By doing so, they found that radio-AGN on average resided in rich
environments. This held for both powerful (i.e., above the break of the radio-
luminosity function) and less powerful sources, at variance with results from the
more local universe obtained by previous studies (i.e., Prestage and Peacock 1988,
cf. Sect. 4.1) which showed that only FRI galaxies resided in overdense structures.

Another seminal work was that of Allington-Smith et al. (1993) who applied the
same method of Hill and Lilly (1991) to a catalogue of 98, z<0.5, radio galaxies
selected within a narrow interval in radio luminosity (Lsogmu, between 10%¢ and
102 W Hz!) and subdivided into two redshift ranges, z<0.25 and 0.25<z<0.5.
They found that these sources mostly resided in rather poor clusters (or groups of
galaxies), with three to ten members and a richness that roughly doubled from the
low-z to the higher-z sample. Furthermore, as also re-stated by Zirbel (1997), they
managed to reconcile the disagreement between the results of Hill and Lilly (1991)
and those of Prestage and Peacock (1988) as it was observed that, while at low
redshifts FRII galaxies avoided overdense regions, they indeed existed in rich groups
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at redshifts z ~ 0.5 (cf. Fig. 24). From the same Allington-Smith et al. (1993) sample,
Zirbel (1997) also showed that the high- and low-redshift groups surrounding FRI
and FRII galaxies belonged to separate subsets, and that FRI groups were
dynamically more evolved than FRII groups.

Thanks to all the work and efforts put into analysing the environmental properties
of radio-AGN in the previous years (cf. also Sects. 4.1 and 4.2), by the end of last
century it was then clear that radio sources of AGN origin preferentially inhabited
overdense structures. This led to a further step in this kind of targeted studies around
radio-AGN: use them as beacons to look for over-densities of galaxies at high (i.e.,
z~1 —2 and above) redshifts, beating some of the limitations which affected the-
then-state-of-the-art methods for the search of high-redshift clusters of galaxies such
as the partial absence of evolved galaxies and therefore of a red sequence (e.g.,
McDonald et al. 2016), or the difficulty of detecting hot cluster gas by means of X-
ray techniques in the more distant universe.

Pentericci et al. (2000) used VLT spectroscopic observations to provide one of the
first pieces of evidence for the existence of an overdense region (marked by 14 Ly«
emitters and one quasar) surrounding a clumpy radio galaxy set at redshift z = 2.16.
Venemans et al. (2002) report the detection of a structure made of 20 Lyx emitters
(out of 23 observed galaxies, with a success rate of 87%) around the luminous radio
galaxy TN J1338-1942 set at z = 4.1. Such a structure extends for at least 2.7 Mpc x
1.8 Mpc in projection and constitutes an over-density of about 15 when compared
with the field distribution of Lyo emitters at the same redshift. The inferred mass of
the structure is about 10'3 M, and, interestingly enough, the radio galaxy does not
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Fig. 24 Cumulative richness distributions of low-redshift groups surrounding FRI galaxies (dotted line),
low-redshift groups surrounding FRII galaxies (solid line), and z~ 0.5 groups surrounding FRII galaxies
(dashed line). Image reproduced with permission Zirbel (1997), copyright by AAS
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constitute the centre of the protocluster. These observations were subsequently
complemented with the discovery within the same structure of a large population of
Lyman-break galaxies, a factor ~ 2.5 higher than the average number observed in
random fields (Miley et al. 2004, see Miley and De Breuck 2008 for a review on
high-redshift radio galaxies and their environments).

Stern et al. (2003) made use of Keck observations to report the discovery of a
galaxy over-density associated with the z = 1.11 radio galaxy MG1 J04426+-0202.
At variance with Pentericci et al. (2000) and Venemans et al. (2002), and likely due
to the lower redshift of the source, in this case members of the over-density were
identified as passive elliptical galaxies formed at high redshift. Venemans et al.
(2007) extended the work of Pentericci et al. (2000) and Venemans et al. (2002) by
searching  for  forming clusters of galaxies mnear 8  powerful
(Lr7gn, > 1033 erg s~ Hz! sr’l) radio galaxies at 2.0 <z<5.2. At least six of
their eight fields were found to be overdense in Lya emitters by a factor 3—5 when
compared to the field density at similar redshifts. Furthermore, the emitters showed
significant clustering in velocity space. From their results, Venemans et al. (2007)
estimated that roughly 75% of powerful high redshift radio galaxies reside in a
protocluster. Hatch et al. (2011) imaged the fields surrounding six, 2.2 <z<?2.6,
radio-AGN, finding over-densities of physically associated galaxies for three of them
which extended to ~ 4 Mpc and contained approximately ~2 — 7 x 10'* M, mass.
Dobherty et al. (2010) spectroscopically confirmed the existence of two protoclusters
surrounding two high redshift radio galaxies set at z =2.16 and z = 2.93. These
authors were also able to identify two massive red galaxies, one of which turned out
to be the first red and mainly passively evolving galaxy confirmed to belong to a
z > 2 protocluster.

More recently, Mayo et al. (2012) used counts-in-cells analyses (which consist in
counting sources within cells of different sizes) to detect over-densities of 24 pm,
Spitzer-selected galaxies around 63 High Redshift (1 <z<5.2) Radio Galaxies
(HzRGs). They concluded that over 95% of the targeted HzRGs lie in higher than
average density fields. Galametz et al. (2012) also used a counts-in-cells analysis to
identify over-densities of Spitzer/IRAC-selected galaxies in the fields of 48,
1.2 <z<3, radio sources from the Spitzer High-Redshift Radio Galaxy program
(SHzZRG—Seymour et al. 2007; De Breuck et al. 2010). Using relatively shallow
IRAC data, these authors showed that radio galaxies preferentially reside within
medium-to-dense regions, with 73% of the targeted fields denser than average, in
agreement with the results of Venemans et al. (2007). One of these structures was
also spectroscopically confirmed (Galametz et al. 2013b).

The CARLA (Clusters Around Radio-Loud AGN) program (Wylezalek et al.
2013) expanded the work of Galametz et al. (2012) and investigated the environment
of a larger sample of both obscured (e.g., type 2) and unobscured (e.g., type 1),
luminous (rest-frame 500 MHz radio luminosities > 10?7> W Hz ') radio-active
AGN between redshift z = 1.2 and z = 3.2, again by making use of Spitzer-IRAC
observations. Data were obtained for 387 fields, 187 around radio-active quasars and
200 around radio galaxies, reaching a 95% completeness of 22.6 mag at 3.6 um and
of 22.9 mag at 4.5 pm. These authors found that 92% of the selected radio-active
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AGN resided in environments richer than average (cf. left-hand panel of Fig. 25), and
concluded that these sources constitute ideal beacons for finding high-redshifts
clusters and protoclusters. Wylezalek et al. (2013) also investigated how environment
depends on different AGN physical properties (i.e., obscured vs unobscured sources)
but found no correlation with either AGN type or radio luminosity. 16 out of 20
structures from the original CARLA selection were successively confirmed by using
slitless grim spectroscopy on board of the Hubble Space Telescope (Noirot et al.
2018).

Hatch et al. (2014) compared the environments of powerful radio-AGN at
1.3 <z<3.2 from the CARLA survey to those of a sample of inactive galaxies drawn
from the UKIDSS Ultra Deep Survey (SpUDS — Galametz et al. 2013a) matched in
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Fig. 25 Left-hand panel: histogram of the densities of IRAC-selected sources in the CARLA fields and in
the control UKIDSS Ultra Deep Survey (SpUDS—Galametz et al. 2013a) fields. The Gaussian fit to the
low-density half of the SpUDS density distribution is shown by the dashed black curve and presents a peak
at Xspups = 8.3 £ 1.6 arcmin~2. The vertical dotted line corresponds to Xg,ups + 30, with ¢ standard
deviation. 92.0% of the CARLA fields are denser than the SpUDS peak density. 18.7% of the SpUDS
fields are denser than Xs,ups + 20 in contrast to 55.3% of the CARLA fields. Only 0.7% of the SpUDS
fields are denser than Xsyups + 50 as opposed to 9.6% of the CARLA fields. Right-hand panel:
relationships between the large-scale environment of the CARLA radio-AGN and properties of their radio
emission and powering black hole (BH). From top to bottom: (a) the extent of the radio emission for
resolved CARLA sources, (b) ratio of radio to bolometric AGN power (only for quasars), (¢) radio spectral
index a (where S, o< v*) and (d) black hole mass for the 211 CARLA AGN matched with the Shen et al.
(2011) SDSS catalogue. Filled circles are black hole masses derived from fitting the Mgl line in the optical
spectra, whilst open circles are obtained from the CIV line. Open diamonds are the mean in each density
bin. Images reproduced with permission from [left] from Wylezalek et al. (2013), copyright by AAS; and
[right] Hatch et al. (2014), copyright by the authors
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mass and redshift, finding that — at all scales <2 — 4 Mpc—the structures that host
radio-AGN were significantly denser than those hosting radio-quiet galaxies. Based
on their results, Hatch et al. (2014) suggest that the dense Mpc-scale environment
may foster the formation of a radio jet from an AGN and further speculate that
virtually all the the massive, M, > 10'* M, clusters and protoclusters go through a
radio-active AGN phase during 1.3 <z<3.2. This corresponds to a life-time for the
radio-active AGN phase of at least 60 Myr, lower than the values from Lin and Mohr
(2007) and Magliocchetti et al. (2017), which were however obtained in different
redshift ranges, for different radio luminosity levels (CARLA sources are much
brighter than those considered by Lin and Mohr 2007 and Magliocchetti et al. 2017)
and by using entirely different methods. Hatch et al. (2014) also expanded the work
of Wylezalek et al. (2013) and reinvestigated the relationships between the large-
scale environment of the CARLA AGN and their physical properties. Once again, no
correlation was found, except for a low-significance (2.3¢) positive dependence on
black hole mass (cf. right-hand panel of Fig. 25).

Rigby et al. (2014) extended the search for over-densities around high-redshift
radio-AGN to galaxies detected in the FIR by the SPIRE instrument onboard of the
Herschel Space Observatory. By imaging regions around 19 extremely powerful
radio-AGN (Lspomn, > 10%%° W Hz! at 2.0 <z<4.1), they found that most of
these fields were denser than average, with two of them clearly indicating the
presence of (previously unknown) protoclusters made of galaxies undergoing intense
star-formation activity (SFR = 500-1000 M., year~!), extending up to ~ 2-3 Mpc.
On the other hand, Cooke et al. (2016) report of a mature cluster, mostly formed by
quiescent galaxies, surrounding a radio-AGN already at z = 1.58.

In a similar fashion to what done by the CARLA survey, the COBRA (Clusters
Occupied by Bent Radio AGN) program (Paterno-Mahler et al. 2017) searches for
overdense regions around radio-AGN with double-lobed structures which are not
aligned with each other, but bent by forming angles < 180°. The rationale behind this
search is that the radio lobes of these AGNs are most likely bent because of the ram
pressure that occurs due to the relative motion of the AGN host galaxy and the ICM
(e.g., Feretti et al. 1992; Blanton et al. 2001; Giacintutti and Venturi 2009; Wing and
Blanton 2011), which makes these sources good tracers for finding galaxy clusters.
Indeed, out of 646 bent radio-AGN, 530 (corresponding to ~ 82% of the original
sample) are associated with over-densities—mostly at high, z = 1 — 3, redshifts—in
the Spitzer/IRAC maps, and 190 are associated with galaxy cluster candidates. By
following up on the previous work, Golden-Marx et al. (2021) also show for a
subsample of 36 high-z (0.35<z<2.2) cluster candidates that radio-AGN with
narrower (<80°) opening angles reside in richer clusters (cf. Fig. 26), clearly
indicating that the cluster environment impacts radio morphology.

More insights on the inner structure of protoclusters surrounding bright radio
galaxies and on the physical processes in action are provided in the recent work by
Gilli et al. (2019) (see also D’Amato et al. 2020). These authors make use of deep
Chandra observations centred on an over-density which develops along a compton-
thick FRII galaxy set at redshift z = 1.7. The region presents significant diffuse X-
ray emission. In particular, X-ray emission extending for ~ 240 Kpc is found around
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Fig. 26 Significance of the combined over-density as a function of the opening angle of the bent radio
source. All significances reported here are from Golden-Marx et al. (2019). Image reproduced with
permission from Golden-Marx et al. (2021), copyright by AAS

the eastern lobe of the FRII and most of the star-forming galaxies in the over-density
are distributed in an arc-like shape along the lobe edges. Gilli et al. (2019) propose
that the diffuse X-rays originate from an expanding bubble of gas that is shock-
heated by the FRII jet, and that star formation within galaxies in the proximity of the
bubble is promoted by the compression of the cold interstellar medium. This result
provides one of the first pieces of evidence for positive AGN feedback on
cosmological (i.e., beyond the extension of the galaxy host of the radio-AGN) scales.

4.3.2 Cross-matches of catalogues

With a somehow different approach from that presented in the first part of this
Section, a number of studies have also investigated the environmental properties of
mainly radio-AGN but also radio-emitting star-forming galaxies by matching
catalogues of sources observed in the radio band (mostly at 1.4 GHz) with those
obtained in the optical/NIR. The first pioneer works based on cross-correlation
analyses appeared in the late 1970s (e.g., Seldner and Peebles 1978; Longair and
Seldner 1979; Prestage and Peacock 1988—cf. Sect. 4.1), but a great leap forward in
this field was only possible starting from the beginning of the century when
technology developments made large galaxy surveys possible.

Best (2004) combined the optical 2dFGRS with NVSS and used a Friends-of-
Friends algorithm to investigate the environment of 91 local (z<0.1) radio-AGN
mostly endowed with luminosities L; 4 g, > 10°>® W Hz~!. It was found that, while
AGN activity of radio origin showed little dependence on local galaxy surface
density except at the very lowest surface densities where such an activity is
suppressed (cf. Fig. 27), the larger-scale environment was instead more important,
since—in agreement with earlier works (e.g., Allington-Smith et al. 1993; Zirbel

@ Springer



Hosts and environments: a (large-scale) radio history... Page 67 of 95 6

< SF radio gals |
A Radio AGN

2.0

1.5

% of galaxies

1.0

T
i

m L Lol L -
0.01 0.1 1 10 100
Surface density / Mpc?

0.5

%

Lol Lo
1000 10000

Fig. 27 Fraction of galaxies within the 2dFGRS catalogue that are associated with radio sources securely
classified as either star-forming or AGN, as a function of the local projected galaxy surface density. Error-
bars correspond to Poissonian uncertainties. The frequency of star-forming radio sources is greatly
suppressed in dense environments, while AGN activity is roughly independent of environment, except in
the most underdense regions. Image reproduced with permission from Best (2004), copyright by RAS

1997) — radio-AGN were preferentially found in moderate-richness groups and poor
clusters of galaxies. It was also found that the ratio of absorption-line to emission-
line radio-AGN changed dramatically with environment, with essentially all radio-
AGN in rich environments showing no emission lines in their optical spectra, result
that led to conclude that such a difference could be due to the lack of cool gas in
cluster galaxies. Best (2004) also repeated the investigation for a sample of 154
radio-emitting star-forming galaxies taken from the same NVSS parent catalogue. At
variance with radio-AGN, these exhibited a strong correlation with environment,
with star formation activity suppressed in high-density structures (cf. Fig. 27), a
result which was well-known at optical wavelengths (e.g., Dressler et al. 1985), but
not yet seen in radio-selected objects.

Kauffmann et al. (2008) instead considered a particular sample of ~ 1600, local
radio-active AGN with strong emission lines in their optical spectra, obtained by
combining together NVSS and FIRST with spectroscopic information from the Sloan
Digital Sky Survey DR4. AGN were selected from the population of radio emitters on
the basis of a correlation between radio and H,, (proxy for FIR) luminosity, corrected for
extinction. These sources where then compared to a sample of radio-quiet AGN matched
in redshift, stellar mass and velocity dispersion g, (proxy for the central black hole mass)
of the host. While these authors found a remarkable agreement between the properties of
radio-active and inactive AGN in terms of host galaxy structure, stellar populations and
emission line properties in their optical spectra, they also observed a factor ~2 — 3
enhancement in the local density surrounding radio-active AGN (cf. Fig. 28): in other
words, radio-active AGN reside in denser environments with respect to radio-quiet ones,
even though no dependence on radio luminosity was found.

Few years later, Bardelli et al. (2010) moved the analysis to higher redshifts by
investigating a sample of 315, 0.1 <z<0.9, radio sources obtained from the VLA-
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Fig. 28 Galaxy counts within projected radius R for emission-line radio-active AGN (solid) and matched
samples of radio-quiet AGN (dotted). Results are shown for four different ranges in the velocity dispersion
gy of the hosts. Image reproduced with permission from Kauffmann et al. (2008), copyright by the authors

COSMOS survey (Schinnerer et al. 2007; Bondi et al. 2008) via cross-correlation
with galaxies endowed with a spectroscopic redshift from the z-COSMOS bright
catalogue (Lilly et al. 2009). Radio galaxies were divided into passive AGN (i.e.,
very little star-forming activity), non-passive AGN (ongoing star-forming activity)
and star-forming according to a combined method that first used the excess of their
radio-derived SFRs with respect to those obtained from their optical SEDs to select
AGN (cf. Sect. 2), and then a criterion based on [8.0—4.5] um colours vs specific star-
formation rates (as derived from the SEDs) to distinguish between passive and non-
passive AGN. The authors conclude that the only class which is preferentially hosted
within overdense structures is that of passive AGN (fraction increasing from ~ 2%
in underdense regions to ~ 15% in overdense ones, cf. Fig. 29, where 1 + ¢ is the
density contrast), while both non-passive AGN and radio-emitting star-forming
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Fig. 29 Black histograms: over-density distribution 1 + ¢ of the radio sources in the Bardelli et al. (2010)
sample. Red dashed histograms show the same quantity but for the control samples. Upper left panel: total
AGN sample. Upper right panel: passive AGN. Lower left panel: non-passive AGN. Lower right panel:
star-forming galaxies. The blue histogram corresponds to the control sample corrected for stellar mass
distribution. Image reproduced with permission from Bardelli et al. (2010), copyright by ESO

galaxies are embedded in structures which do not differ from those hosting galaxies
drawn from control samples. Bardelli et al. (2010) further observe a dependence of
the radio luminosity on the stellar mass of the hosts for the sub-class of passive radio-
AGN, dependency which however disappears for L; 4G, = 1025 W Hz™!, lumi-
nosity beyond which also almost all passive radio-AGN are found to reside within
overdense regions.

Malavasi et al. (2015) present an analysis similar to that of Bardelli et al. (2010)
on the same COSMOS field, but based on photometric redshifts (Ilbert et al. 2009),
which on one hand allow to expand the statistical significance and redshift range of
the sample (1427 objects up to z~ 2) but at the price of larger uncertainties in the
redshift determination. By using control samples with the same stellar mass and
sSFR distributions of the original radio dataset, Malavasi et al. (2015) conclude that
the environments surrounding radio-AGN are significantly denser than those
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occupied by inactive galaxies, especially for low-power
—24 < log(Ly 461./[W Hz ']) <24.5—radio-AGN, while the trend disappears for
AGN of higher radio luminosities. Roughly at the same time, Castignani et al. (2014)
focus on a sample of 32, 1 <z <2, FRI galaxies in the COSMOS field extracted from
the catalogue of Chiaberge et al. (2009). These authors investigate the environments
surrounding such sources subdivided into 21 low-luminosity radio galaxies (LLRGs)
and 11 high-luminosity radio galaxies (HLRGs)—where LLRGs were selected to
have 1.4 GHz rest frame luminosities lower than the fiducial FRI/FRII divide—and
find over-densities extending up to ~2 Mpc around ~ 70% (22 out of 32) of the
sources, independent of their radio luminosity. This is in agreement with e.g., the
conclusions of Wylezalek et al. (2013) but—puzzling enough—at variance with
those of Malavasi et al. (2015) obtained on the same COSMOS field and for a
comparable redshift range and radio luminosity divide. A similar result on the
independence of AGN radio luminosity from environment was also recently reported
in Kolwa et al. (2019) for 2716, z<0.8 radio sources with luminosities
103 < Ly 461,/ [W Hz '] <10% observed in the SDSS Stripe 82 field. By comparing
their objects to a sample of control galaxies matched in redshift, colour and stellar
mass of the hosts, Kolwa et al. (2019) also observe that the environments of their
radio sources are similar to those of the control sample, except for the fact that radio-
AGN are more prevalent within the most overdense regions such as galaxy clusters.
These results lead the authors to conclude that environment is expected to play some
(relatively minor) role on the production of radio activity from an AGN, but it is not
the crucial ingredient. However, given the luminosity range probed by their sources,
it is likely that the Kolwa et al. (2019) results are at least partially affected by the
presence in their radio-AGN sample of a non-negligible fraction of radio-emitting
star-forming galaxies (cf. Sect. 2) which generally inhabit structures indistinguish-
able from those occupied by their radio-quiet counterparts.

5 Discussion

Given the established evidence for a strong connection between extragalactic radio
source activity and the formation and evolution of galaxies and larger structures such
as groups and clusters, this review has concentrated on the Kpc-to-Mpc scale
properties of radio-AGN and star-forming galaxies by providing an overview on their
hosts and environments. The conclusions based on the most recent works are
summarized below.

5.1 Hosts

AGN—It is widely agreed that radio-AGN are mainly hosted by the most massive
galaxies both in the local (e.g., Matthews et al. 1964; Ekers and Ekers 1973;
Auriemma et al. 1977; Jenkins 1982; Best et al. 2005a; Mauch and Sadler 2007;
Sabater et al. 2019; Capetti et al. 2022) and in the higher-redshift (e.g., Lilly and
Longair 1984; Eales et al. 1997; Jarvis et al. 2001; De Breuck et al. 2002; Willott
et al. 2003; Seymour et al. 2007; Smol¢ic¢ et al. 2009; De Breuck et al. 2010; Giirkan
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et al. 2014; Drouart et al. 2016; Magliocchetti et al. 2016) universe. As a matter of
fact, there are large variations in the level and relevance of radio activity of AGN
origin within different extragalactic populations, with the probability for a source to
host a radio-AGN observed to vary from as little as ~2—5% in moderate-to-high
(z~0.5 — 2) redshift AGN (e.g., Hickox et al. 2009; Magliocchetti et al. 2020) up to
virtually 100% in the most massive local ellipticals (e.g., Brown et al. 2011; Capetti
et al. 2022; Grossova et al. 2022).

Many works had already investigated in the local universe the connection between
the fraction of radio-AGN within a chosen population of galaxies and their optical/
NIR luminosity (e.g., Colla et al. 1975; Auriemma et al. 1977; Hummel et al. 1983).
These have been implemented in the more recent years with studies connecting such
a fraction with the stellar mass of the hosts (e.g., Best et al. 2005a; Mauch and Sadler
2007; Sabater et al. 2019; Magliocchetti et al. 2020). In all cases it has been found
that the probability for a galaxy to host a radio-active AGN is a strong function of
both their optical/NIR luminosity (proxy for the stellar mass in absence of this
information) and mass, with a functional form of the kind oc M>° (e.g., Best et al.
2005a). This dependence also appears to be stronger than that estimated for the mass
of the black hole powering the radio-AGN (x Mp$—e.g., Best et al. 2005a; Sabater
et al. 2019), evidence that would hint to a stronger link between radio-AGN activity
and gas fuelling with respect to nuclear properties. However, in spite of this relation,
no connection is observed between level of radio activity and host mass (e.g., Mauch
and Sadler 2007). No connection has either been found between probability for
radio-AGN emission and nuclear accretion properties, cosmological evolution or
star-formation activity of the hosts (e.g., Magliocchetti et al. 2020). It therefore
appears that the host mass is the main factor driving the formation and evolution of a
radio-AGN.

These findings have also been confirmed up to z~2 (e.g., SmolCi¢ et al. 2009;
Williams and Réttgering 2015; Lin et al. 2017; Mo et al. 2020), together with the
result of a global increase as a function of look-back time of the fraction of radio-
active AGN within galaxies, observed to happen at all stellar masses. Such an
increment is however differential, since relatively low-mass, M,<10'%75 M,
galaxies are found to be up to 10 times more likely to host a radio-AGN at higher
redshifts with respect to local results, while galaxies with a larger stellar mass content
show little evolution. This shift of radio-AGN activity towards lower-mass, mainly
star-forming galaxies has been interpreted as evidence for a change in the nuclear
accretion properties of radio-emitting AGN from mostly hot/inefficient in the local
universe, to cold/efficient as we approach cosmic noon at z~ 2. Indeed, already in
the local universe, radio-AGN are observed to show different accretion modes:
cold/efficient in high-excitation radio galaxies or HERGs and hot/inefficient in low-
excitation radio galaxies or LERGs (e.g., Hardcastle et al. 2007), although with a
numerical prevalence of LERGs over HERGs. However, since at least up to z~ 1
HERGs display a stronger cosmological evolution than LERGs (e.g., Best et al.
2014; Pracy et al. 2016; Butler et al. 2019), this would explain the larger fraction of
radio-AGN within HERG hosts (locally found to be less massive, bluer and more
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star-forming than LERGs—e.g., Best and Heckman 2012; Jannsen et al. 2012;
Hardcastle et al. 2013; Sadler et al. 2014) observed at higher redshifts.

Things however do not seem to be too crystal clear beyond z ~ 1. The most recent
studies indeed show a much less marked distinctions between HERG and LERG host
properties with respect to what observed locally: their mass distributions tend to
overlap (e.g., Fernandes et al. 2015; Delvecchio et al. 2017), except for a more
pronounced tail observed below M, <10'% M, in the case of HERGs (e.g., Williams
et al. 2018; Butler et al. 2018b). Also the star-forming properties of HERG and
LERG hosts are found to be more similar than what found in the local universe.
These results likely stem from two main factors: (1) the cosmological evolution of
the general galaxy population, which becomes more star-forming as cosmic noon is
approached, with a global star-forming activity mainly shifting to larger-mass
galaxies (cosmic downsizing), and (2) the different methods (spectroscopic vs
photometric) applied to select HERGs and LERGs at low and high redshifts which
produce more contaminated samples beyond z~ 0.5—1.

Within this scenario, a special place is occupied by the morphological differences
exhibited by radio-active AGN, also in connection with their accretion properties.
Early works based on bright radio sources attributed different hosts to the two
populations of FRI and FRII galaxies, with FRIs being almost ubiquitously observed
within massive and passively evolving red galaxies (but see Ledlow et al. 1998, 2001
for few examples of FRIs within spirals), and FRIIs mainly associated to bluer,
fainter and smaller galaxies (e.g., Lilly et al. 1984; Owen and Laing 1989; Baum
et al. 1992; Zirbel 1996). Ledlow and Owen (1996) found in the optical properties of
the host galaxy a crucial ingredient to account for the FRI-FRII dichotomy, which
then had to be added to the already known ingredient of radio luminosity (Fanaroff
and Riley 1974). Indeed, it was shown that al/ the radio-AGN above the locus
Lradio X Léiﬁical were FRIIs, while those below it were FRIs. This meant that powerful
FRI galaxies with radio luminosities comparable to those of FRIIs could exist, just as
long as their host galaxies were also about two magnitudes brighter. However,
despite its enormous success and the fact that it was further converted into a
relationship between AGN power and black hole mass (Ghisellini and Celotti 2001),
it was subsequently found that the Ledlow and Owen (1996) result suffered from a
number of biases, most importantly luminosity issues since FRI and FRII galaxies
had been sampled in different redshift ranges.

With the advent of deeper and wider surveys which started to provide more
homogeneous large samples of fainter radio galaxies, it has become clear that,
although there are indeed very few (although not zero) FRIs above the Ledlow and
Owen (1996) divide, there is a large overlap between FRI and FRII galaxies below it
(e.g., Best 2009; Lin et al. 2010; Wing and Blanton 2011; Mingo et al. 2019). To
make things more complicated, the almost one-to-one correspondence between FRIs
and LERGs and FRIIs and HERGs which was thought to hold at least to a zero-th
order approximation, has in the recent years proven not to be true. Indeed, despite the
fact that few FRIs are observed in association with a HERG, LERGs can instead
assume both FRI and FRII morphologies (e.g., Laing et al. 1994; Tadhunter et al.
1998; Chiaberge et al. 1999, 2000; Hardcastle et al. 2006; Buttiglione et al. 2010;
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Capetti et al. 2017a, b; Miraghaei and Best 2017; Mingo et al. 2022). However, while
there is nowadays a general consensus on this result, disagreement still remains on
the possible mechanisms causing the FRI-FRII dichotomy, also in connection with
their HERG and LERG distinction.

In particular, two main scenarios have emerged: the first one attributes differences
in radio morphology to the large-scale (i.e., host galaxy and environment, see also
below in this Section) properties of radio-AGN which influence the interaction
between the radio jet and the external medium (e.g., Kaiser and Best 2007; Wing and
Blanton 2011; Miraghaei and Best 2017; Mingo et al. 2019, 2022), with those
between HERGs and LERGs being instead dictated by different fuelling mechanisms
as discussed earlier. According to this framework, HERGs are powered by accretion
of cold gas, provided by e.g., a recent merger with a gas-rich galaxy, while LERGs
accrete hot intergalactic gas from dense environments at a low rate (e.g., Best and
Heckman 2012), with fuelling from major mergers strongly disfavoured by recent
observations (e.g., Ellison et al. 2015). On the other hand, other works do not observe
any difference in the host and/or environmental properties of FRI and FRII galaxies,
except in the rare cases of FRII HERGs (e.g., Lin et al. 2010; Capetti et al. 2017b;
Jimenez-Gallardo et al. 2019; Massaro et al. 2019, 2020; Vardoulaki et al. 2021) or
even between those of HERGs and LERGs (e.g., Fernandes et al. 2015), so that an
alternative mechanism for their large-scale radio behaviour has to be invoked. In this
case, ageing processes can be thought as the main driver for the observed
morphological differences, with an evolutionary pattern that proceeds from FRII
HERGS that switch from efficient to inefficient accretion due to gas starvation and
transform themselves into FRII LERGs, sources that still maintain their large radio
structures thanks to the past nuclear activity at high efficiency (e.g., Ghisellini and
Celotti 2001; Tadhunter 2016; Macconi et al. 2020; Grandi et al. 2021). The switch
oft/change in accretion mode will eventually show in the radio morphology with the
delay needed to reach Kpc-to-Mpc distances, and the source will ultimately turn into
an FRI galaxy.

A further important point to stress is that, while as already discussed, local
——z<1—observations indicate that radio-active AGN mostly reside within passive
ellipticals, hosts of very little ongoing star-forming activity (e.g., Siebenmorgen et al.
2004; Dicken et al. 2012; Giirkan et al. 2015), the situation becomes dramatically
different at higher redshifts (e.g., Dey et al. 1997; Pentericci et al. 1998, 1999;
Williams and Réttgering 2015; Lin et al. 2017). Indeed, the advent of facilities such
as SCUBA, Spitzer and Herschel probing the IR and sub-millimeter regimes to high
sensitivity levels, has opened a new window on our knowledge of the physical status
of radio-AGN during cosmic noon at z~ 1.5-2 and beyond. All the works based on
these observations (e.g., Archibald et al. 2001; Reuland et al. 2004; Seymour et al.
2007, 2011; Rawlings et al. 2013; Drouart et al. 2014; Podigachoski et al. 2015;
Magliocchetti et al. 2014b, 2016, 2018a) have clearly shown that in the z~1 —3
range and beyond, radio-AGN hosts produce stars at very high rates, up to
~ 103 M, year~!. Such an activity is observed to increase with look-back time, up to
the highest redshifts probed by the observations, and in most cases also to be in
excess with respect to those exhibited at the same epochs by inactive galaxies or by
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the hosts of radio-quiet AGN (e.g., Drouart et al. 2014; Kalfountzou et al.
2014, 2017). 1t is then clear that the negative radio-mode feedback (e.g., Croton et al.
2006; Fanidakis et al. 2012; Weinberger et al. 2018), which invokes the presence of a
radio jet to warm up or even expel the cold gas contained within massive galaxies
(therefore halting their star-formation processes so to reproduce the locally observed
physical properties and number density) can only be valid in the nearby universe. In
the high-redshift universe instead, radio-AGN activity and build-up of the stellar
mass at vigorous rates co-exist within the same galaxy. This would imply the
presence of positive feedback (Silk and Nusser 2010), whereby radio jets increase the
star-formation activity by compressing the intergalactic medium. Alternatively, as
some observational results seem to indicate (e.g., Seymour et al. 2011; Rawlings
et al. 2013; Drouart et al. 2014; Magliocchetti et al. 2014b, 2016, 2018a;
Podigachoski et al. 2015) it is possible that radio-AGN and star-formation activities
proceed parallel to each other and only result coeval thanks to the availability of large
reservoirs of gas within massive galaxies at z~ 2. More work in this direction is
needed to assess the validity of one of the two scenarios and also to understand the
drastic change in feedback behaviour when moving from z~ 1.5 down to the local
universe.

Star-forming galaxies 'At all the (relatively low, z<1) redshifts probed by present
facilities, radio-emitting star-forming galaxies appear in all respect identical to star-
forming galaxies selected at any other wavelength, with spectral types ranging from
spirals to irregulars and dwarfs. Although only <10~ of the bolometric luminosity
produced by a non-AGN powered galaxy is radiated at radio wavelengths (Condon
1992), the importance of radio selection for star-forming galaxies relies on the fact
that it can provide estimates of the star-formation activity of such sources in a way
which is unaffected by the presence of dust up to the earliest epochs. To do that, a
solid calibration of the relation between radio luminosity and infrared luminosity (or
alternatively SFR) is mandatory. This is why a lot of effort has been put in the recent
years to provide calibrations as precise as possible at all redshifts and for all galaxy
types. From an observational point of view, it has been found at least in the local
universe that radio and infrared luminosities show an incredibly tight, approximately
linear, correlation over more than five orders of magnitude in infrared luminosity (e.
g., Helou et al. 1985; De Jong et al. 1985; Condon 1992; Yun et al. 2001),
irrespective of galaxy type and level of star-forming activity, as long as the galaxy
hosts episodes of star-formation. This relation, originally found at 1.4 GHz, has also
been observed to hold at different frequencies (e.g., Delhaize et al. 2017; Giirkan
et al. 2018). The theoretical reasons behind it are still not fully understood, as many
factors involved in the process of shaping a galaxy should intervene to produce at
least some modifications which are not (yet) clearly visible in the available data.

One of the most important open questions associated to the IR-radio correlation is
its eventual evolution with redshift, as erroneous estimates of the gir o Lir /Lradio
value at high z’s would hamper the huge potential of present and future radio surveys
such as SKA to investigate the history of formation and evolution of galaxies since
the cosmic dawn. Early studies which exploited IR data from the Spitzer and
Herschel satellites found a general independence of the IR-radio correlation from
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redshift (e.g., Appleton et al. 2004; Vlahakis et al. 2007; Ibar et al. 2008; Garn et al.
2009; Jarvis et al. 2010; Chapman et al. 2010; Sargent et al. 2010; Mao et al. 2011).
Then, more recent works based on different source selection and stacking analyses,
have started to infer a slight but statistically solid evidence for the ratio between IR
and radio luminosity to decrease with look-back time (Ivison et al. 2010a, b; Bourne
et al. 2011; Magnelli et al. 2015; Calistro Rivera et al. 2017; Delhaize et al. 2017).
The reason for such discrepant results is to be found in the different selection criteria,
as in principle while e.g., the radio selection favours higher L.,4,/SFR ratios, the
opposite is true for the FIR and sub-millimetre selections which favour high SFRs.

More insights on the cosmological evolution of the IR-radio correlation have been
recently provided by the results of Molnar et al. (2018) and Delvecchio et al. (2021).
Indeed, while the first work shows that a different evolution is observed for star-
forming galaxies of different morphological types, hinting to an increasing presence
and contribution of radio-emitting AGN within bulk-dominated star-forming galaxies
at higher redshifts, the second study finds in the stellar mass the main driver of such a
redshift dependence, with galaxies of higher stellar masses displaying lower values
of the gir parameter. However, despite all the progress made in the very recent years,
a convergence on the IR-radio relation for what concerns both its deviation from
linearity and eventual redshift evolution is still far from being reached (e.g., Bonato
et al. 2021; Molnar et al. 2021; Smith et al. 2021; Tisanic et al. 2022).

5.2 Environment

AGN While—starting from the very early works (e.g., Seldner and Peebles 1978;
Longair and Seldner 1979; Hill and Lilly 1991; Peacock and Nicholson 1991; Allington-
Smith et al. 1993; Zirbel 1997)—virtually all the studies presented in the literature
converge at indicating that radio-AGN preferentially reside within overdense structures,
the three (or rather five if one also includes cross-correlation studies) methods presented
in Sect. 4 provide different information on the large-scale structure behaviour of these
objects. To summarize them in a few words, we might say that the method based on
clustering returns more information on the very large/cosmological (i.e., at Mpc level and
beyond) scales traced by radio sources and also on the dark matter content of the regions
that host them. On the other hand, very different results are obtained if one searches for
structures around known radio-AGN or if one pinpoints radio-AGN within known
structures. Indeed, in the first case one finds that virtually all radio-AGN are surrounded
by over-densities (e.g., Venemans et al. 2007; Mayo et al. 2012; Galametz et al. 2012;
Castignani et al. 2014; Wylezalek et al. 2013; Rigby et al. 2014), while the second
method shows that only about 20-30% of them inhabit rich (group- and cluster-like)
structures (e.g., Best et al. 2007; Magliocchetti and Briiggen 2007; Lin and Mohr 2007,
Croft et al. 2007; Magliocchetti et al. 2018b; Croston et al. 2019). The reason for this
discrepancy is not known, but it is likely related to the different redshift ranges probed by
the two methods (much more local sources are considered in the second one), and/or—
under the assumption of a strong correlation between radio luminosity and environmental
density (e.g., Bardelli et al. 2010; Magliocchetti et al. 2018b; Croston et al. 2019; Mo
et al. 2020, but see further in this section for different points of view)—to the fact that
generally the first method images much brighter radio sources than the second one. In
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any case, we note that these findings also have implications for the life-time of the radio-
AGN phenomenon, and it is therefore of no surprise if works based on the different
methods illustrated above find different values, ranging from ~ 60 Myr up to a few Gyr
(e.g., Lin and Mohr 2007; Smol¢i¢ et al. 2011; Hatch et al. 2014; Magliocchetti et al.
2017). We also note that recent studies based on direct LOFAR observations which—we
remind—sample lower frequencies and therefore older emission, would tend to better
agree with the high-end values provided above for the radio-active phase of an AGN
(t > 200 Myr — Heesen et al. 2018).

The fact that—at variance with what observed for e.g., optical AGN (e.g., Ellingson
et al. 1991; Porciani et al. 2004; Kauffmann et al. 2008; Mandelbaum et al. 2009;
Donoso et al. 2010; Sabater et al. 2013; Retana-Montenegro and Réttgering 2017)—
most of the radio-AGN reside in overdense/cluster-like structures, has important
implications not only for the investigation of the radio-AGN phenomenon per se’, but
also for the study of the interaction between radio-AGN activity and their surrounding
structures, both in terms of companion galaxies and ICM. First of all, regardless of the
adopted method, all studies report estimates for the masses of the dark matter hosts of
radio-AGN to be of the order of 10'3°-10'* M, (e.g., Magliocchetti et al. 2004; Hickox
et al. 2009; Mandelbaum et al. 2009; Lindsay et al. 2014a; Hatch et al. 2014;
Magliocchetti et al. 2017; Retana-Montenegro and Roéttgering 2017; Hale et al. 2018;
D’Amato et al. 2020; Uchiyama et al. 2022), with a value which remains unchanged at
all probed epochs, from as early as z~4 (Uchiyama et al. 2022) down to the local
universe (cf. Magliocchetti et al. 2017 and references therein). This leads us to draw the
fundamental conclusion that the environmental properties of radio-AGN remain
unchanged throughout all cosmic ages.

Furthermore, it has been found that the BCG of a cluster or group of galaxies is
much more likely to host a radio-AGN than any other galaxy belonging to the over-
density, and that this likelihood is a strongly increasing function of its stellar mass
and of the AGN radio luminosity (e.g., Best et al. 2007; Lin and Mohr 2007; Croft
et al. 2007; Smolci¢ et al. 2011; Mo et al. 2018; Magliocchetti et al. 2018b; Croston
et al. 2019). The above findings clearly push towards a strong connection between
radio activity and over-density/ICM properties. Although a whole review would be
needed to tackle this fundamental aspect of galaxy evolution known under the name
of ‘feedback’, here we suffice saying that indeed plenty of evidence has been
reported for the above interaction, both in the case of extended radio sources
presenting clear jetted structures (e.g., Magliocchetti and Briiggen 2007; Paterno-
Mahler et al. 2017; Gilli et al. 2019; D’ Amato et al. 2020; Golden-Marx et al. 2021)
and for the whole population of radio-AGN regardless of their morphological
division (e.g., Croston et al. 2005; Lin and Mohr 2007; Ineson et al. 2013, 2015),
although no dependence is inferred between environmental richness and extension of
the radio-AGN, at least in the case of Giant Radio Galaxies (e.g., Lan and Prochaska
2021). A strong connection has been also reported between radio-AGN activity,
environmental properties and star-forming processes within the host galaxy (e.g.,
Bardelli et al. 2010; Miraghaei 2020), whereby mostly radio-AGN associated to
passive galaxies are found to reside within over-densities.
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However, despite all the progress made in the field, the details of the interaction
between radio-AGN and ICM are far from being fully understood. For instance, there
is still no consensus on which (large) scales are affected by the presence of a radio-
AGN, or how radio feedback precisely works. This lack of knowledge is somehow
related to the uncertainties we still have on the environmental properties of radio-
AGN of different types, differences that likely reflect—amongst others—different
accreting modes. So, while for instance there seems to be a general consensus on the
fact that locally FRI and/or radiatively inefficient galaxies tend to reside in denser
environments than FRII and/or radiatively efficient ones (e.g., Prestage and Peacock
1988; Zirbel 1997; Best 2004; Wing and Blanton 2011; Ineson et al. 2013, 2015;
Miraghaei and Best 2017; Croston et al. 2019, but see Massaro et al. 2019, 2020 for a
discording view), just as radio-AGN hosted by early-type/red galaxies do (e.g.,
Bardelli et al. 2010; Miraghaei 2020), it is still not clear whether FRII galaxies are
embedded in lower density environments only at low redshifts (e.g., Allington-Smith
et al. 1993; Zirbel 1997; Ineson et al. 2015) or at all cosmological epochs. To our
knowledge, except for very few cases that present somehow discording conclusions
(e.g., Hale et al. 2018; Vardoulaki et al. 2021), this kind of systematic investigation
has only been performed up to z~0.5. An extension of the analysis to higher
redshifts is therefore mandatory to provide a definite answer. Just as an example, the
mere existence of a protocluster serendipitously found surrounding a FRII galaxy at
z=1.7 (Gilli et al. 2019), and the fact that most high-redshift radio galaxies are
indeed FRIIs (Miley and De Breuck 2008), show that at high redshifts these sources
can indeed reside in overdense structures. And if this is the case, does it imply a
different cosmological evolution for FRII and FRI galaxies also in terms of their
environmental properties? Also, do the above results unequivocally point towards
different fuelling mechanisms for the different sub-populations of radio-AGN
mentioned above as studies of their host galaxies seem to indicate (cf. Sect. 3)?

Even more intricate is the case of AGN of different radio luminosities. Indeed, no
consensus has been reached for what concerns their environmental properties despite all
the effort put in by the scientific community. The number of works that claim no
dependence (e.g., Hill and Lilly 1991; Magliocchetti et al. 2004; Best et al. 2007,
Kauffmann et al. 2008; Fine et al. 2011; Wylezalek et al. 2013; Castignani et al. 2014;
Magliocchetti et al. 2017; Kolwa et al. 2019) almost equals that of those that do find a
difference, with brighter radio-AGN belonging to denser structures (e.g., Longair and
Seldner 1979; Yates et al. 1989; Overzier et al. 2003; Bardelli et al. 2010; Hale et al.
2018; Magliocchetti et al. 2018b; Croston et al. 2019; Mo et al. 2020). The reason for
such a striking disagreement is unknown, although some works advocate the different
luminosities and/or redshift intervals considered in the various analyses. It is also not
clear whether the claimed dependency holds for the whole radio-AGN population or
only for some sub-class of objects (e.g., Ineson et al. 2013, 2015). Furthermore, a few
studies mainly sampling the higher-redshift universe (e.g., Donoso et al. 2010;
Malavasi et al. 2015; Uchiyama et al. 2022) refer of the opposite effect, i.e., fainter
radio-AGN being surrounded by denser environments.

There are other open issues connected with the physics of the radio-AGN
phenomenon and of its accreting black hole. Amongst a few, whether it is true that
AGN that emit both in the radio and in the MIR have a preference to reside within
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underdense structures (at variance with radio-AGN which are also X-ray emitters), as
observed by Tasse et al. (2008) and Magliocchetti et al. (2018b) but with a somehow
low significance level, finding that if confirmed would imply an intimate connection
between nuclear activity and environmental properties even for AGN that are already
radio emitters. Also, if there is indeed a dependency of the radio-AGN environmental
properties on their black-hole mass, or at least on some threshold value of ~ 10° M,
as the works by Hatch et al. (2014) but mostly by Retana-Montenegro and Roéttgering
(2017) seem to suggest. And lastly, it is still has to be further confirmed whether
indeed radio-active galaxies and radio-active quasars cluster differently (i.e., are
hosted by different structures), as suggested by the work of Donoso et al. (2010).

All these answers require wider radio surveys which would be able to return large
samples of sources divided per morphological type, redshift interval, radio
luminosity, accretion mode, etc, deep enough to probe the whole population of
radio-active AGN up to the early phases of our Universe. Luckily, all this is within
reach with the advent of SKA in the next decade.

Star-forming galaxies Radio-active star-forming galaxies are a much more
straightforward case than AGN: they exhibit no environmental differences when
compared to their radio-quiet counterparts (e.g., Bardelli et al. 2010; Magliocchetti et al.
2017, 2018b; Hale et al. 2018; Chakraborty et al. 2020), and are mainly found in
average-to-under-dense structures. Dense environments are shown to inhibit the presence
of radio-active star-forming galaxies (Best 2004; Sabater et al. 2013), precisely in the
same way it is observed for their radio-quiet counterparts. This holds at least up to
z~1.5. At earlier epochs, evidence collected at all wavelengths but radio (due to lack of
sensitivity of present facilities) indicates that intense, SFR > 20-30 M, year~!, star-
forming activity shifts to galaxies embedded within denser/protocluster-like structures (e.
g., Magliocchetti et al. 2014a). Once again, the advent of SKA will unequivocally
confirm or refuse whether this conclusion is also valid at radio wavelengths.
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