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Abstract
Radio-loud compact radio sources (CRSs) are characterised by morphological
compactness of the jet structure centred on the active nucleus of the galaxy. Most of
the local elliptical galaxies are found to host a CRS with nuclear luminosities lower
than those of typical quasars, .1042 erg s�1. Recently, low-luminosity CRSs with a
LINER-like optical spectrum have been named Fanaroff–Riley (FR) type 0 to
highlight their lack of substantially extended radio emission at kpc scales, in contrast
with the other Fanaroff–Riley classes, full-fledged FR Is and FR II radio galaxies.
FR 0s are the most abundant class of radio galaxies in the local Universe, and
characterised by a higher core dominance, poorer Mpc-scale environment and
smaller (sub-kpc scale, if resolved) jets than FR Is. However, FR 0s share similar host
and nuclear properties with FR Is. A different accretion–ejection paradigm from that
in place in FR Is is invoked to account for the parsec-scale FR 0 jets. This review
revises the state-of-the-art knowledge about FR 0s, their nature, and which open
issues the next generation of radio telescopes can solve in this context.
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1 Introduction

A minority of the Active Galactic Nuclei (AGN), named radio-loud AGN (RLAGN)1

(� 10–20%, e.g. Urry and Padovani 1995; Kratzer and Richards 2015; Macfarlane
et al. 2021), is known to launch relativistic collimated jets from parsec (pc) to Mpc
scales, which connect the active supermassive black hole (BH) with the interstellar
medium (ISM) to the furthest intra-cluster medium (ICM) (e.g. Blandford et al. 2019;
Hardcastle and Croston 2020; Saikia 2022). A significant excess of radio emission
over that expected from star formation (SF) processes is attributed to non-thermal jet
emission in RLAGN (e.g. Condon 1992; Bonzini et al. 2013; Padovani et al. 2015).
However, a fraction of radio-quiet (RQ) AGN can also produce non-thermal emission
from jets, which are, though, uncollimated and sub-relativistic (e.g. Padovani 2016;
Panessa et al. 2019). Jets, whether relativistic or not, are found to play a key role in
galaxy evolution and in the maintenance of massive galaxies in the present-day
Universe (e.g. Croton et al. 2006; Kharb and Silpa 2023), by releasing a large amount
of energy to their surrounding environment (the so-called radio-mode feedback)

1 Radio loudness, R, is defined as ratio between the flux densities in the radio (6 cm, 5 GHz) and in the
optical band (� 4400 Å) (Kellermann et al. 1989): RLAGN have R� 10, whereas radio-quiet AGN have
R\10. See also Terashima and Wilson (2003) for a radio loudness definition based on radio and X-ray (2–
10 keV) luminosity ratio.
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(Fabian 2012). In fact, RLAGN are typically associated with the most evolved
systems, i.e. massive early-type galaxies (ETGs, and mostly ellipticals) and the most
massive BHs (e.g. Heckman and Best 2014), although a small number of exceptions
have been found (e.g. Hota et al. 2011; Singh et al. 2015a; Kaviraj et al. 2015;
Kotilainen et al. 2016; Mao et al. 2018; Webster et al. 2021b; Davis et al. 2022).

One of the most historically important classifications of RLAGN was introduced
by Fanaroff and Riley (1974), based on the extended radio structure: edge-darkened
sources were classified as Fanaroff–Riley type I (FR Is), while edge-brightened as
type II (FR IIs): the latter generally more radio luminous ([ 2� 1025 WHz�1 at
178 MHz) than the former. Extended plumes, lobes, and tails account for typically
90% of their total radio emission (Miley 1980). Other than the radio linear size and
morphology, the jet orientation with respect to the line of sight is another important
variable to characterise RLAGN: extended sources inclined at small angles may
appear compact due to projection effects and their radio emission can be boosted due
to relativistic beaming of the nuclear jets moving at relativistic velocities. A further
crucial aspect of RLAGN is the radio spectrum (flux density Sm, varies with
frequency m as m�a and a is the spectral index): steep-spectrum sources ða[ 0:5Þ are
typically associated with optically-thin emission from extended jets, while flat/
inverted-spectrum sources ða\0:5Þ are largely due to (synchrotron-self or free–free)
absorption process involved in compact cores and jet knots. While misaligned (type-
2) RLAGN (with respect to the line of sight, e.g. FR I/II), commonly named as radio
galaxies (RGs), are typically dominated by their extended emission with steep
spectra, aligned (type-1) RLAGN, named blazars,2 show flat, inverted or complex
radio spectra of the dominant cores.

Traditionally, compact radio sources (CRSs) associated with misaligned RLAGN
are believed to represent the early stages of evolution of full-fledged RLAGN (FR I/
IIs, O’Dea 1998) and are characterised by a peaked radio spectrum (see Sect. 2).
Recently, Baldi et al. (2015) introduced a new class of low-power CRSs
(.1024 WHz�1), named FR 0 RGs, whose compact radio emission is dominated
by the core and pc-scale jets and not related to a juvenile radio activity. The
characteristic property of such an abundant class of RGs is the substantial lack of
kpc-scale jet emission, that has changed the classical view on the kpc/Mpc-scale
RLAGN phenomenology, particularly at low luminosities, where jets are scarcely
studied. An increasingly incomplete list of RLAGN classes is given in Table 1.

The complex radio taxonomy of RLAGN needs to find a correspondence with the
optical classification schemes to modes of accretion onto the BHs (e.g. Jackson and
Rawlings 1997; Heckman and Best 2014; Hardcastle and Worrall 2000). Based on
their optical spectra, RGs have been classified into Low Excitation Radio Galaxies
(LERGs) and High Excitation Radio Galaxies (HERGs) (Table 1), which basically
reflect two BH-accretion states (Buttiglione et al. 2010; Tadhunter 2016a) with
distinct distributions of Eddington ratios.3 LERGs are typically accreting below 1%

2 The blazar population consists in two sub-classes, the flat-spectrum radio quasars and BL Lacs, generally
at high and low luminosities, respectively.
3 The Eddington ratio _LE gauges the BH-accretion properties and is defined by the ratio between the
bolometric AGN luminosity and the Eddington luminosity given its BH mass.
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of their Eddington accretion rate limit, while HERGs have typical accretion rates
between 1 and 10% (or even higher) (Heckman and Best 2014). HERGs, accretion-
dominated RLAGN, are characterised by radiatively efficient accretion flows
(REAF), i.e. standard optically thick, geometrically thin discs (Shakura and Sunyaev
1973). LERGs, jet-dominated RLAGN, are powered by radiatively inefficient
accretion flows (RIAF), which include the disc solutions of geometrically thick
advection-dominated accretion flows (ADAF) (e.g. Narayan and Yi 1994, 1995;
Narayan et al. 2000; Yuan and Narayan 2014). LERGs prefer redder, gas-poorer,
more massive ETGs with lower star-formation rates, which inhabit richer and more
dynamically relaxed environment and feed more massive BHs than HERGs (Baldi

Table 1 Radio-optical AGN taxonomy

Acronyms Main properties Reference

Quasar Quasi-stellar radio source 1

RLAGN Radio-loud AGN (relativistic collimated jets) 2

RQAGN Radio-quiet AGN (thermal/non-thermal emission, uncollimated sub-relativistic
jet)

2, 3

CRS RL or RQ radio compact source 4

FR I Fanaroff–Riley class I radio source; radio core-brightened 5

FR II Fanaroff–Riley class II radio source; radio edge-brightened 5

FR 0 Fanaroff–Riley class 0 radio source; RL CRS lacking kpc-scale extended
emission

6

RG Radio galaxy, misaligned RL AGN 7

Blazar Aligned RL AGN 7

REAF Radiatively efficient accretion disc 8

RIAF Radiatively inefficient accretion disc 9

LERG Low-excitation radio galaxies 10

HERG High-excitation radio galaxies 10

LLAGN Low-luminosity AGN 11

CSS Compact steep spectrum radio source; young RG 12

GPS Gigahertz-peaked radio source; young RG 12

HPF High frequency peakers; young RG 12

CSO Compact symmetric object; young RG 12

MSO Medium-sized symmetric object; young RG 12

Seyfert High-ionisation nuclear emission-line regions, RQ AGN 13

LINER Low-ionisation nuclear emission-line regions, RQ or RL AGN 13, 14

CoreG Core galaxies, nearby low-luminosity FR 0-like RGs 15

The complex radio-optical AGN taxonomy includes several acronyms. Here a partial but helpful list of
labels for AGN, their properties and references (first/key papers or recent papers, which give up-to-date
details). References: 1. Schmidt (1963), 2. Padovani (2016), 3. Panessa et al. (2019), 4. Kellermann and
Pauliny-Toth (1981), 5. Fanaroff and Riley (1974), 6. Baldi et al. (2015), 7. Urry and Padovani (1995), 8.
Shakura and Sunyaev (1973) 9. Yuan and Narayan (2014), 10. Heckman and Best (2014), 11. Ho (2008),
12. O’Dea and Saikia (2021), 13. Kewley et al. (2006), 14. Heckman (1980), 15. Balmaverde and Capetti
(2006)
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and Capetti 2008; Heckman and Best 2014). LERGs are generally thought to be
fuelled by the cooling of hot gas from haloes present in their massive host galaxies,
whereas the HERGs generally tend to accrete cold gas efficiently, from processes
external or internal to the galaxy (Hardcastle et al. 2007). Several radio-optical
studies of RGs concluded that the two FR radio morphologies are not representative
of two distinct accretion states, but can co-exist in the same optical class (e.g. Gendre
et al. 2013; Mingo et al. 2019, 2022). In fact, local LERGs are associated with a FR I
or FR II morphology, whereas HERGs, which are on average of higher luminosity,
are generally FR IIs. The new low-power FR 0 class has thus further entangled,
although already complex, the radio-optical classification scheme (Table 1).

Other than radio and optical bands, decades of observations of accreting BHs at
different wavelengths have shed new light on specific aspects of the accretion-jet
phenomena (e.g. X-ray, broad/narrow optical lines, IR excess), collecting evidence
for an anisotropic AGN emission. The attempt to unify all the AGN classes in one
single picture concluded with the Unification Model (UM, e.g. Barthel 1989;
Antonucci 1993; Urry and Padovani 1995), which states that, despite their
differences, RLAGN have the same basic structure (attested for powerful sources):
optically thick circumnuclear matter (torus) obscuring the accretion disc in an edge-
on view, perpendicular to a relativistic jet, Doppler boosted when seen at small
angles to the line of sight. This orientation-based scheme represents the most
courageous way to characterise the fact that the nuclear continuum and emission-line
radiation from all types of AGN are simply a function of wavelength, inclination to
the line of sight and source luminosity. However, the advent of modern sensitive and
survey-mode telescopes has unveiled new regions in the space parameters of
RLAGN phenomenology (see, e.g. in time domain astronomy, radio/optical/X-ray
spectroscopy and polarimetry, jet/wind structure, disc and dust properties, Padovani
2016; Padovani et al. 2017; Spinoglio and Fernández-Ontiveros 2021), which have
defined specific accretion–ejection states of AGN and relative transitions, which the
simplistic UM cannot explain. Although the UM is still generally valid, the most
logical way to relieve the tension is the inclusion of the time variable in the UM, i.e.
the parameters can evolve across time. An evolutionary scheme of RLAGN offers a
more adaptable method to fine-tune the AGN parameters observed in distinct and
transitioning states of accretion and ejections (Antonucci 2012; Netzer 2015;
Tadhunter 2016a).

The dynamic evolution of the accretion–ejection coupling in RLAGN is
traditionally explained as a progression of the radio power with the linear size of
the radio structure (see An and Baan 2012 and references therein). Figure 1 shows
the radio power P versus the total extent of the source, D (the so-called “P–D”
diagram, Baldwin 1982): different populations of radio-emitting AGN (quiet and
loud) span over a very wide range in radio luminosities (nearly ten orders of
magnitude) and source sizes (six orders of magnitude) (Hardcastle et al. 2019;
Hardcastle and Croston 2020). For RLAGN, in Fig. 1, two representative
evolutionary tracks within the P–D diagram are shown and predict RL CRSs to
evolve into traditional � 100-kpc double RGs (FR Is or FR IIs, e.g. Kunert-
Bajraszewska et al. 2010; An and Baan 2012; Kunert-Bajraszewska 2016). However,
there is an important caveat. All the evolutionary models and our current knowledge
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on RG populations have long been based on samples of powerful sources, mostly
above 1024 WHz�1, selected from high-flux low-frequency radio surveys such as the
Third Cambridge (3C) catalogue (Bennett 1962). In opposition to the past, recent
large-area sensitive surveys have revealed that the local RG population is dominated
by sources with radio power below 1024 WHz�1 (Best and Heckman 2012), which
includes mostly compact FR 0-type RGs. The UM model is not able to successfully
reproduce such an abundant population of ‘low-luminosity’ RLAGN.

A milestone in the comprehension of the RLAGN phenomenon is the work by
Best et al. (2005b), which selected the largest complete sample of low-luminosity
RGs ð.1041 erg s�1Þ by cross-matching Sloan Digital Sky Survey (SDSS, York et al.
2000), National Radio Astronomy Observatory (NRAO) Very Large Array (VLA)
Sky Survey (NVSS, Condon et al. 1998), and the Faint Images of the Radio Sky at
Twenty centimetres survey (FIRST, Becker et al. 1995) with flux densities [ 5 mJy

Fig. 1 Radio power/linear-size plot (P–D diagram) for different types of RL and RQ AGN, adapted from
plots presented by An and Baan (2012), Jarvis et al. (2019) and Hardcastle and Croston (2020). Points
show individual objects and coloured contours represent a smoothed estimator of source density. The
different categories of source shown are: CSO, GPS, CSS, FR I, FR II, RQ quasars, Seyferts and LINERS,
and FR 0s (see Sects. 1 and 2 for the definition of the classes). Red and dark-green dashed lines represents
the classical evolutionary tracks of FR Is and FR IIs (e.g. An and Baan 2012). The shaded bottom-right
corner shows the effect of surface-brightness limitations by existing radio surveys: very recently, deep
LOFAR and MeerKAT surveys are starting to explore this region of the P–D diagram (Whittam et al. 2022;
Best et al. 2023). The vertical line roughly represents the separation between resolved and
unresolved/compact sources based on arcsec angular resolution, generally provided by the VLA array.
The black box depicts the VLA detected FR 0s and represents an upper limit on their actual radio physical
size. This figure is a modified version of Fig. 2 from Hardcastle and Croston (2020)
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a 1.4 GHz. This flux-density cut is much below than the selection of, e.g. the 3C
catalogue (178 MHz flux density [ 9 Jy, Bennett 1962), on which most of our
comprehension of the radio-AGN phenomenon is based. The most interesting result
from the radio-optical survey is that their radio morphology appears unresolved at the
scale of the FIRST radio maps, i.e. 500, which corresponds to 10–20 kpc with z\0:3.
These compact RGs, named later FR 0s, which belong to a heterogeneous population
of LERG-type red massive ellipticals, represent the bulk of the RG population of the
local Universe with a space density [ 100 times higher than 3C/RGs. The study of
the FR 0 population has a relevant role in the modern astrophysics because: (i) since
they are the most common RLAGN in the local Universe, their comprehension
provides an important insight on the accretion–ejection mechanism for ordinary RGs;
(ii) since their radio emission is on galactic scale, their jets can have a tremendous
impact on the galaxy evolution in the context of radio-mode feedback.

In this review, we provide an overview of the observational properties and
theoretical understanding of this interesting class of compact RGs, FR 0s. We
introduce the class of CRSs in Sect. 2 to then focus on the FR 0s (Sect. 3), by
discussing their selection (radio and host properties). Then we derive the radio
luminosity function of local RGs to demonstrate the abundance of FR 0s with respect
to the FR I/IIs (Sect. 4). Then, we review their multi-band properties from radio
(Sect. 5), optical and IR (Sect. 6) to high energy bands (Sect. 7) to picture their
typical spectral energy distribution (SED). A discussion of the accretion–ejection
coupling (Sect. 8), environmental properties (Sect. 9) and their role of compact
sources in AGN feedback (Sect. 10) lead to drawing static and dynamic scenarios to
account for the multi-band properties of FR 0s in relation to the other FR classes
(Sects. 11 and 12). A final chapter on future perspective is also included (Sect. 13).

We adopt in this work H0 ¼ 70 km s�1 Mpc�1; Xm0 ¼ 0:3; XK0 ¼ 0:7:

2 Compact radio sources

In this review, we consider CRSs, those AGN which appear unresolved at small
angular sizes (. a few arcseconds). CRSs can be RQ or RL, and here we will focus
on the latter. In RL CRSs, the compact component is generally ascribed to the radio
core, which is interpreted as non-thermal self-absorbed synchrotron emission from
the base of a relativistic jet, that extracts energy from the spinning BH and/or the
accretion disc (Blandford and Znajek 1977; Blandford and Payne 1982). The
connection between the compact core emission and the pc–kpc–Mpc-scale extended
jet emission, has been discussed in previous reviews (e.g. Condon and Dressel 1978;
O’Dell 1978; Kellermann 1980; Kellermann and Pauliny-Toth 1981; O’Dea 1998;
Falcke et al. 2004; Lobanov 2006; Tadhunter 2016b; O’Dea and Saikia 2021), which
all gather increasing evidence of a large population of CRSs in the local Universe.

What does ‘compact’ mean and what defines the compactness? The angular size
of a compact source can vary from milli-arcsecond (mas) to a few arcseconds
depending on the frequency, resolution and depth of observations. There is no a
specific limit on the physical scale for a compact source. The morphological
compactness can be defined as the ‘unresolved’ structure of a radio source, when the
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deconvolved size is smaller or equal to the radio-map beam width and when its
visibility function is flat across the entire spatial-frequency plane. Starting with the
Rayleigh–Jeans limit for brightness temperature Tb [K] (Condon and Ransom 2016),
the angular dimension h of a compact source with its peak intensity Sm [mJy beam�1]
at the frequency m [GHz] is

h� 35 S1=2m T�1=2
b m�1 arcsec: ð1Þ

For brightness temperatures above the threshold to discriminate between an AGN
and stellar origin (Falcke et al. 2000), Tb � 107 K, for a spectral peak frequency
between hundreds of MHz to GHz, the angular size varies between a few mas to a
few arcseconds. This corresponds to a linear dimension range of several hundreds of
pc to kpc in the nearby Universe ðz\0:3Þ: However, in the literature, a CRS is
trivially classified as a morphologically point-like source based on the corresponding
angular resolution.

In theory, a conventional definition of a compact source predicts the presence of a
characteristic self-absorption in the radio spectrum at low frequencies (below GHz
regime). A varying opacity throughout the source entails a spectral characterisation: a
flat, inverted or undulating spectrum over a wide range of frequencies due to the
superposition of several radio-emitting partially opaque sources. Both the generally
flat-spectrum and the compactness of the source can lead to the interpretation of an
unresolved radio-emitting nucleus.

A (flat-spectrum) compact radio core can be observed across all types of galaxies
and AGN. Even normal spiral, star-forming galaxies, RQAGN and late-type galaxies
(LTG) in general can reveal a compact nucleus, whose radio origin is thermal and
non-thermal emission from several physical processes (Condon 1992; Panessa et al.
2019). Since the most radio-loud AGN are preferentially hosted by bulge-dominated
evolved galaxies with masses larger than 1011 M� and much less signs of
morphological disturbance (spirals, bars) and SF than RQAGN (e.g. Best et al.
2005a; Ho 2008; Best and Heckman 2012; Kozieł-Wierzbowska et al. 2017a, b;
Magliocchetti 2022), a prior selection of the optical hosts, ETGs rather than LTGs,
can help to exclude RQAGN from genuine RL CRS samples at the cost of
completeness in the RLAGN population.

The presence of an arcsec-scale compact radio emission at the centre of ETGs has
been affirmed since 1970s as the main results of shallow VLA radio surveys up to
now (e.g. Rogstad and Ekers 1969; Heeschen 1970; Ekers and Ekers 1973;
Kellermann and Pauliny-Toth 1981; Sadler 1984; Fanti et al. 1986, 1987; Wrobel and
Heeschen 1991; Slee et al. 1994; Giroletti et al. 2005; Capetti et al. 2009; Nyland
et al. 2016; Hardcastle et al. 2019; Roy et al. 2021; Grossová et al. 2022; Wójtowicz
et al. 2023; Capetti and Brienza 2023). More massive galaxies and earlier in type
appear to be more probably connected to the presence of a RLAGN (e.g. Smith et al.
1986; Best et al. 2005a; Floyd et al. 2010; Kim et al. 2017; Zheng et al. 2020), able to
launch from the weakest to the most powerful jets in the Universe (large range of
luminosities, morphologies, duty cycles and speeds, e.g. Heckman and Best 2014;
Morganti 2017; Morganti et al. 2021a; Saikia 2022).
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Hosted in ETGs, RL CRSs have been classified based on radio spectral and
morphological properties. Other than blazars which have a large intrinsic radio size
but appear compact because of projection effects and are affected by relativistic
beaming (one-sidedness, superluminal motions, and high brightness temperatures),
misaligned RL CRSs (Readhead et al. 1994; O’Dea 1998; Orienti 2016; O’Dea and
Saikia 2021) have been studied mainly at high powers ðL1:4GHz [ 1025 WHz�1Þ and
are characterised by a convex synchrotron radio spectrum: the peak position around
100 MHz in the case of compact-steep-spectrum (CSS) sources (well determined
only by LOFAR and MWA observations in the recent years, e.g. Mahony et al. 2016;
Callingham et al. 2017; Slob et al. 2022), and at about 1 GHz in the case of GHz-
peaked spectrum (GPS) sources, or even up to a few GHz in the sub-population of
high frequency peakers (HFP) (Fanti et al. 1985; Spencer et al. 1989; Stanghellini
et al. 1998; Snellen et al. 1998; Dallacasa et al. 2000; Kunert et al. 2002; Orienti et al.
2007; Hancock et al. 2010) (Fig. 1). Morphologically, lobes and/or hot spots are
typically resolved with very-long baseline interferometry (VLBI) observations and a
weak component hosting the core is occasionally present (e.g. Wilkinson et al. 1991;
Gugliucci et al. 2005; An et al. 2010, 2012; Wu et al. 2013). Depending on their size,
CSS/GPS may be termed as compact symmetric objects (CSO) if they are smaller
than 1 kpc, or medium-sized symmetric objects (MSO) if they extend up to 10–
15 kpc (Conway 2002; Fanti et al. 2001). The existence of a relation between the
rest-frame peak frequency and the projected linear size (e.g. O’Dea and Baum 1997)
indicates that the mechanism responsible for the curvature of the spectrum is the
youth: these sources are small because they are still in an early stage of their
evolution, and will develop into FR I/II sources (e.g. Phillips and Mutel 1982; Fanti
et al. 1990; Snellen et al. 2000; An and Baan 2012). The alternative scenarios point
to a dense medium which might limit and frustrate the jet growth (van Breugel et al.
1984; Carvalho 1994, 1998; Ghisellini et al. 2004; Giroletti et al. 2005), or to a short
or recurrent activity due to occasional BH accretion (Readhead et al. 1994; Gugliucci
et al. 2005; Kunert-Bajraszewska et al. 2010, 2011; An and Baan 2012; Kiehlmann
et al. 2023).

In conclusion, the CRS category can embrace a large population of radio-emitting
sources: RQAGN, star-forming galaxies, blazars, young RGs and the FR 0s. In the
next section, we will focus on the properties of this ‘new’ class of compact RGs,
FR 0s, in relation to the large-scale RLAGN population.

3 Low-luminosity CRSs: the FR 0s

A significant fraction of nearby galaxies shows evidence of weak nuclear activity
unrelated to normal stellar processes. Recent high-resolution, multi-wavelength
observations indicate that this activity derives from BH accretion with a wide range
of accretion rates and is associated with a CRS (e.g. Nagar et al. 2005; Ho 2008;
Zuther et al. 2012; Saikia et al. 2018; Williams et al. 2022, 2023). In fact, moving to
lower luminosities generally corresponds to selecting AGN with smaller and weaker
jet (compact) structures and flatter radio spectra (e.g. Nagar et al. 2005; Sadler et al.
2014; Baldi and Capetti 2010; Gürkan et al. 2018; Sabater et al. 2019; Hardcastle

123

The nature of compact radio sources: the case... Page 9 of 72 3



et al. 2019; Dabhade and Gopal-Krishna 2023), but with an increasing contribution
from spurious RQAGN (Mezcua and Prieto 2014; Bonzini et al. 2013; Baldi et al.
2021b). Current radio surveys of the local Universe have unearthed a large
population of low-luminosity AGN (LLAGN, with bolometric luminosities
.1040 erg s�1), which were poorly explored in the past. Best and Heckman
(2012), up-dating the sample of Best et al. (2005b), select 18 286 RGs (the SDSS/
NVSS sample, hereafter), with low powers ðL1:4GHz\1024 WHz�1Þ at low redshifts
ðz\0:3Þ; whose the majority (� 80%) are LLAGN and radio compact (500), with
linear sizes . 10–20 kpc.

The role of LLAGN and their compact-jet emission in galaxy-BH co-evolution
(Ho 2008; Kormendy and Ho 2013) is crucial for several aspects:

(i) since LLAGN outnumber the quasar population by a few orders of magnitudes
at z\0:3 (Nagar et al. 2005; Best et al. 2005a; Saikia et al. 2018), they provide the
snapshot of the ordinary relation between an accreting BH and its host. The absence
of an outshining AGN at the galaxy centre allows us to better study the co-
evolutionary link between host and BH;

(ii) since LLAGN reside in less massive galaxies, the identification of LLAGN
would help to constrain the occupation fraction of active BH in galaxies at low stellar
masses [ 109�10 M� (Greene 2012; Gallo and Sesana 2019), and the BH mass
density function at MBH\108 M�. These quantities are fundamental to calibrate the
prescriptions for BH-galaxy growth of semi-analytical and numerical models (e.g.
Shankar 2009; Barausse et al. 2017);

(iii) due to the lack of sensitive surveys in the past, the role of LLAGN in galaxy
evolution has been always downgraded with respect to powerful quasars, which by
definition can offer a larger energetic budget to the host. Yet, recently the advent of
deep radio surveys is reversing our view on AGN activity: LLAGN are always
switched on at some level at low radio powers (L150MHzJ1021 WHz�1, Sabater et al.
2019) and have galactic-scale jets, that can have a tremendous impact on their hosts
by continuously injecting energy into the host, a crucial aspect for the jet-mode (or
radio-mode) feedback (Fabian 2012).

While in the optical band the role of LLAGN in BH-galaxy co-evolution and their
BH-accretion properties have been largely studied (Ho 2008; Fanidakis et al. 2011),
their connection with the radio band has recently started to be explored. The past and
current optical-radio studies of radio-emitting LLAGN collect observational evidence
that three states of accretion–ejection exist: RQ Seyferts, RQ LINERs and RL
LINERs (Low-Ionisation Nuclear Emission line Regions, Hine and Longair 1979;
Heckman 1980; Kewley et al. 2006), different from the accretion–ejection states at
higher luminosities, LERGs and HERGs and RQ quasars.4 LINERs have lower
accretion rates ð _mÞ; are usually more radio-loud and reside in earlier type galaxies
than Seyferts (Ho 2008). In fact, LINERs tend to host compact cores (Cohen et al.
1969; Falcke et al. 2000; Filho et al. 2002b; Maoz 2007), more radio luminous as the

4 At low luminosities, the presence of intermediate RL Seyferts is still unclear and a luminosity gap
between Seyferts and HERGs seems to exist (e.g. Baldi and Capetti 2010; Pierce et al. 2019, 2020). At
high luminosities, the studies on LERG-type REAF-type quasars are still contradictory (see e.g. Younes
et al. 2012).
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BH mass (or galaxy mass) increases (e.g. Laor 2000; Best et al. 2005b; Mauch and
Sadler 2007). RQ LINERs and Seyferts exhibit sub-relativistic and not collimated
jets (e.g. Ulvestad et al. 1999; Wrobel 2000; Ulvestad and Ho 2001a; Gallimore et al.
2006; Singh et al. 2015b; Baldi et al. 2021b). Conversely, RL LINERs have been
generally interpreted as the scaled-down version of powerful RLAGN in terms of
accretion and jet luminosities (Chiaberge et al. 2005; Balmaverde and Capetti 2006).
The nuclei of RL LINERs can be described with a model of synchrotron self-
absorbed base of a low-power (mildly) relativistic jet coupled with an underluminous
RIAF disc (typically an ADAF, Narayan and Yi 1994), analogous to FR I/LERG
disc-jet coupling (e.g. Balmaverde and Capetti 2006; Hardcastle et al. 2009). The
low-power CRS population selected from the SDSS/NVSS sample (Best and
Heckman 2012) in the same luminosity range ð.1041 erg s�1Þ of classical 3C/FR Is
includes a heterogeneous population of mostly LINER/LERGs5 with a broad
distribution of BH mass and host properties.

Baldi et al. (2010) analysed in detail the photometric and spectroscopic properties
of the SDSS/NVSS sample to select the bona-fide RLAGN population (see
Sect. 3.1). They found that the majority of the SDSS/NVSS sample (� 80%)
consists of compact LERGs, that are characterised by a total jet power up to a factor
� 1000 lower than what expected by RGs with bolometric AGN luminosity similar
to those of the 3C/FR Is ð� 1040 erg s�1Þ: This remarkable result that the local
Universe is dominated by low-luminosity CRSs lacking of substantial extended
emission, expresses the need to include these sources in the taxonomy of RGs.
Ghisellini (2011) for the first time introduced in the literature the name FR 0 to
characterise a population of weak RL CRSs hosted in ellipticals, named Core
Galaxies6 (CoreG), which exhibit radio core and AGN bolometric luminosities
similar to the weakest 3C/FR Is (M87), but with an extended radio emission
hundreds of times weaker (Baldi and Capetti 2009). CoreG host genuine ‘miniature’
RGs with LINER-like nuclei, which extend the nuclear luminosity correlations
reported for 3C/FR Is by a factor of � 1000 towards lower luminosities (Balmaverde
and Capetti 2006; Kharb et al. 2012): this has been interpreted as a sign of a common
central engine (RIAF disc) (Balmaverde and Capetti 2006; Kharb et al. 2012). CoreG
are characterised by kpc-scale jets and a deficit of total radio emission in analogy to
the SDSS/NVSS sample, but at lower radio luminosities.

In analogy to CoreG, the FR 0 classification (see Sect. 3.1) does not correspond to
a pure radio morphological selection of CRSs, but also includes an optical
identification (host and AGN properties) to separate the genuine FR 0s which are all
RLAGN, from spurious RQAGN and star-forming galaxies (bluer LTGs with
emission-line ratios consistent with Seyfert or SF and steeper radio spectra, Baldi
et al. 2016).

A closer look at the FR 0s at sub-arcsec/mas scale revealed that the majority still
appears radio compact, with a flat spectrum in the GHz band (Baldi et al.
2015, 2019a; Cheng and An 2018; Cheng et al. 2021). However, a small fraction of

5 LERG and RL LINER are equivalent classes at low luminosities.
6 The Core Galaxy nomenclature comes from the (core-type) optical flat surface-brightness profile in
innermost region of an ETG (e.g. Faber et al. 1997).
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those exhibits kpc/pc-scale core-brightened jets, suggesting that FR 0s can actually
produce collimated structures. The lack of substantially extended radio emission at
kpc scale and the spectral flatness for the majority of these CRSs have led to the
affirmation of the FR 0 nomenclature as a unique class of genuine compact RGs
different from the other RLAGN classes.

In conclusion, in the last decade, different parallel studies have brought to light a
revolutionary result, i.e. classical 3C FR I/ IIs do not represent the ordinary picture of
the RLAGN phenomenon in the local Universe, but FR 0-like LLAGN represent the
bulk of the local RG population (Fig. 2). The paucity of sources with weak extended
radio structures in high-flux limited samples (such as in the 3C sample) is due to a
selection bias, since the inclusion of such objects is highly disfavored. In fact, in

Fig. 2 Multi-band composite panel of RGs. On the top, two examples of typical radio morphologies of a
FR I (Cen A, Burns et al. 1983 at 1.4 GHz) and a FR II (3C 285, Alexander and Leahy 1987 at 1.4 GHz).
On the bottom, we show an example of FR 0. The left panel displays the r-band SDSS image of the ETG
which hosts the FR 0 with the blue VLA 4.5 GHz radio contours (Baldi et al. 2019a) (3 kpc-scale set by the
green arrow). The right panel represents the high-resolution zoom on the radio core (on the scale of 3 pc)
provided by the VLBI image from Cheng and An (2018). Image reproduced with permission from Baldi
et al. (2019c), copyright by the authors
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support to this interpretation, Baldi and Capetti (2009) showed that the lower flux
threshold of B2 sample (\250 mJy at 408 MHz, Fanti et al. 1978) drastically
reduces the selection bias and allows the inclusion of a larger fraction of core-
dominated.7 galaxies, consistent with being FR 0s.

3.1 Selection of FR 0s

Disentangling bona-fide FR 0s from the radio compact impostors (blazars, young
RGs, RQAGN, compact star-forming galaxies) represents a multi-band selection
process. This can be harder at low luminosities (mJy-level at z\0:3). For example,
Best et al. (2005b) used several optical photometric and spectroscopic diagnostics
and radio properties to select RLAGN in the SDSS/NVSS sample, however a small
fraction ð� 10%Þ of a possible RQAGN contribution is still present after the
selection. Since aligned and young RGs can be removed from the sample only on the
basis of a spectral and temporal radio study which are often not available, the
simplest method to select bona-fide FR 0 candidates is based on a shallow optical-
radio (largely available) selection process which consists of a few steps to maximise
the probabilities that the radio emission is associated with a compact RL active
nucleus. Accordingly, Baldi et al. (2018) have compiled a catalogue of 104 FR 0
sources (namely, FR0CAT) from the SDSS/NVSS sample, by adopting the following
criteria:

– nearby (redshift z.0:05) galaxies.
– compact: the sources are unresolved in the NVSS maps at 4500 resolution. More

stringently, the source must appear unresolved at FIRST resolution, 500. The FR 0
candidates consist of unresolved sources for which the deconvolved size is
smaller than 400. At z ¼ 0:05, this corresponds to � 5 kpc, that is, to a radius of
2.5 kpc.

– FIRST 1.4 GHz flux density [ 5 mJy to increase the possibility of an accurate
size and flux measurement. This value corresponds to � 30 times the noise level
of the FIRST maps.

– LERGs. Selecting LINERs allows the exclusion of AGN with high-Eddington
ratios (generally Seyferts/HERGs) and are more probably associated with
RLAGN phenomena (Heckman and Best 2014; Panessa et al. 2019).

Follow-up observations at higher angular resolution than that of FIRST maps are
needed to confirm whether the FR0CAT sources still remain unresolved at sub-kpc
scale.

The resulting FR0CAT sample turns out to be a population of RGs with a core
dominance of a factor � 30 higher than typical 3C/FR Is (Baldi and Capetti 2009;
Baldi et al. 2019a; Whittam et al. 2020), where instead the core typically contributes
to 1% to the total radio emission (Morganti et al. 1997). Their 1.4 GHz radio

7 The ratio of core to total extended emission (which in general includes the core emission for simplicity)
is called the core-dominance parameter (generally the total and core emission measured, respectively, at
1.4 GHz and J5 GHz) Core-dominated galaxies have typically a core dominance J1=3.
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luminosities are in the range 1038–1040 erg s�1. These radio selections turned out to
include mostly luminous ð�21JMrJ� 23Þ red ETGs with BH masses
107:5.MBH.109 M�.8 However, only a minor fraction of the selected FR 0s departs
from this general behaviour (galaxies with optical photometric and spectroscopic
characteristics, typical of blue star-forming spirals and RQAGN, see Sect. 3.2),
although a host (ETG) selection was not part of the selection criteria.

As control samples with respect to the FR0CAT, other catalogues of low-
luminosity FR Is and FR II have been selected from the SDSS/NVSS sample, a factor
� 10–100 weaker than 3C/RGs. Capetti et al. (2017a) selected 219 low-luminosity
FR Is, named FRICAT, with core-brightened radio morphology, redshift � 0.15, and
extending (at the sensitivity of the FIRST images) to a radius (r) larger than 30 kpc
from the optical centre of the host. The authors also selected an additional sample
(sFRICAT) of 14 smaller ð10\r\30 kpc) FR Is, limiting to z\0:05. The
distribution of radio luminosity at 1.4 GHz of the FRICAT covers the range
1039–1041:3 erg s�1 and the sources are all LERGs. The hosts of the FRICAT sources
are all luminous ð�21JMrJ� 24Þ; red ETGs with BH masses in the range,
108.MBH.109:5 M�, slightly larger than FR0CAT BH masses (Fig. 3). Similarly,
Capetti et al. (2017b) selected 122 low-luminosity FR IIs, named FRIICAT, with
redshift � 0.15, an edge-brightened radio morphology, and those with at least one of
the radio emission peaks located at radius r[ 30 kpc from the optical galaxy centre.
The radio luminosity at 1.4 GHz of the FRIICAT sources covers the range
1039:5�1042:5 erg s�1. The FRIICAT catalog mostly includes LERGs (90%), which
are luminous ð�20JMrJ� 24Þ; red ETGs with BH masses in the range
108.MBH.109 M�.

Fig. 3 Left panel: BH mass distribution (in M�) of FR 0s (FR0CAT, blue line) with respect to FR Is
(FRICAT, radio size [ 30 kpc, black line) and small FR Is (sFRICAT, 10\ radio size \30 kpc, red line).
Right panel: Compact (black) and extended RGs (green), when matched in radio core luminosities. Images
reproduced with permission from [left] Baldi et al. (2018), copyright by ESO; and from [right] Miraghaei
and Best (2017), copyright by the author(s)

8 All the BH masses reported in this work for FR0CAT, FRICAT, sFRICAT and FRIICAT objects are
derived from SDSS stellar velocity dispersions r and considering the MBH–r relation of Tremaine et al.
(2002).

123

3 Page 14 of 72 R. D. Baldi



Other FR 0 samples were selected at lower and higher radio frequencies than the
FIRST 1.4 GHz band (see Sect. 5 for details), which instead include a larger
contamination from spurious sources than the FR0CAT. At low radio frequencies
(hundreds of MHz) which is expected to be dominated by optically-thin emission, the
vast majority (� 70%) of sources in the wide-area LOFAR (Hardcastle et al. 2019;
Sabater et al. 2019; Mingo et al. 2019; Capetti et al. 2020a) and GMRT Survey
(Capetti et al. 2019), and in the deep well-studied field (e.g. ELAIS-N1 and
BOOTES, Sirothia et al. 2009; Ishwara-Chandra et al. 2020) appear compact with an
angular resolution of a few arcsec and have a between 0 and 0.85, with the flat-
spectrum sources more abundant than the steep-spectrum companions.

At higher radio frequencies (tens of GHz) which is expected to be dominated by
the optically thick emission, FR 0s have been selected by Sadler et al. (2014) from
the AT20G-6dfGS sample and by Whittam et al. (2016) from the Cambridge 10C
survey (mostly z\3) based on their radio morphological compactness (a few arcsec).
Both the samples selected 70–80% of CRSs, which include FR0-like LERGs and a
large fraction of possible GPS/CSS sources.

In conclusion, the selection of flat-spectrum weak CRSs in red massive hosts still
remains the safest way to select bona-fide FR 0s in relation with other compact and
extended radio galaxies which can exhibit steeper radio spectra and bluer hosts (see
next section).

3.2 Host properties

The different radio-frequency selections of the FR 0s lead to a heterogeneous
distribution of their host properties (e.g. galaxy type, colour, mass, MBH): selecting red
massive ETGs represents the most secure criterion of identifying hosts of a FR 0. In
fact, a prior host selection through several diagnostics can reduce the probability of
inclusion of radio-compact impostors. The concentration index Cr is defined as the
ratio of the galaxy radii including 90% and 50% of the light in the r band, respectively.
ETG have higher values of concentration index than LTG, i.e. Cr [ 2:6 (Strateva et al.
2001). The Dn(4000) spectroscopic index is defined as the ratio between the flux
density measured on two sides of the Ca II break (� 4000 Å) (Balogh et al. 1999) and
high values, Dn(4000) [ 1:7, are generally associated with old stellar populations
(J 1 Gyr, Hernán-Caballero et al. 2013) and, hence, with red passive galaxies (Best
et al. 2005a; Capetti and Raiteri 2015). Optical and infrared colour can also separate
red ellipticals from blue spirals. The combination of these diagnostics with the
FR0CAT criteria listed in Sect. 3.1 allows to identify the radio-compact red massive
ETGs which have the highest probabilities of hosting a RLAGN.

The vast majority of the FR0CAT, FRICAT and FRIICAT hosts are indistin-
guishable: red massive ETGs, based on the values of the Cr, spectroscopic Dn(4000)
indices and broad-band colour. Their redness is confirmed by the photometric u� r
colour, measured over the whole galaxy. The WISE infrared colours further support
the general passive nature of the FRCAT hosts (Fig. 4, W1–W2 \0:2, Wright et al.
2010). Nonetheless, a few galaxies of the FR0CAT extend to redder colours than
those from the FRICAT and there is a notable lack of blue host galaxies ðu�
r[ 2:5Þ with respect to the general population of ETGs (Schawinski et al. 2009). In
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addition, the galaxy mass (and BH mass) of FR0CAT sources is on average smaller
than those of FRICAT galaxies by a factor � 1.4 (Fig. 3), a possible effect of the
selection of their lower radio luminosities since radio power and host mass are found
to correlate in RL AGN (e.g. Best et al. 2005a; Capetti and Brienza 2023).

At high frequencies, Sadler et al. (2014) did not opt for a host selection and, in
fact, found that the host galaxies of FR 0s display heterogeneous properties with a
wide range in WISE colours, (33% in LTGs with some ongoing SF, see Fig 4). This
implies that the selected FR 0 candidates, which make up the majority of the AT20G-
6dFGS sample, probably consists of a mixed bag of genuine FR 0s, young RGs and
RQAGN. In fact, the bluer colour of the selected FR 0s is generally attributed to
galaxies with a recent SF burst or to young RGs in gas-rich environments.

Since the radio core luminosity has been argued to be a better gauge of jet power
than total radio luminosity,9 Miraghaei and Best (2017) matched a sample of RL
CRSs and extended RGs on the basis of the core luminosities. In terms of host

Fig. 4 WISE colour–colour plot (W2–W3 vs. W1–W2) for the host galaxies of FR I (red squares), FR II
(blue squares) and compact (FR 0, black crosses) radio sources in the 20 GHz AT20G-6dFGS sample from
Sadler et al. (2014). The horizontal line at a 3:4�4:6 lm colour of 0.6 mag divides the AGN and normal
galaxy populations. Objects where radiation from an AGN dominates the galaxy spectrum in the mid-
infrared are expected to lie above this line, and objects where starlight dominates should lie below the line.
The vertical line W2–W3 [ 2 identifies LTGs from ETGs. Image reproduced with permission from Sadler
(2016), copyright by Wiley-VCH

9 The radio core power is a measure of instantaneous power, rather than the total radio power, that is an
averaged value over time and is also influenced by environment.
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properties, they found that CRSs and extended RGs differ only in the BH mass
(Fig. 3), similar to the result from the FR0CAT (Baldi et al. 2018).

The combination of the following criteria, i.e. the optical red colour, radio
compactness and low radio powers (in mJy-level radio surveys), allows to increase
the chances to exclude radio-compact impostors and select mostly massive ETGs
which harbour compact RL LLAGN, \1023 WHz�1 (Best et al. 2005b; Sabater
et al. 2019; Hardcastle et al. 2019), consistent with a FR 0 classification.

4 Radio luminosity function

We calculate the radio luminosity functions of the FRCAT sources as object density
per unit logarithmic luminosity interval within the maximum volume Vmax in which
the objects would be observed (Schmidt 1968; Condon 1989):

U log LNVSSð Þ ¼ 4p
r

XN log L	ð Þ

i¼1

1

Vmax ið Þ
; ð2Þ

where r is the area of the sky surveyed, N log L	ð Þ is the number of objects in a given
NVSS luminosity bin L	, and Vmax ið Þ is given by the limiting magnitudes/fluxes in
both the optical and radio properties of the sample, namely a radio cutoff of 5 mJy
and SDSS optical cutoff of r\18; as well as any imposed redshift limit for the
analysis ðz\0:05 for FR0CAT and sFRICAT and z\0:15 for FRICAT and FRII-
CAT). The sky area of the overlapping region between the SDSS DR7 spectroscopic
survey and the FIRST/NVSS radio survey is r ¼ 2:17 steradians. We place detected
sources in bins of equal radio luminosities and estimate the uncertainties as in
Condon (1989). We use Poisson statistics to estimate uncertainties in luminosity bins
with small numbers of sources ðN\7Þ: If N ¼ 1; we set 1r upper limit on the
luminosity function in that bin. The 1.4 GHz NVSS luminosities functions are
derived for the FR 0s, FR Is and FR IIs from the FRCAT in Fig. 5 and tabulated in
Table 2.

Figure 5 shows that, as expected, FR 0s dominate the radio source population at
relatively low radio luminosities .1023:5 WHz�1, while the FR Is and FR IIs
dominate at the highest luminosities. Quantitatively, FR 0s represent the bulk of the
RLAGN population of the local Universe ðz\0:05Þ with a space density � 4:5 times
higher than that of FR Is and � 100 than that of FR IIs. In relation to the luminosity
function of ETGs, compact sources, consistent with a FR 0 morphology, are found in
more than 60% of the giant (K-band magnitude � � 25) ETGs detected by LOFAR
with 150 MHz luminosity � 1021 WHz�1 (Capetti et al. 2022).

5 Radio properties

The radio band uniquely characterises the FR 0s as RL CRSs which lack of
substantial extended radio emission. In this section, we focus on the radio properties
of FR 0s and RL CRSs in general. We provide an overview of the continuum
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Fig. 5 The local NVSS luminosity function at 1.4 GHz for RLAGN (pink diamonds) and LERGs (empty
squares) from the SDSS/NVSS sample (Best and Heckman 2012). The lower x-axis is expressed in erg s�1

and the upper one in W Hz�1. The other points represent the radio luminosity functions for FR 0s (filled
circles), small FR Is (empty red up-warded triangles), FR Is (filled red triangles) and FR IIs (blue filled
down-warded triangles) from the FR0CAT (Baldi et al. 2018), sFRICAT/FRICAT (Capetti et al. 2017a) and
FRIICAT (Capetti et al. 2017b). The dot, dashed and dot-dashed lines are rough fits of the data-points,
respectively, for FR 0s, FR Is, and FR IIs, to better visualise the luminosity functions

Table 2 The local NVSS radio luminosity functions at 1.4 GHz for FR0CAT, sFRICAT, FRICAT and
FRIICAT (LERG) sources

logL1:4GHz FR0CAT sFRICAT FRICAT FRIICAT

erg s�1 N log10q N log10q N log10q N x log10q

38.0–38.4 6 �5:64þ0:15
�0:23

0 – 0 – 0 –

38.4–38.8 27 �5:55þ0:08
�0:10

0 – 0 – 0 –

38.8–39.2 48 �5:70þ0:06
�0:07

1 \� 7:58þ0:51 0 – 0 –

39.2–39.6 14 �6:84þ0:10
�0:14

8 �7:19þ0:13
�0:20

3 �7:82þ0:24
�0:59

1 \� 9:86þ0:51

39.6–40.0 8 �7:60þ0:13
�0:19

4 �8:13þ0:20
�0:39

32 �7:29þ0:07
�0:09

7 �9:39þ0:15
�0:23

40.0–40.4 1 \� 9:97þ0:51 1 \� 9:60þ0:51 91 �7:28þ0:05
�0:05

19 �9:54þ0:10
�0:12

40.4–40.8 0 – 0 – 70 �7:94þ0:05
�0:06

36 �9:82þ0:07
�0:09

40.8–41.2 0 – 0 – 19 �9:06þ0:09
�0:12

34 �10:39þ0:07
�0:09

41.2–41.6 0 – 0 – 4 �10:29þ0:20
�0:39

16 �11:40þ0:10
�0:13

41.6–42.0 0 – 0 – 0 – 9 �12:23þ0:13
�0:19

42.0–42.4 0 – 0 – 0 – 1 \� 13:52þ0:51

The first column shows the range of 1.4 GHz radio luminosities (erg s�1) considered in each bin. The N
columns give the total number of radio sources and log10q their space density (number per log10 L per
Mpc3, see Fig. 5)
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observations from different telescopes at different frequencies (from 150 MHz to
mm-band) and resolutions (from arcsec to milli-arcsec) to probe the physical
mechanism acting at various linear scales along the putative jet. Most studies of
CRSs which are reported in the next sub-sections, are related to low-z sources (unless
explicited) and typically LERGs.

5.1 Low resolution

5.1.1 GHz-band: sub/arcsec-scale with VLA

For the large availability of shallow radio data in the band � 1–5 GHz, the VLA has
been the first telescope used to select and characterise the properties of FR 0s. In fact,
for the large sky coverage, moderately high resolution and sensitivity, FIRST and
NVSS 1.4 GHz surveys have been largely exploited to select CRSs and RGs in
general in the local Universe, but other than these data the radio information was
extremely limited. Later, follow-up VLA observations of 25 FR 0s at 1.4, 4.5, and
7.5 GHz revealed that two third still appear compact at the angular resolution of 0.300

(a few hundreds of parsec) and with a flat radio spectrum in the GHz band (Baldi
et al. 2015, 2019a). Only a third of the sample exhibits twin or one-sided jets
extended on a scale of � 2–14 kpc (see Fig. 2 as an example). The apparent radio
compactness of most FR 0s at kpc scales could be caused by the fact that jet emission
is below the surface-brightness limit of most large-scale radio surveys. In fact,
Shabala et al. (2017) demonstrated that VLBI-scale compact AGN could have lobes
and plumes too faint to be detected by most surveys with the VLA and LOFAR. The
absence of substantial extended jet emission, whether due to observational effects (no
sufficient sensitivity to detect diffuse jets on larger scales) or to intrinsic reasons
(intermittent jet activity, young radio activity, intrinsic jet inefficiency, see Sects. 8
and 12), represents the characteristic feature of the FR 0 class and their uniqueness
with respect to the other classes of RGs.

Wide-area GHz-band surveys also revealed a large fraction of low-power CRSs, e.g.
� 93% in the VLA-COSMOS Large Project at 3 GHz (Bondi et al. 2018;
Vardoulaki et al. 2021). These FR 0s candidates are associated with less massive
hosts � 1010:8 M�, with lower radio powers ð.1022 WHz�1Þ and at higher redshifts
(median z� 1:0) than the FR0CAT sources. In the Very Large Array Sky Survey
(VLASS; Lacy et al. 2020) at 3 GHz, Nyland et al. (2020) selected � 2000 compact
RGs, but the redshift information is not well characterised for the entire sample. The
selected CRSs in these surveys consists of a heterogeneous population of AGN with
red and blue colours, consistent with genuine FR 0s, star-forming galaxies, RQAGN
and blazars. Furthermore, Kozieł-Wierzbowska et al. (2020) found that � 90% of
the optical SDSS galaxies at z\0:5 with a FIRST counterpart appear compact with
L1:4GHz � 1021–1026 WHz�1; hosted typically by ellipticals, a similar result to the
work by Baldi and Capetti (2010).

Other GHz-band studies on core-dominated LINERs with moderate radio-
loudness hosted in ETGs (e.g. Nagar et al. 2000; Filho et al. 2000, 2002b; Verdoes
Kleijn et al. 2002; Filho et al. 2004; Kharb et al. 2012; Singh et al. 2015b; Dullo et al.
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2018; Zajaček et al. 2019; Singh et al. 2019) strengthen the result that nearby
elliptical galaxies tend to power RL LLAGN with galactic-scale jet structures, in
analogy to FR 0 galaxies.

5.1.2 High-frequency up to mm-band

Interferometric observations at mJ5 GHz have the advantage of isolating better the
compact optically thick flat-spectrum core. In fact, at high frequencies the Australia
Telescope Compact Array (ATCA) played an important role in the early studies of
FR 0s. Sadler et al. (2014) have cross-matched the Australia Telescope 20 GHz
(AT20G) Survey with the optical spectroscopic 6dF Galaxy Survey (6dFGS; Jones
et al. 2009) to produce a volume-limited sample of 202 high-frequency CRSs
associated with local galaxies (at a median z� 0:06Þ with 20 GHz flux density limit
of 40 mJy. The angular resolution 10–1500 corresponds to a projected linear size of
10–15 kpc. Chhetri et al. (2013) used data from the longest (6 km) ATCA baseline to
determine how much of the radio emission seen by the AT20G survey arose in very
compact components. They showed that generally almost all their 20 GHz radio
emission comes from a central source .0:200 and almost half of the AT20G sources
have flat radio spectra at 1–20 GHz. The selected FR 0s represent the dominant
population (� 70–75%) of the AT20G-6dFGS catalogue at radio powers between
� 1022 and 1026 WHz�1 in the local Universe. In addition, the high-frequency
selected FR 0s consist of a heterogeneous population in terms of both optical AGN
types (75% LERGs, 25% HERGs) and host galaxy types (67% ETGs, 33% LTGs).
Further studies of these 20 GHz CRSs confirmed that the flat-spectrum AT20G
objects sources tend to preserve a similar spectral shape in polarisation and are hosted
in bluer galaxies than standard ETGs (Chhetri et al. 2012, 2020; Massardi et al.
2011).

Whittam et al. (2016, 2020) selected a complete sample of 96 faint ð[ 0:5 mJy)
RGs from the Tenth Cambridge (10C) survey at 15.7 GHz including LERGs and
HERGs, mostly, within z� 3. Sixty-five sources are unresolved in the 610 MHz
GMRT radio observations, placing an upper limit on their angular size of � 200. The
majority of these sources have flat spectra and are core dominated. The selected FR 0
population is the most abundant in the subset of sources with 15.7 GHz flux densities
\1 mJy, extending the results of Sadler et al. (2014) at higher redshifts, z� 1.

Baldi et al. (in preparation) observed 25 FR0CAT sources at 15 GHz with the
Arcminute Microkelvin Imager (AMI) telescope with an angular resolution of � 3000,
previously observed with VLA by Baldi et al. (2015, 2019a). The sources appear all
unresolved and extend the spectral flatness of the FR0CAT SED at higher
frequencies.

Mikhailov and Sotnikova (2021a, 2021b) conducted quasi-simultaneous radio
observations of 34 FR 0s up to 22.3 GHz with the single-dish radio telescope
RATAN-600 operating in transit mode with resolution varying from 11 to 8000. Quasi-
simultaneous spectra in the range 2–8.2 GHz are generally flat ða\0:5Þ; but with a
larger spread in the spectral index at higher frequencies. The key result is that some
FR 0s demonstrate a variability level of up to 25% on a time scale of 1 year.
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In the mm-band, a systematic study of FR 0s is still missing. Nevertheless, first
studies on mm-band continuum observations of a sample of nearby ETGs and
LLAGN found compact nuclear emission (on a scale 3–700), showing flat or inverted
spectra consistent with the scenario of small jets powered by RIAF discs (e.g. Doi
et al. 2011; Martí-Vidal and Muller 2017; Chen et al. 2023). ALMA continuum
observations of bright CRSs (Bonato et al. 2018, 2019; Kawamuro et al. 2022) reveal
the presence of a minor population of flat-spectrum radio sources (possibly similar to
FR 0s) in opposition to the abundant class of blazars.

5.1.3 Low frequency

Low-frequency observations (\1 GHz) have the advantage of probing the
synchrotron-aged plasma and the optically thin emission from an extended diffuse
jet, crucial to test the duty cycles of FR 0s. Using the data release of the TIFR (Tata
Institute of Fundamental Research) GMRT Sky Survey (TGSS), Capetti et al. (2019)
studied the low-frequency properties of 43 FR 0 galaxies (FR0CAT, with 150 MHz
flux densities [ 17:5 mJy) at 150 MHz at a resolution of � 2500 (corresponding to
10 and 25 kpc). No extended emission has been detected around the detected FR 0s,
corresponding to a luminosity limit of .4� 1023 WHz�1 over an area of
100 kpc � 100 kpc. The majority of the FR 0s have a flat or inverted SED
(150 MHz–1.4 GHz, a\0:5): this spectral behaviour confirms the general paucity of
optically thin extended emission within the TGSS beam. By focussing on a sub-
sample of FR 0s with 1.4 GHz flux densities [ 50 mJy and including 5 GHz data
from the Green Bank survey (Gregory et al. 1996), the authors found that � 75% of
them have a slightly convex radio spectrum, with a smaller curvature than powerful
GPS sources. The typical FR 0 radio spectrum is better described by a gradual
steepening towards high frequencies, rather than a transition from an optically thick
to an optically thin regime as seen in young RGs.

Dedicated deep radio surveys on well-studied fields, such as ELIAS-N1, have also
detected large numbers of compact RGs: GMRT observations at 610 MHz (Ishwara-
Chandra et al. 2020) and 325 MHz (Sirothia et al. 2009) found CRSs with a median
spectral index of � 0:85 between 610 and 1400 MHz (Ishwara-Chandra et al. 2020).
The flat-spectrum sources, which are expected to be core-dominated, represent the
FR 0 candidates.

The vast majority, � 70%; of the radio sources in the LOFAR Two-metre Sky
Survey (LoTSS, Shimwell et al. 2017, 2019; Hardcastle et al. 2019) appear compact
at 150 MHz with 600 resolution, consistent with a FR 0 classification. Capetti et al.
(2020a) explored in details the LOFAR properties of the FR0CAT sources. Most of
the objects still appear point-like structures with sizes of . 3–6 kpc. However,
� 18% of the FR 0s present resolved emission of low surface brightness, usually
with a jetted morphology extending between 15 and 50 kpc. No extended emission is
detected around the rest of FR 0s, with a typical luminosity limit of � 5�
1022 WHz�1 over an area of 100 kpc � 100 kpc. The spectral slopes of FR 0s
between 150 MHz and 1.4 GHz span a broad range ð�0:7.a.0:8Þ with a median
value of a� 0:1; only 20% of them have a steep spectrum ðaJ0:5Þ; which is an
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indication of the presence of diffuse emission confined within the spatial resolution
limit. The fraction of FR 0s showing evidence for the presence of jets, by including
both spectral and morphological information, is � 40%.

In conclusion, the GMRT and LOFAR study of the FR 0s corroborates the result
on the absence of extended emission in most of the sources, even in the few hundred
MHz regime, where optically thin jet emission is expected to dominate over the core
component, as seen in classical large-scale RLAGN.

5.2 High resolution

The VLBI technique enables to access to the pc-scale radio emission, a crucial
region to study the jet properties of FR 0s closer to the launching site. Cheng and An
(2018) and Cheng et al. (2021) studied a sample of FR 0s with world-wide VLBI, the
American Very Long Baseline Array (VLBA) and European VLBI Network (EVN)
and found resolved jets of a few pc for � 80% of the sample (Cheng and An 2018;
Cheng et al. 2021) (see Fig. 6 as an example). The VLBI multi-epoch data and the
symmetry of the radio structures indicate that the jet bulk speeds are mildly
relativistic (between 0.08c and 0.51c) with low bulk Lorentz factors (between 1.7 and
6) and large viewing angles. However, these VLBI-based studies focussed on
particularly bright FR 0s (flux densities [ 50 mJy, a factor 10 higher than the typical
FR0CAT flux selection threshold, Baldi et al. 2018) with radio power
1023–1024 WHz�1. Recent VLBI studies also target less luminous FR 0s. Giovannini
et al. (2023) studied pc-scale emission of 18 FR0CAT objects observed with the
VLBA at 1.5 and 5 GHz and/or with the EVN at 1.7 GHz with flux densities a factor
several lower than those of the FR 0s studied by Cheng and An (2018) and Cheng
et al. (2021). All sources have been detected but one with radio core power down to
1021 WHz�1. Four sources remain unresolved at pc scale, while highly symmetric
jets have been detected in all other sources. High-resolution observations carried out
with the eMERLIN UK-wide array for a sample of 5 FR 0s at 5 GHz, reaching a

Fig. 6 EVN image at 5 GHz, spectral index map and jet proper motions of one FR 0 from Cheng et al.
(2021) from left to right panel. The grey-coloured ellipse in the bottom-left corner of each panel denotes
the restoring beam. The spectral index maps (spectral index colour coded in the left palette) are obtained by
using the EVN 5 and 8 GHz data. The proper motions of jet components are determined by the linear fit to
the component positions as a function of time. Images reproduced with permission from Cheng et al.
(2021), copyright by the author(s)
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resolution of � 40 mas show sub-mJy core components (Baldi et al. 2021a). The pc-
scale core emission contributes, on average, to 3–6% of the total radio emission
measured at kpc scale from NVSS maps, although an increasing core contribution for
flat/inverted-spectrum sources is evident. VLBI studies of FR 0s clearly demonstrate
the jet-to-counter-jet flux ratios of FR 0s are significantly smaller that those of 3C/
FR Is (Baldi et al. 2021a; Giovannini et al. 2023), supporting the picture that jet bulk
velocities in the FR 0s are lower (see Sect. 8 for further discussion).

Apart from the cases ð� 30%Þ where the VLBI core emission is higher than
previous low-resolution data, possibly due to source variability and/or an inverted/
peculiar radio spectrum, mas-scale radio emission is typically up to half of arcsec-
scale core emission unresolved with VLA (Cheng and An 2018; Cheng et al. 2021;
Baldi et al. 2021a; Giovannini et al. 2023). This suggests that a large fraction of
emission is missed by moving from kpc to pc scale emission. Baldi et al. (2021a)
combined, for the first time, the visibility datasets of the eMERLIN and VLA in the
same band for five low-power FR 0s (Baldi et al. 2015) in order to probe the
intermediate scales of the jet length. This procedure turned out to be successful in
detecting pc-scale jets for 4 objects, which were missing in the two original datasets
(see Fig. 7 for an example) because unresolved in VLA maps and resolved out in the
eMERLIN maps. We can thus conclude that FR 0s, although apparently lacking
extended emissions, are effectively able to emanate pc-scale jets, whose both small
size and low brightness make them hard to isolate and detect. The combination of
long and short baselines represents a powerful tool to study the jet properties of the
FR 0 population.

In conclusion, VLBI studies of FR 0s reveal the presence of pc-scale jets,
generally more symmetric than those of FR Is, flowing with mildly relativistic jet
bulk speeds. These results are in line with VLBI observations of nearby low-power
LINERs (e.g. Ulvestad and Ho 2001b; Falcke et al. 2000; Filho et al. 2002a; Nagar
et al. 2002a).

Fig. 7 The 5 GHz map of the one FR 0 (J2336?0004) observed with the eMERLIN array (resolution
� 40 mas) and its 4.9 GHz map (resolution � 60 mas), obtained by combining eMERLIN and VLA
visibilities. The filled area, shown at the bottom-left corner of the images, represents the restoring beam of
the maps. Images reproduced from Baldi et al. (2021a), copyright by the author(s)
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5.3 Radio SED

To reconstruct the typical broad-band radio SED of a FR 0, we collect the multi-
frequency radio data from MHz to GHz for the FR0CAT objects, available from low
and high frequency surveys and single dish observations. Figure 8 depicts the mean
radio SED (black solid line) from 150 MHz to 22 GHz with 1r dispersion
(considering only detections). The main result is the overall flat spectral index
ð�0:011\a\0:025Þ; which confirms the general tendency of FR 0 population to be
characterised by the lack of optically thin component throughout the frequencies. The
mean FR0 radio SED is flatter than the typical one derived for classical RLAGN,
� � 0:6 to 0:7 (Elvis et al. 1994), even selecting the low-z sample of RLAGN
(Shang et al. 2011). Non-thermal self-absorbed synchrotron emission from the basis
of a core-dominated jet is most probably responsible to justify the observed spectral
flatness.

At higher resolution, the (GHz-band) radio SED of the pc-scale cores is as flat as
those derived from low-resolution radio observations (Fig. 6, Cheng and An 2018;
Cheng et al. 2021). The jet components resolved with VLBI appear weak and have
steeper spectra than those of cores, � � 1 to �2. This result confirms the small
contribution of the extended optically thin jetted emission to the total radio emission
in FR 0s (i.e. high core dominance) and, indeed, sub-kpc-scale jets can typically
emerge from radio maps with hybrid angular resolution (e.g. combining short and
long baselines) or with deep VLBI observations.

Fig. 8 The mean radio spectra (Lm vs m) of FR 0s from the FR0CAT (Baldi et al. 2018) from 150 MHz to
22.3 GHz. The data are taken: 150 MHz from Capetti et al. (2019, 2020a); 1.4 GHz from FIRST survey
(Becker et al. 1995), 4.5–5 GHz from VLA data (Baldi et al. 2019a) and Green Bank 6 cm survey (GB6,
Gregory et al. 1996); 7.5–8.2 GHz from VLA (Baldi et al. 2019a) and RATAN-600 telescope (Mikhailov
and Sotnikova 2021b); 11.2 and 22.3 GHz from RATAN-600 telescope (Mikhailov and Sotnikova 2021b).
The colour filled area represents the 1 r distribution of the population. The numbers show the spectral
indices in the 5 frequency segments ðLm � maÞ and are all consistent with a flat spectrum
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6 Optical and infrared properties

In the optical band, the continuum and spectral information of genuine FR 0s is
mostly limited to the SDSS data. For the FR0CAT host galaxies, the optical absolute
magnitude distribution covers the range �21.Mr.� 23, corresponding to masses
� 1010�11 M�, consistent with massive ETGs, as also inferred from the infrared
colours. Instead, from the nuclear point of view, a study of the optical and IR
accretion-related emission of FR 0s, in analogy to what has been done with Hubble
Space Telescope for nearby 3C/FR Is (Chiaberge et al. 1999; Baldi et al. 2010), is
still missing. The lack of a proper optical nuclear power estimate leads to the
assumption of the optical galaxy emission as upper limit on the optical AGN.
Considering 5 mJy as radio flux cut from the FR0CAT sample, the radio-loudness
parameter of the FR0CAT sources is at least [ 11.

An optical-band quantity which is widely used to characterise the AGN emission
is the [O III]k5007 emission line, that is produced by continuum radiation from the
accretion disc or jet which photoionises and heats the ambient gas. Since it is easily
observed and largely available from SDSS spectra, its luminosity is usually used as a
proxy of the bolometric AGN power (Heckman et al. 2004) (see Sect. 8 for details
and caveats). While the line luminosities of FR 0s do not correlate with the total radio
luminosities in analogy to CoreG, but in opposition to classical RLAGN (upper
panel, Fig. 9), they do with the radio core luminosities, once the sub-arcsec core
emission is resolved. In fact, FR 0s lie on the radio-line correlation valid for FR Is
and CoreG (Baldi et al. 2015, 2019a) (lower panel, Fig. 9). This common core-[O III]
relation valid for LERG-type RGs (FR 0s, FR Is, FR IIs) is generally interpreted as
measurement of non-thermal radiation from the jet base at different bands (see
Sect. 8, e.g. Hardcastle and Worrall 2000; Baldi et al. 2019a). Since [O III] line is
mostly isotropic, this shared correlation implies that the radio compactness of FR 0-
like RGs is not due to geometric effects and also sets an universal accretion–ejection
coupling at the nuclear level for all LERG-type RGs. Similarly, Miraghaei and Best
(2017) found that compact RGs have L½O III
 distribution analogous to that of extended
RGs, 1039–1040 erg s�1, when matched in radio core luminosities. Conversely, the
total radio luminosity of the FR 0s and CoreG does not scale with AGN bolometric
luminosity, as, instead, it is valid for LERG FR I and FR IIs (Buttiglione et al. 2010),
but a strong deficit of total radio emission with respect to the 3C/FR Is (not due to
orientation), by a factor 100–1000 lower at the same AGN power, is notable. This
shortage of total jet power suggests a lower jet efficiency of FR 0s than that of the
other RLAGN classes (see Sect. 8 for a deeper discussion).

The high detection rates of optical and IR nuclei and the lack of evidence for
thermal emission at IR wavelengths have been interpreted as the absence of a dusty
torus in 3C/FR Is and generally for LERGs (e.g. Chiaberge et al. 1999; Leipski et al.
2009; Baldi and Capetti 2010; van der Wolk et al. 2010; Antonucci 2012; Dicken
et al. 2014; Tadhunter 2016a). This scenario has also been applied to LINER-like
LLAGN in general (FR 0s included), which find similar optical and IR characteristics
of FR Is (e.g. Ho 2008; Müller-Sánchez et al. 2013), consistent with a luminosity-
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dependent model of a torus that disappears at very low accretion rates (Elitzur and
Shlosman 2006; Balmaverde and Capetti 2015; González-Martín et al. 2015).

Fig. 9 Upper panel: NVSS vs. [O III] line luminosity (erg s�1). The small points correspond to the SDSS/
NVSS sample selected by Best and Heckman (2012). The solid line represents the correlation between line
and radio luminosity derived for the 3C/FR I sample (green stars) (Baldi et al. 2019a). The dotted lines
include the region where RQAGN (Seyferts) are found. The filled circles are FR 0s studied with the VLA
by Baldi et al. (2019a) and the empty pink triangles are the CoreG. Lower panel: VLA radio core (5 GHz)
vs [O III] line luminosity (erg s�1) for 3C/FR Is, FR 0s and CoreG and the dashed line represents their
common radio-optical luminosity correlation
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7 High-energy properties

The study of high-energy (HE, [ 0:1 keV) properties of jetted AGN can help to
investigate the accretion and ejection mechanisms in action. The current and
upcoming generations of HE detectors are revolutionising our picture of how the
engines at the centre of the RLAGN are able to launch plasma at relativistic speeds
and extend their spectra to very-high energies (up to TeV, Rani 2019; Rulten 2022).
In addition, the detection of HE emission and neutrinos associated with low-
luminosity, misaligned AGN and BL Lacs (e.g. Abdo et al. 2010; IceCube
Collaboration et al. 2018, 2022; Torresi 2020) has opened a new window on the
physics of particle accelerations and jets even in AGN with less extreme conditions
than that expected in powerful blazars.

FR 0s, � 4:5 times more numerous than FR Is in the local Universe ðz\0:05Þ;
represent potentially interesting targets at high and very-high energies (from X-ray to
TeV) and could make a non-negligible contribution to the extragalactic HE
background (Stecker et al. 2019). Here, we discuss the HE properties (from keV to
TeV) of FR 0s, in analogy with the review by Baldi et al. (2019c).

7.1 X-ray

The X-ray emission represents an optimal proxy to study the accretion properties of
active BHs, because the keV band can probe the HE photons produced by the corona
and disc. Torresi et al. (2018) performed the first systematic study in the X-ray (2–
10 keV) band of a sample of 19 nearby FR 0s selected from Best and Heckman
(2012), for which X-ray data were available in the public archives of the XMM-
Newton, Chandra and Swift satellites. Their FIRST 1.4 GHz flux densities
([ 30 mJy) are higher than those of the FR0CAT sources. Torresi et al. (2018)
found that the X-ray spectra of these FR 0s are generally well represented by a
power-law C� 1:9 absorbed by Galactic column density and do not require an
additional intrinsic absorber, confirming the optical-IR results on the absence of a
dusty torus, similar to 3C/FR Is (e.g. Donato et al. 2004; Balmaverde et al. 2006). In
some cases, the addition of a thermal component is required by the data: this soft X-
ray emission could be related to the extended inter-galactic medium or to the hot
corona typical of nearby ETGs (Fabbiano et al. 1992). The X-ray luminosities of
FR 0s, LX, range between 1040 and 1043 erg s�1, similar to those of 3C/FR Is
(Balmaverde et al. 2006; Hardcastle and Worrall 2000).

When the X-ray luminosity is compared to that of the radio core, a statistically
significant correlation is established (Fig. 10), valid for FR Is and FR 0s. This result
corroborates the common interpretation that the X-ray emission in low-power RGs,
FR 0s, FR Is and LERGs in general, has a non-thermal origin from the jet (e.g.
Balmaverde and Capetti 2006; Hardcastle and Worrall 2000; Hardcastle et al. 2009).
The X-ray luminosities of FR 0s also support the idea that the central engine of FR 0s
is powered by a sub-Eddington RIAF-type disc, _LE � 10�3–10�5, analogous to 3C/
FR Is and different from powerful 3C/FR IIs (HERGs) (Baum et al. 1995; Evans
et al. 2006; Hardcastle et al. 2009). Since the study from Torresi et al. (2018) is
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slightly biased towards high-luminous FR 0s, a dedicated study of the accretion
properties with deep Chandra data would be required for a statistical confirmation.

7.2 Gamma-ray

Gamma rays ([ 100 keV) are generally produced under extreme relativistic
conditions and offer a unique view of the physical mechanisms in jet launching and
propagation (Blandford et al. 2019; Hada 2019). In such a band, blazars are known to
be the most luminous class of c-ray emitters and have been thoroughly studied
(Abdollahi et al. 2022). Conversely, the HE properties of low-luminosity and
misaligned AGN are generally less explored than their luminous counterparts,
because of their lower flux densities (Abdo et al. 2010; Angioni et al. 2017; Rieger
and Levinson 2018; de Menezes et al. 2020). In fact, there are only a few cases of c-
ray detection of FR 0s in literature.

Grandi et al. (2016) claimed the first Fermi c-ray detection of a FR 0, Tol 1326-
379, with a GeV luminosity of 2� 1042 erg s�1, similar to FR Is. Its radio-GeV SED
is double-peaked (Maraschi et al. 1992), similar to other jet-dominated RLAGN
(Fig. 11, see the SEDs of M87, Abdo et al. 2009, and Cen A, H.E.S.S. Collaboration

Fig. 10 X-ray (2–10 keV) luminosity versus 5 GHz radio core luminosity for FR 0s (black circles) from
SDSS/NVSS sample and 3C/FR Is (red squares). Arrows indicate upper limits. The black solid line is the
linear regression for the overall sample of FR 0s and FR Is, excluding the upper limits. The black dashed
lines represent the 1r uncertainties on the slope. Image reproduced with permission from Torresi et al.
(2018), copyright by the author(s)
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et al. 2020), where non-thermal synchrotron and inverse-Compton emission
dominate in any band over the disc and host emission. While the GeV luminosity
reconciles with the detection of local FR Is, the prominent Compton peak, brighter
than the synchrotron one, makes this source similar to flat-spectrum radio quasars,
while the steep c-ray spectrum makes it conversely more similar to low-luminosity
BL Lacs. Nevertheless, the best scenario which can reproduce the whole SED is a
misaligned RG which emits synchrotron and synchrotron self-Compton radiation
with a total energy flux of the order of a few 1044 erg s�1 (Grandi et al. 2016). Later,
Paliya (2021) reports the c-ray identification of the other three FR 0s from the
FR0CAT above 1 GeV using more than a decade of the Fermi Large Area Telescope
(LAT) observations. By stacking present large datasets, other FR 0 candidates and
compact core-dominated RGs have been recently claimed to be detected (Best and
Bazo 2019; de Menezes et al. 2020). In addition, based on the sensitivities of
upcoming MeV–TeV telescopes, a significant population of low-luminosity RGs
emitting at HE will be unearthed in the near future (Baldi et al. 2019c; Balmaverde
et al. 2020). In fact, it has been estimated that nearby core-dominated RGs (FR0 s
and CoreG) can account for � 4–18% of the unresolved c-ray background below
50 GeVobserved by the LAT instrument on-board Fermi (Stecker et al. 2019; Harvey
et al. 2020). Unfortunately, no evident FR 0s have been listed among the non-blazar

Fig. 11 Multi-band SED (from radio to c-ray) of the Fermi-detected FR 0, Tol 1326-379 (red symbols)
compared to those of two nearby prototype FR Is, HE emitters: Cen A (green) and M 87 (blue). The dotted
lines are polynomial functions connecting the data-points and do not represent model fits to data. Image
reproduced with permission from Grandi et al. (2016), copyright by the author(s)
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AGN list in the recently released Fourth LAT AGN Catalog (4LAC, Abdollahi et al.
2020; Ajello et al. 2022) and the c-ray identification of Tol 1326-379 has also been
questioned (Fu et al. 2022).

In addition, Tavecchio et al. (2018) proposed that FR 0s can accelerate HE protons
in the jet and be powerful enough to sustain the neutrino production detectable by the
IceCube experiment, above several tens of TeV (Jacobsen et al. 2015). Merten et al.
(2021, 2022) argued that FR0 jets can generate ultra-high-energy cosmic rays
through stochastic shear acceleration up to � 1018–1019 eV (Lundquist et al. 2022).
In opposition, Mbarek and Caprioli (2021) argued that the lower bulk Lorentz factors
of FR0 jets than those of FR I/IIs could disfavour their HE emission in general.

In conclusions, although HE studies on FR 0s are still sparse, the main result is
that FR 0s and FR Is share common X-ray and c-ray properties, suggesting similar
generic accretion and ejection phenomena in the vicinity of the BH (e.g. accretion
disc properties and relativistic acceleration of particles at GeV energies in the jet).

8 Accretion and ejection

Current magneto-hydrodynamic simulations have produced a wide range of accretion
discs coupled with jets (e.g. Meier et al. 2001; Ohsuga et al. 2009; Yuan and Narayan
2014). In the low-accretion regime (where _LE is typically less than 2% of the
Eddington limit, Heckman and Best 2014), ADAF discs are akin to launch jets
(Narayan and Yi 1995). An ADAF system can evolve under standard and normal
evolution (SANE, e.g. Narayan et al. 2012) and magnetically arrested disc (MAD, e.
g. Bisnovatyi-Kogan and Ruzmaikin 1974; Narayan et al. 2003; Tchekhovskoy et al.
2011) configurations: in the former the disc is not significantly threaded with poloidal
magnetic flux, while in the latter the magnetic flux threading the BH horizon
becomes so large that the magnetic pressure of the jet can temporarily stop the flow
of matter into the BH. Current interest in MAD accretion is driven by the discovery
that it leads to low and powerful relativistic jets. In fact, for M87, only strongly
magnetised (MAD) disc models remain the most favourable solutions to reproduce
the EHT results (e.g. Event Horizon Telescope Collaboration et al. 2021). This result
strengthens the common interpretation that low-power RGs (generally FR Is, such as
M 87) are probably powered by ADAF (MAD-type?) discs with low _m and low
radiative efficiencies, which channel a small fraction of the disc plasma into the
relativistic jet (e.g. Nagar et al. 2000; Falcke et al. 2000; Ho 2002; Hardcastle and
Worrall 2000; Balmaverde and Capetti 2006; Zanni et al. 2007; Ho 2008;
Balmaverde et al. 2008; Hardcastle et al. 2009). To study the accretion and ejection
characteristics of low-power RGs, broad-band empirical relations have been used to
gauge the disc and jet energetics.

For the accretion-related argument, we must rely on various proxies for the
bolometric AGN luminosity based on the radiation that is not fully obscured by the
torus and escapes or is reprocessed. For its large availability, the radiative bolometric
luminosity or accretion power can be estimated from the optical [O III] emission line,
LBol ¼ 3500 L½O III
 (for LLAGN, Heckman et al. 2004), as the AGN emission excites
the gas clouds in the narrow line region, which re-emit [O III] line almost
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isotropically. This quantity is a good, but not optimal, proxy since internal
obscuration and stellar contamination can affect the measurement. L½O III
 represents
an upper limit on the accretion power for jet-dominated AGN, LERGs (generally not
affected by nuclear dust obscuration), where jet shocks can cause [O III] emission,
instead of the underluminous RIAF disc (Capetti et al. 2005).

The AGN jets are observable through their synchrotron emission. The mechanical
(kinetic) power of the jets, LMech has been estimated using different assumptions.
Monochromatic radio luminosity represents only a small fraction of the energy
carried by the jets, about 2 orders of magnitude smaller than total Lmech (Scheuer
1974). However, recalibrating this relationship with physical constraints (e.g.
synchrotron spectral ageing, radiative loss, content of particles and magnetic fields)
has yielded to

Lmech ¼ 7� 1036f ðL1:4GHz=1025 WHz�1Þ0:68 W ð3Þ
estimated by Heckman and Best (2014). This relation was obtained by studying the
jet mechanical energy as pV work done by the jet to inflate cavities found in hot X-
ray emitting halos (Rafferty et al. 2006; Bîrzan et al. 2008; Cavagnolo et al. 2010).
The jet energy can also be estimated from synchrotron emission using the minimum
energy condition in the radio lobes in an equipartition regime (i.e. the internal energy
is almost equally divided between magnetic field and relativistic particles) (Willott
et al. 1999; O’Dea et al. 2009; Daly et al. 2012). The f factor includes all the
uncertainties on the physical state of the lobes, such as for example the particle
composition, SED, volume filling factor, possible deviation from the equipartition
and adiabatic condition, turbulence, additional heating from shocks. Heckman and
Best (2014) adopted f ¼ 4 based on the best linear relation of the data. We note that
these empirical assumptions, set on samples of FR Is and FR IIs, may not be entirely
applicable to FR 0s (Grandi et al. 2021). However we choose to use this value to be
consistent with previous works on low-power RGs (e.g. Heckman and Best 2014).

Left panel of Fig. 12 depicts the Eddington ratio ðLBol=LEddÞ distributions for
FR0CAT, FRICAT and CoreG galaxies. FR 0s and FR Is have similar rates,
10�5–10�2. A Kolmogorov–Smirnov (KS) statistic test confirms that two distribu-
tions are not drawn from different populations with a probability P ¼ 0:0059.
Conversely, CoreG have significantly lower accretion rates \10�4.

Since a large amount of the falling gas is launched into the jet without feeding the
BH (Zanni et al. 2007), another method to estimate the total accretion is by adding
the jet kinetic power to the radiative power as follows _LE;tot ¼ ðLBol þ LMechÞ=LEdd.
The right panel of Fig. 12 shows the distribution of this total accretion rate estimator
for the different groups of sources. The CoreG generally have lower total accretion
rates than the FR 0s and FR Is. However, there is a considerable overlap between the
populations of FR 0s and FR Is, _LE;tot � 10�4–10�2. A KS test confirms that the
cumulative distribution function of FR0s is not significantly different from that of
FR Is ðP ¼ 5:0� 10�17Þ: These results confirm the X-ray study from Torresi et al.
(2018) that FR 0 BHs are fed at low rates, consistent with a jet-mode AGN and
RIAF-type accretion states (Heckman and Best 2014). CoreG, being low-power
FR 0s, also have lower accretion rates than FR0CAT objects.
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Broad-band proxies for accretion and kinetic jet powers are expected to broadly
correlate in RLAGN, corresponding to two parallel empirical relations valid for the
two accretion states (e.g. Rawlings and Saunders 1991; Willott et al. 1999;
Buttiglione et al. 2010; Capetti et al. 2023). For AGN-dominated RLAGN (HERGs),
the correlation between radio and optical (continuum) or X-ray emission probably
results from a combination of thermal and non-thermal emission from disc and jet (e.
g. Chiaberge et al. 2002; Hardcastle and Worrall 2000; Baldi et al. 2019b). For jet-
dominated RLAGN (LERGs), the correlation between two luminosity proxies is best
explained as the result of a single emission process in the two bands,10 i.e. non-
thermal synchrotron emission from the relativistic jet (e.g. Chiaberge et al. 1999;
Balmaverde et al. 2006; Mingo et al. 2014), launched by a RIAF disc as supported by
multiple theoretical and analytical studies (e.g. Meier 2001; Begelman 2012;
McKinney et al. 2012). This result has also been found valid for low-luminosity
AGN, where compact jet dominates the broad-band continuum emission (e.g. Nagar
et al. 2002b; Ho 2008; Fernández-Ontiveros et al. 2023). Balmaverde et al. (2008)
found that for 3C/FR Is and CoreG the accretion power correlates linearly with the jet
power, with an efficiency of conversion from rest mass into jet power of � 0.012.
An [O III]-radio correlation found for FR Is, FR 0s, CoreG, and RL low-power
LINERs (e.g. Verdoes Kleijn et al. 2002; Nagar et al. 2005; Balmaverde and Capetti
2006; Baldi et al. 2015, 2019a, 2021b, see also Fig. 9) suggests a similar ionising
central source, where a scaled-down accretion rate for the core-dominated sources
explains a likewise scaled-down jet power with respect to the more powerful 3C/
FR Is (Balmaverde et al. 2008). By focussing on the parsec-scale radio emission, the
higher resolution of VLBI observation probes a section of the jet base ‘closer’ to the
launching site, which is thus more sensitive to the BH-accretion properties, than that
detected with the VLA at arcsec resolution. In fact, an analogous L½O III
–LVLBI core
correlation has been reported by Baldi et al. (2021a) over � 4 orders of magnitudes

Fig. 12 Histograms of BH-accretion rates estimated as Eddington ratio, LBol=LEdd (left panel), and as total
accretion rate, ðLBol þ LMechÞ=LEdd (right panel) for FR0CAT objects (black solid line), FRICAT objects
(red dashed line) and CoreG (green dot-dashed line)

10 The caveat is that the optical and X-ray emission represent only an upper limit on the actual accretion
power for LERGs.
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(Fig. 13) for RGs with comparable properties, e.g. hosted in massive ETGs and
characterised by a LINER spectrum (FR I, FR 0s, CoreG, RL LLAGN). By also
including the new VLBI data for FR 0s from Giovannini et al. (2023), we fit the data
points present in this sequence with a power-law relation. We find a robust
correlation in the form L½O III
 / L0:58�0:06

VLBI core with a Pearson correlation coefficient of
0.767 which indicates that the two quantities do not correlate with a probability
smaller than 8� 10�14. This statistically robust relationship corroborates the idea
that the model of RIAF disc with core-brightened jets of FR Is is also applicable to
FR 0s and LINER-like RLAGN in general. The large scatter of the correlation,
� 0.28 dex, could be caused by Doppler boosting, nuclear variability and non-flat
spectral index (1.4–8 GHz). However, there is no clear evidence for strong Doppler-
boosted effect in FR 0s (higher radio luminosities than implied by the linear
correlation) for the one-sided jets or highly variable sources, suggesting that the jet
spine is not highly relativistic and/or prominent (see Sect. 12 for more discussion on
jet structure).

The accretion–ejection coupling can also be explored by comparing the core
dominance, a proxy of the jet brightness structure (i.e. how much the core shines over
the extended jet emission), with the total accretion rate, _LE;tot: Figure 14 presents the
distribution of these two quantities for FR0CAT, FRICAT and CoreG galaxies
(excluding the few sources with core dominance [ 1 possibly due to variability or
systematic errors). Although the core dominance naturally saturates at 1 as the source
becomes weaker (and radio spectrum flatter, Dabhade and Gopal-Krishna 2023),
there is a general tendency for RGs to increase their core dominance with decreasing
accretion rate. These results suggest that the capability of a RG to develop kpc-scale
structures is related to accretion properties: more core-brightened structures are
associated with lower- _m sources.

The jet efficiency, i.e. the fraction of the kinetic jet power produced with respect to
the AGN accretion power, offers a good diagnostic to investigate the nature of the
nuclei of RGs. The LMech=LBol � g=� ratio (g and � are the fraction of gravitational
energy converted into jet power and thermal radiation, respectively) directly
measures the ability of the system to channel gravitational energy into the jet rather
than to dissipate it in thermal radiation. Figure 15 depicts g=� for FR0CAT, FRICAT
and FRIICAT objects (Grandi et al. 2021). Neglecting the f and MBH effect on the jet
efficiency, whereas HERGs favour a thermal dissipation of the gravitational power,
different LERG types, powered by similar inefficient accretion flows, launch jets
with different luminosities and different jet efficiencies: FR 0s appear less efficient in
extracting energy from the BHs into the jets than FR Is.

At parsec scale, a comparison between FR 0 and classical 3C/FR I jets can help us
understand the reason why FR 0s do not develop large structures. 3C/FR Is generally
exhibit core-brightened radio morphologies with VLBI observations (Fanti et al.
1987; Venturi et al. 1995; Giovannini et al. 2005) and FR 0s show occasionally
similar morphologies when resolved. However, the degree of jet asymmetry and the
ratio between one-sided and two-sided jets appears different between the two classes.
In FR Is, the effect of Doppler boosting on the jet sidedness, i.e. the jet-to-counter-jet
flux ratio, decreases from VLBI to VLA observations and is typically larger than 3 at
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Fig. 13 Parsec-scale core radio power (erg s�1 Hz�1) vs. [O III] line luminosity (erg s�1) for different
samples of LINER-type RLAGN hosted in ETGs with core-brightened morphologies (see the legend):
FR 0s (red filled dots) from Cheng and An (2018), Cheng et al. (2021), Baldi et al. (2021a) and Giovannini
et al. (2023), RL LINERs from the Palomar sample from Ho et al. (1995) (green empty dots), 3C/FR Is
(upwards orange triangles), Core Galaxies (downward pink triangles). The dotted line indicates the best
linear correlation

Fig. 14 The core dominance measured as ratio between VLA 5 GHz core and NVSS 1.4 GHz flux
densities for FR0CAT sources (black filled dots), FRICAT sources (red circles) and CoreG (green squares)
as function of total accretion rate ðLBol þ LMechÞ=LEdd. We exclude sources with core dominance [ 1
because probably affected by variability or systematic errors
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parsec scale (Bridle 1984; Parma et al. 1987; Giovannini et al. 1990; Venturi et al.
1995; Xu et al. 2000; Giovannini et al. 2001). On the basis of the presence of a link
between jet speed and asymmetry, this result is interpreted as a change of the FR I jet
bulk speed from relativistic, C[ 3, to sub-relativistic speeds on kpc scales by
decelerating, possibly due to entrainment of external material (Bicknell 1984, 1995;
Bowman et al. 1996; Laing and Bridle 2014; Perucho et al. 2014). For FR 0s the jet
sidedness is less prominent: only one third of FR 0s has jet sidedness larger than 2 at
parsec scale (Fig. 16). This is a clear observational evidence that the jet bulk speed of
FR 0s is significantly smaller than that of FR Is. Following the procedure discussed
by Bassi et al. (2018), we can roughly estimate the bulk Lorentz C factor of the jet,
but with a strong assumption on the unknown orientation: the Cbulk for the angle of
the jet to the line of sight hm that maximises b ¼ v=c. With these assumptions,
considering the range of jet sidedness observed \10, Cbulk for FR 0s is typically
\2:5. This result concurs with the low jet proper motions studied by Cheng and An
(2018) and Cheng et al. (2021). In conclusion, although FR 0 and FR Is share
comparable accretion properties, the jets of the former appear less efficient and
slower, mildly relativistic at parsec scales with a bulk velocity which does not exceed

Fig. 15 L1:4GHz=LEdd versus L½O III
=LEdd of FRCAT sources (FR 0, FR Is and FR IIs) compared to the
predicted values of kinetic jet power estimated by Eq. 3 assuming f ¼ 5. Each line in the plots corresponds
to a different value of g=�. Since a change of the BH mass can have a minor impact on the predicted g=�
curves, we plot (solid and dotted) lines corresponds to MBH ¼ 107:5 and MBH ¼ 109:5 M�. Image
reproduced with permission from Grandi et al. (2021), copyright by the author(s)
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0.5c. However, a proper systematic analysis on larger samples of FR 0s is needed to
draw a final conclusion on their accretion–ejection state.

9 Environment

The kpc- and Mpc-scale environmental properties (e.g. clustering, ICM, location
within the cluster/group, relative galaxy velocity) can regulate the accretion and
ejection states of an active BH: e.g. bright cluster galaxies at the centre of dense
environments typically host a RG and have different merger histories and fueling
properties than galaxies at the cluster outskirts moving away from the centre (e.g. Lin
et al. 2010; Vattakunnel et al. 2010; Shlosman 2013; Kormendy and Ho 2013;
Conselice 2014). The understanding of the relationship between RLAGN activity
and their environment is essential for a comprehension of BH-host evolution, AGN
triggering and life cycles, and for calibrating feedback processes in cosmological
models (e.g. Huško et al. 2023). However, the role of the environment in shaping
RLAGN is still not clear (e.g. Best 2004; Ineson et al. 2013, 2015; Ching et al. 2017;
Macconi et al. 2020). The FR I/II dichotomy is believed to depend on jet interaction
with the environment (e.g. Laing et al. 1994; Kaiser et al. 1997), or due to host
properties (Ledlow and Owen 1996), apart from mechanisms associated with jet
production itself (e.g. Meier 2001).

At small scales, the similarity between the host types of FR 0s and FR Is suggests
that the galactic gas conditions between the two classes are rather comparable.
Precisely, the smaller optical host masses of the FR 0s than those of FR Is argue
against the idea of a dense galaxy-scale environment which could cause the jet
deceleration and disruption through the interaction with ISM (Kaiser and Best 2007).

Fig. 16 Distributions of the logarithm of the RJC, the jet-to-counter-jet flux ratio for the FR 0 (top panel)
from Giovannini et al. (2023) and FR I/FR II RGs from the Bologna Complete Sample (BCS, bottom
panel, from Liuzzo et al. 2009). The dashed histograms correspond to lower limit on the jet sidedness.
Image reproduced with permission from Giovannini et al. (2023), copyright by the authors
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No evidence of a denser hot-gas halo with respect to that of FR Is hosts, which
typically permeates the atmosphere of elliptical galaxies, can be inferred from the
sparse X-ray studies of FR 0s.

The large-scale environment is typically invoked to explain the deceleration and
confinement of FR I jets with respect to FR IIs, since FR Is typically reside in denser
environment (denser coronae and richer groups/cluster, e.g. Prestage and Peacock
1988; Hill and Lilly 1991; Zirbel 1997; Gendre et al. 2013; Laing and Bridle 2014;
Massaro et al. 2019, 2020b). Several studies on the Mpc-scale environment of RL
CRSs have confirmed that they inhabit dense environment, but the presence of
environmental differences with respect to FR Is have been questioned. Torresi et al.
(2018) found that at least 50% of the FR0s live in a dense X-ray environment, which
reflects massive dark matter halos in which these objects are embedded. Vardoulaki
et al. (2021), studying the VLA-COSMOS Large Project, found that FR I/IIs and
compact AGN are found in all types and density environments (group or cluster,
filaments, field), regardless of their radio structures. Miraghaei and Best (2017) only
found a marginal trend of RL CRSs in denser environments. In this direction, Capetti
et al. (2020b) found that FR0CAT sources do indeed live in rich environment but
with lower density by a factor of 2 on average, than FR Is, and that about two thirds
of FR 0s are located in groups containing \15 members. A similar result was found
by Prestage and Peacock (1988) who argued that RL CRSs lie in regions of lower
galactic density than extended sources. In addition, Massaro et al. (2020a) concluded
that nearby BL Lacs share similar clustering properties with FR 0s, suggesting a
common parental population. In conclusion, there is growing evidence of an
environmental difference (at least at large scales) between FR 0s and FR Is (and
extended RGs in general), which would imply a different cosmological evolution
between the two classes.

10 Feedback

AGN feedback comes in two flavours: quasar and radio (or maintenance) mode (e.g.
see Croton et al. 2006; Best 2007; Fabian 2012; Bower et al. 2012; Heckman and
Best 2014; Harrison 2017). While the former mode is associated with powerful
radiatively dominated AGN, i.e. quasars (and HERGs), associated with high
Eddington ratios ð _LE [ 0:01Þ; the radio mode is attributed to BHs with low-accretion
rates ð _LE\0:01; mainly LERGs). The latter releases most of their energy in the form
of jets, preventing strong cooling flows in galaxy clusters (e.g. Fabian et al. 2003),
and regulating the level of SF in their host galaxies (e.g. Best et al. 2006). It is only
with the advent of deep multi-band radio surveys, with their combination of high
sensitivity to both compact and extended emission (Shimwell et al. 2017) that we are
now able to systematically study the effects of galactic-scale feedback from RL CRSs
(e.g. Bicknell et al. 2018). In opposition, powerful quasars have jets that rapidly
“drill” through the ISM, depositing most of the energy in the inter-galactic medium.
Observational evidence continues to mount that lower-power
ðL1:4GHz.1024 WHz�1Þ jetted AGN may have a significant impact on their hosts
through jet-ISM interactions on small (� 1–10 kpc) scales, where the jets heat,
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expel, or shock the ambient ISM, thereby altering the SF efficiency (e.g. Nyland et al.
2013; Jarvis et al. 2019, 2021; Webster et al. 2021a, b; Grandi et al. 2021; Venturi
et al. 2021). State-of-the-art jet simulations (e.g. Sutherland and Bicknell 2007;
Wagner and Bicknell 2011; Mukherjee et al. 2016, 2018; Bicknell et al. 2018; Rossi
et al. 2020; Talbot et al. 2022; Tanner and Weaver 2022) provide further support to
this scenario, demonstrating that lower-power jets are susceptible to disruption and
entrainment, which increases the volume and timescale of the feedback, as well as the
amount of energy transferred to the ISM ([ 5�10% of bolometric power).

FR 0s, showing galaxy-scale jetted emission, could play a critical role in the radio-
mode feedback. In fact, they are the best candidates to offer continuous energy
injection into the ISM, although at low regimes ð _LE\0:02Þ; but fully inserted in the
host and with most of the energy deposited in the ISM, on smaller physical (galactic
medium) scales than those (inter-galactic medium) affected by the full-fledged jets of
FR I/IIs. Nevertheless, the role of FR0s and the jetted population of LLAGN in
general in the context of feedback has just started to be explored (e.g. Kharb and
Silpa 2023; Krause 2023; Goold et al. 2023).

Vardoulaki et al. (2021) showed a comparable radio-mode quenching of SF in the
hosts of RL CRSs and of FR I/IIs. In fact, while compact RGs can also be found in
less massive hosts (109:5–1011:5 M�) than FR I/IIs, the former also have low specific
SF rates and large time from the last burst of SF derived from SED fitting
(Delvecchio et al. 2017) similar to those of the latter. RL CRS hosts lie in cooler X-
ray groups than extended RGs with average inter-galactic medium temperatures of
� 1 keV. Additionally, the older the episode of SF, the cooler the X-ray group in
which RL CRSs lie, suggesting a SF shutdown by kinetic feedback.

A dense cold- or hot-phase in the ISM can increase the chances of detecting
signatures of an active radio-mode feedback. Best et al. (2000) showed that compact
radio sources smaller than 90 kpc have emission line nebulae with lower ionisation,
higher luminosity, and broader line widths than in larger radio sources, consistent
with shocks driven by the jets or outflows, typically observed in dust-shrouded
young RGs. Low-luminosity jet can also carry enough power to shock and remove
the cold/hot gas (e.g. Morganti et al. 2018, 2021b; Murthy et al. 2022), as
demonstrated by some cases with observed disturbed gas kinematics, absorption
features and LINER-like line emission in compact sources (e.g. Holt et al. 2008;
Glowacki et al. 2017; Baldi et al. 2019b; Tadhunter et al. 2021). The detection of X-
ray cavities in low-power RLAGN ð\1023 WHz�1Þ demonstrates the ability of their
jets to inflate bubbles in the hot-gas atmosphere (Bîrzan et al. 2004; Allen et al.
2006). Nevertheless, ordinary FR 0s are not expected to drive strong outflows in
dense ISM.

The first dedicated study which has observationally addressed the radio-mode
feedback for FR 0s is by Ubertosi et al. (2021a), who found two putative X-ray
cavities and two prominent cold fronts possibly associated with the jet activity of a
FR 0 (with a bolometric luminosity of the order of 1040 erg s�1), associated with a
brightest cluster galaxy (cluster Abell 795) (Fig. 17). The estimated cavity power and
the cooling luminosity of the ICM follow the well-known scaling relations (e.g.
McNamara and Nulsen 2007, 2012), providing a strong evidence for the self-
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regulated feedback in this source. Being fuelled by the inflow of a cold spiral-shape
ICM, the central AGN inflate radio cocoons that excavate X-ray depressions and
drive shocks in the ICM which slosh and heat gas, establishing a feedback loop.
However, a systematic study of the feedback for a large sample of FR 0s is still
missing, mainly because of the great difficulty to detect low-brightness X-ray cavities
related to small jets.

To roughly estimate the impact of FR 0 jets on galaxies, assuming that the X-ray
atmosphere is regulated by the jet activity, we compare the internal energy within the
jets with the energy of the hot X-ray emitting gas in the host, similar to the analysis
performed by Webster et al. (2021b) for galaxy-scale jets. First, to calculate the jet
energetics, we assume that the radio emission comes from a cylindrical region of 500

long with a radius of 0.300 (radio observation based, Baldi et al. 2019a). Using a
Python code (pysynch,11Hardcastle et al. 1998) we derive the minimum energy
density and the minimum total energy, which is of the order of � 5� 1048–1050 J, by
considering radio flux densities between 5 and 500 mJy, consistent with FR0CAT
sources. Second, to estimate energy within the hot ISM, several assumptions are
needed. Since the small jets of FR 0s should have a larger impact on the bulge, we
estimate the bulge mass from the BH mass distribution of FR0CAT, 107:5–109 M�,
using the McConnell and Ma (2013) scaling relation for ETGs. Then we fix the hot-
gas mass fraction to 5% (e.g. Dai et al. 2010; Trinchieri et al. 2012). Then assuming
an average particle mass of 0:62mproton and a typical gas temperature of 0.5 keV
(Goulding et al. 2016), we are able to estimate the internal energy of the hot phase in
the bulge, which is of the order of � 1050–3� 1051 J. Finally, the total jet energy of
FR 0s turns out to be � 3–5% of the total binding energy of the bulge. However, bear
in mind that minimum jet energy estimates represent only a lower limit, since the jets
must also displace the ISM and produce shocks and its enthalpy for a relativistic gas
undergoing adiabatic expansion could be [ 4 pV (Bîrzan et al. 2004; Croston et al.
2007; Hardcastle and Krause 2013). In addition, the internal estimated jet energy
could be lower than the kinetic jet energy, which can be calculated using the method
by Willott et al. (1999) using the 151 MHz luminosity. In fact, by considering the
LOFAR 150 MHz luminosity of the FR0CAT, 1038–1040 erg s�1, the jet output is of

Fig. 17 a Chandra image (0.5–2 keV) of the cluster A795; the ICM peak and the position of the FR 0 are
indicated. b ICM brightness profile model subtracted to the Chandra image over the same region of
a. c Temperature map of A795. In each panel, the arrows highlight the ICM spiral geometry. Image
reproduced with permission from Ubertosi et al. (2021b), copyright by the author(s)

11 https://github.com/mhardcastle/pysynch.
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the order 1� 1043–4� 1044 erg s�1. This evaluation also considers the uncertainties
on the factor f (\20; Hardcastle et al. 2007 for FR Is), which includes the effect from
the jet structure and its environment (Willott et al. 1999). Assuming a lifetime of the
jet activity of 107 year, the kinetic jet energy would range � 3� 1050–6� 1051 J.
These can be considered as upper limits of the jet energetics. In this case, the ISM
energy would balance jet energetics. We conclude that the FR0 jets are potentially
capable of affecting the ISM properties, at least in the bulge.

Current hydrodynamical simulations (Horizon-AGN, Dubois et al. 2014a;
Illustris, Vogelsberger et al. 2014; EAGLE, Schaye et al. 2015; MUFASA, Davé
et al. 2016; SIMBA, Davé et al. 2019; SWIFT, Schaller et al. 2023) implement
quasar- and radio-mode feedback with a typical efficiency of 5–10%, assuming that
the energy deposited back into the ISM, scales directly with accretion rate. The ratio
ðLMechÞ=ðLBol þ LMechÞ provides a measure of the fraction of the total accreted energy
released back into the ISM in mechanical form in jets. We measured this ratio for
FR 0 and FR Is from FRCAT and found that all deposit more than 10% (on average
30% for FR 0s) of their accreted energy back into the galaxy. This calculation
confirms the result from Whittam et al. (2018, 2022) that LERGs in general have
higher feedback efficiencies and thus thought to be more responsible for the
maintenance mode of mechanical feedback than HERGs, which, as more powerful
FR IIs on average than LERGs, generally deposit their energy at larger distances in
the ICM.

11 Comparison with FR II LERGs

Deep optical-radio surveys have unearthed a large population of low-luminosity
FR II LERGs (Capetti et al. 2017b; Jimenez-Gallardo et al. 2019; Webster et al.
2021b), which show kpc-scale edge-brightened radio morphologies, smaller
([ 30 kpc) and less luminous ð� 1041 erg s�1Þ than the Mpc-scale powerful 3C/
FR II LERGs. Their nuclear properties (luminosity, accretion rates) can still be
reproduced by a RIAF disc, consistent with the general jet-mode LERG population
(Heckman and Best 2014). Macconi et al. (2020) suggested that FR II LERGs are
characterised by intermediate properties between FR Is and FR II HERGs, since they
populate an intermediate region of a correlation between accretion rates and
environmental richness. Conversely, Capetti et al. (2023) found FR II LERGs are
among the most luminous radio sources in the Universe (up to radio power
1035 erg s�1 Hz�1). Tadhunter (2016a) argued that FR II LERGs represent a phase of
the RG evolution, when the accretion has recently switched off or levelled down
from an FR II HERG high state, after exhausting the cold gas. However, preliminary
studies on the properties of the warm ionised and cold molecular gas in RGs
(Balmaverde et al. 2019; Torresi et al. 2022) possibly rule out the presence of a
statistical difference between FR II LERGs and HERGs, weakening the evolution
scenario and, instead, suggesting that jet properties in powerful FR IIs do not depend
on the accretion mode or the disc structure (Capetti et al. 2023).

The connection between FR 0 and FR II LERGs is established by their common
affinity with FR Is, since they all share a LERG optical spectrum and are generally
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interpreted to be jet-dominated RGs powered by a RIAF disc. In fact, Baldi et al.
(2018) envisaged that FR 0s, FR Is and FR II LERGs belong to a single continuous
population, with similar BH mass, galaxy and accretion properties, regardless of their
different jet morphologies. Differences related to intrinsic intimate BH properties
(spin and magnetic field at its horizon, and marginally different BH mass) shape the
whole LERG population (Miraghaei and Best 2017; Grandi et al. 2021): when these
parameters are maximised, highly relativistic jets are launched and form full-fledged
FR I/FR II LERGs, while FR 0s would originate from less extreme values of these
parameters (see Baldi et al. 2018 and Sect. 12 for discussion).

12 Models for FR 0s

Here we will discuss two possible scenarios to account for the multi-band results on
FR 0s where the jet and nuclear properties of FR 0s (1) are intrinsically different from
those of the other FR classes and do not evolve; (2) evolve within a context of
RLAGN population where FR 0 represents a particular phase of this evolution.

12.1 Static scenarios

In a non-evolutionary scenario, where the intrinsic properties of the FR 0 class
remain unchanged across their lifetime, we will review the main features which can
determine the accretion and ejection in FR 0s in relation to FR Is.

Magneto-hydrodynamic simulations of jet launching (e.g. McKinney and Gammie
2004; Hawley and Krolik 2006; McKinney 2006; Tchekhovskoy et al. 2011) predict
the formation of a light, relativistic outflow powered by the rotational energy of the
BH, as described in the work of Blandford and Znajek (1977) (BZ), as well as of a
heavier and mildly relativistic outflow powered by the accretion disc, as originally
proposed by Blandford and Payne (1982) (BP). LERGs, which are jet-dominated
sources, are generally interpreted as BZ powered, while HERGs, which have quasar-
type discs, are generally interpreted as powered by BZ and BP for the presence of
both relativistic jets and strong outflows (Heckman and Best 2014). FR 0s as well as
FR Is are expected to launch BZ jets (with a possible contribution from a BP process
for the outer jet layer in case of a stratified jet, see below).

For RLAGN jets generated by BZ-type process in RIAF discs (Tchekhovskoy
et al. 2011; Liska et al. 2022), the ratio of jet and accretion powers (jet efficiency) is
maximum when the BH is both rapidly spinning and has accumulated a substantial
amount of large-scale poloidal magnetic flux by accretion (see e.g. Komissarov 2001;
Tchekhovskoy et al. 2010). The BZ-jet power does not directly depend on the
accretion rate, but the outflowing plasma is surely a fraction of the accreting flow. As
discussed in Sect. 8, although they can share similar accretion rates, core-dominated
RGs and FR 0s show a less jet efficiency than more powerful FR Is. The small
fraction of plasma within the disc that is actually channelled into the jet could justify
the paucity of matter to accelerate to relativistic speeds in the FR 0 jets.

The BZ-jet power depends on MBH, the magnetic field strength B threading the
BH and the magnitude of its spin �a (Chen et al. 2021). In Newtonian physics, in a
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ballistic model, the jet height is proportional to the ratio of initial speed to gravity.
Since the gravity is proportional to the BH mass and the initial jet speed is set by BZ

process as the �E1=2
kin �a

2M2
BHB

2, the maximum jet length is � �aB. This mathematical
approximation suggests that the limited length of FR 0 jets could, in fact, depend on
spin and magnetic field.

MBH; the mass of the central compact object is often used as an indicator of BH
activity as AGN are preferentially associated with massive systems (e.g. Chiaberge
and Marconi 2011). The jet power roughly establishes the likelihood of the source
being radio-jet dominated (Cattaneo and Best 2009). Kinetic jet power and BH
masses are connected in radio active nuclei, as AGN tend to become more radio
powerful (i.e. more radio loud) at larger BH masses (e.g. Best et al. 2005a).
Furthermore, the Lmech–MBH relation mirrors the mass dependence on the accretion
rate estimated with the Bondi accretion flow expected from the hot hydrostatic gas
halos surrounding the galaxies (e.g. Allen et al. 2006; Balmaverde et al. 2008). The
slightly smaller BH masses of FR 0s can constitute a limit on the jet power, but
cannot simply justify the substantial lack of extended jet emission.

Magnetic field B plays a primary role in the processes of jet formation,
acceleration, and collimation (e.g. Blandford and Znajek 1977; Blandford and Payne
1982; Nakamura et al. 2001; Lovelace et al. 2002). Its azimuthal and poloidal
components, originated by rotation of the accretion disc and BH, are required to form
and then hold the jet, which extracts angular momentum from the disc surface by
torque. The magnetic field integrated on BH horizon sets the jet power. The magnetic
flux paradigm by Sikora and Begelman (2013) suggests that the radio loudness is
determined by the deposition of magnetic flux close to the BH, which occurs more
efficiently during the hot RIAF-type (ADAF) phase and facilitates the jet launching.
In fact, as counter-example to stress the important role of B in jet production, the low
magnetic field strength measured with VLBI in the radio-intermediate quasar III
Zw 2 has possibly determined its failure to develop a powerful jet (Chamani et al.
2021). The amount of magnetic flux accumulation and the geometry of the external
field can differentiate between powerful and weak RGs, including FR 0s (O’Sullivan
et al. 2015; Grandi et al. 2021). Moderate jet activity as in FR 0s can also be triggered
by the dissipation of turbulent fields in accretion disc coronae (Balbus and Hawley
1991; Brandenburg et al. 1995). In conclusion, a low intensity of the magnetic field
structure of FR 0s represents a plausible scenario to describe their limited jet
capabilities, although there is not still clear evidence.

BH spin �a is the primary ingredient in separating the formation of different jets:
the spin paradigm for AGN (Sikora et al. 2007; Garofalo et al. 2010) is a
phenomenological scale-invariant framework based on BH-disc parameters for
understanding BH feeding, feedback and jet launching mechanisms across the BH
mass scale. This model, also named gap paradigm, involves the physics of energy
extraction from BH via the BZ effect, the extraction of accretion disc rotational
energy via BP jets and disc winds (Pringle 1981; Kuncic and Bicknell 2004, 2007).
The total outflow power (BZ jet, BP jet, disc wind) is based on the size of the gap
region between the BH event horizon and the disc. The BH spin still mediates
launching the jet and determines the upper bound on the radio loudness (Sikora et al.
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2007). Retrograde and prograde BH spin configuration with the accreting material
rotating opposite or parallel to the direction of the BH can determine the gap region
and so jet power: high retrograde BH spin for greater jet power and low-spinning
prograde BHs for weak jets (Garofalo 2009). The latter scenario would fit with the
FR 0 class.

Recently, in the framework of BZ-jet model, it has been found that the measured
poloidal jet magnetic field /jet threading a BH (Narayan et al. 2003; Tchekhovskoy
et al. 2011; McKinney et al. 2012; Yuan and Narayan 2014) correlates over seven
orders of magnitudes with the disc luminosity for a sample of aligned and misaligned

RLAGN, in the form /jet � L1=2BolMBH (Zamaninasab et al. 2014), as predicted by a
MAD model. This relation suggests that the magnetic field twisted by the rotation of
the BHs which powers the BZ jets, dominates the plasma dynamics of the MAD disc,
prevents the gas infall, and slows down the rotation by removing angular momentum
into collimated relativistic outflow. Although we cannot directly measure field
strength at the BH horizon /BH, this quantity is the same as /jet by the flux freezing
approximation for BZ jets. Assuming that /jet is set by the BZ mechanism,

/jet � L1=2jet �a
�1M�1

BH, and the empirical relation from Zamaninasab et al. (2014), we

can derive a rough estimate of the BH spin as �a� L1=2MechM
�2
BHL

�1=2
Bol by deriving

accretion and jet power, respectively, from [O III] and radio luminosities (Eq. 3). This
approximate calculation performed for the FR0CAT and FRICAT leads to the
conclusion that FR 0s have on average a smaller BH spin than those of FR Is by a
factor 0:7� 0:3: A similar result is obtained if the BH spin is estimated using the
empirical correlation with jet power (Narayan and McClintock 2012).

The smaller BH spin of FR 0s would reflect to a lower bulk Lorentz factor C than
those of FR Is, as suggested by Baldi et al. (2015, 2019a). The maximisation of the
BH parameters ðMBH;B; �aÞ would lead to high-C jets with a FR I/II morphology.
This is in line with theoretical works which suggest a link between BH spin and jet
speeds (e.g. Thorne et al. 1986; Meier 1999; Maraschi et al. 2012; Chai et al. 2012).
While an initial disc-jet magnetisation is needed, high spins are possibly required to
launch the most relativistic jets, but observational evidence for the connection
between BH spin and the jet is controversial and RQAGN with high spins have been
observed (Reynolds 2014), breaking the one-to-one correspondence between high
BH spins and presence of jets. However, the lower BH spin of FR 0s would certainly
contribute to the lower jet bulk speeds, observed in the form of lower jet sidedness
than that of FR Is.

To reconcile the common pc-scale Lcore–LBol luminosity correlations valid for
FR 0s and FR Is, the lower jet sidedness of FR 0s, their lack of kpc-scale emission,
their putative c-ray emission, the invoked (static, but valid also for a dynamic
scenario) jet model for FR 0s comes from the well-known (stratified jet) “two-flow
model” (Sol et al. 1989): an outer jet layer with a mildly relativistic velocity
ðv� 0:5cÞ surrounds an inner electron-positron jet spine, which moves at much
higher relativistic speeds (bulk Lorentz factor � 10). The existence of two flows at
different velocities provided a good agreement with both theoretical and observa-
tional constraints of RGs in general (Ghisellini et al. 2005). This model can provide a
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simple way to solve the discrepancy between the required high Lorentz factors to
produce the observed c-ray emission and the slower observed motion in jets at pc
scales (Cheng and An 2018; Chen et al. 2021). Based on this model, the inner beam
of FR 0 jets is slower than that of FR I’. Similarly to what happens in FR I jets
(Bicknell 1984, 1995; Bowman et al. 1996; Laing and Bridle 2014; Perucho et al.
2014), the jet spine of FR 0s could decelerate on kpc scale to sub-relativistic speeds
for entrainment of external material. As suggested by the similar Mpc-scale
environment, the unification of the FR 0s and weak BL Lacs in a single class of RGs
characterised by a fainter slower spine than that of FR Is, finds supports from recent
results which identify a large number of BL Lacs showing ‘non classical’ blazar-like
properties and analogies with FR 0s (e.g. Liuzzo et al. 2013; Massaro et al. 2017;
D’Ammando et al. 2018).

Another parameter which can play a role in two-model flow jets for FR 0s is the
prominence of one of the two components over the other. In fact, the picture of FR I
jets as decelerating flows with transverse velocity gradients and with an intrinsic
emissivity (prominence) differences between the spine and the sheath (a slow-
moving boundary layer being more prominent than faster material near the centre,
Komissarov 1990) finds observational support in resolved jet structures of individual
sources (e.g. 3C 84, Giovannini et al. 2018; Cen A, Janssen et al. 2021). Similarly, in
FR 0s, the large loss of radio emission from pc-scale structure with respect to the
arcsec-scale cores indicates that the jet emissivity does not remain constant and the
sheath emission dominates over the spine emission, which is hardly seen, even if
boosted, with VLBI observations. In addition, an intrinsically weak spine and a
brighter slower shear, supported by BZ and BP processes respectively, could account
for the possible loss of jet stability for galaxy medium entertainment. On kpc scale,
the spine dies out, dragging the layer to disruption. Another advantage of a sheath-
dominated jet is the formation of relativistic shocks between the jet layer of the two
flows moving at different speeds, which can accelerate particles along the shock front
and produce c-ray emission by Inverse Compton (Wang et al. 2023). This would
justify the c-ray detection of FR 0 candidates (Baldi et al. 2019c).

Another parameter which takes part in shaping the jet structure is the composition,
which is one of the major uncertainties in AGN physics. In powerful RGs, protons
(or huge Poynting flux with a very low particle content) are needed in the spine to
support the jet kinetic energy (De Young 2006). Conversely, pure leptonic pair
(electrons/positrons) jets are excluded, because the jet would be slowed down by
Compton interactions. Croston et al. (2018) suggested that FR Is are likely dominated
by hadrons (mostly protons) and FR IIs are dominated by leptons, FR 0 jets could be
lighter than FR I/II jets, with a smaller hadronic component. This scenario would
reduce the necessity for very high bulk C factors for FR 0 jets and consequently
would probably favour their jet instability by crossing the host galaxy.

12.2 Dynamic scenarios

The inclusion of a temporal variation of the accretion–ejection parameters across the
RG lifetime span can better reproduce the different observed classes of RLAGN. The
tracks in Fig. 18 based on parametric modelling present the expected evolutionary
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routes of a radio source that begins as a CSO and successfully evolves to FR I or
FR IIs under conditions of long-duration AGN activity. If this standard evolutionary
scenario is also applicable to the FR 0s and we consider FR 0s as progenitors of
FR Is, FR 0s would correspond to the population of the low-power
ðP1:4GHz\1024 WHz�1Þ CSOs in their earliest evolutionary phase. Instead, the
VLBI-resolved FR 0s with pc-scale jets may shift horizontally their position in the
P–D diagram into the region of MS0s. According to the evolutionary model of FR 0s
into low-power FR Is proposed by An and Baan (2012), it is necessary for the jet
structure to remain preserved before breaking out of the host galaxy and for the AGN
activity to last longer than 104 year. However, due to their low radio power and
susceptibility to jet fragmentation, only a small fraction of FR 0s would be capable of
evolving beyond a few tens of kpc and becoming low-power FR Is. Furthermore, the
much larger space density of FR 0s with respect to FR Is clearly clashes against the
picture of all FR 0s as young FR Is and necessarily, not all RL CRSs may be destined
to evolve into double RGs (Fanti et al. 1990, 1995). In fact, a uniform distribution of
total lifetimes of RLAGN in the range 0–1000 Myr, estimated from low radio
frequencies data, reproduces well the distributions of projected linear sizes of the
powerful sources, 1025.L150MHz.1027 WHz�1, but diverges from the expectations
for the large number of compact/small sources at lower luminosities, even when
surface-brightness selection effects are taken into account (Hardcastle et al. 2019). To

Fig. 18 Radio power vs. source size (P–D diagram) of RGs adopted from Cheng and An (2018) with data
take from An and Baan (2012). Black squares are CSO, black circles are low-power GPSs, red diamonds
are high-power GPSs, purple crosses are HFPs, green circles are low-power CSSs, blue open triangles are
high-power CSSs, blue filled triangles are FR IIs, and green filled stars are FR Is. A further morphological
sub-classification is also considered that distinguishes among CSO (\1 kpc), MSO (1–15 kpc), and large
symmetric objects (LSO; [ 15 kpc, FR I/IIs) (Readhead 1995). Red and blue dashed lines are illustrative
of the evolutionary tracks based on parametric modelling for the high-power and low-power sources,
respectively. The pc-scale FR 0s (red filled circles) studied by Cheng and An (2018) are situated in the
bottom-left corner, occupied by low-power CSOs and some compact low-power MSOs
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break this tension, the presence of RLAGN populations with distinct lifetime
distributions or accretion–ejection mechanisms (e.g. FR 0 vs FR I/II) needs to be
considered.

A possible scenario to resolve the problem of the large abundance of compact RGs
concerns an intermittent AGN activity. Baldi et al. (2018) stated that a radio activity
recurrence, with the duration of the active phase covering a wide range of values and
with short active periods of a few thousand years strongly favoured with respect to
longer ones, might account for the large density number of FR 0s. This would
explain why their jets do not develop at large scales (Sadler et al. 2014). An
occasional fueling of the central BH can significantly reduce the accretion rate and
cause a discontinuous plasma injection in the jet and its possible rapid deceleration
and instability within the galaxy. Particular conditions of magnetic field loop, which
trap gas and grow magnetic instabilities, could lead to a strangulated BH (Czerny
et al. 2009; Yuan and Narayan 2014; Inayoshi et al. 2020). An ‘aborted’ jet scenario
was invoked by Ghisellini et al. (2004) to account for the jetted RQAGN where the
BH fails to eject an extended relativistic particle jet, if the central engine works
intermittently. According to this model, a small difference in BH masses, as seen
between FR Is and FR 0s, could play a role in aborting the nascent extended jets.
Gopal-Krishna et al. (2008) suggested that a dependence of the jet phenomenon on
the BH mass probably could drive a large amount of gas tidally stripped from stars by
the central BH, which could truncate the jets in the BH vicinity due to mass loading
from the stellar debris. In addition, there is recent evidence that some compact
sources, possibly a fraction of the FR 0 population, are turning-off/fading (e.g.
Kunert-Bajraszewska et al. 2005, 2006; Giroletti et al. 2005; Orienti et al. 2010) and
short-lived due to accretion-related criticality (e.g. Czerny et al. 2009; Kunert-
Bajraszewska et al. 2010; An and Baan 2012; Kiehlmann et al. 2023). However,
there is not still observational proof of different nuclear gas distribution between
FR 0s and FR Is, which might lead to an intermittent BH feeding or a jet frustration
of the former with respect to the long-lasting secular accretion and ejection of the
latter (Balmaverde et al. 2006).

A temporal evolution of the BH spin within the gap paradigm predicts a FR 0 as a
specific phase of a continuous activity in the family of RLAGN (Garofalo et al.
2010). As the gap region reduces in size with BH spin, the BZ/BP jet decreases in
power. Instead, continuous mass accretion spins the BH up towards the angular
momentum value of the accretion flow. An evolution of the BH spin configuration
with the disc angular momentum can reduce or increase the gap region and change
the BH spin magnitude. This dynamic process can accommodate the formation of a
FR 0 population within two different scenarios: an accretion-driven or a merger-
driven one.

In a scenario where the BH spin depends on the accretion history of the system,
the gap paradigm has been applied to FR 0s as low, prograde, spinning BHs whose
progenitors are powerful FR II quasars (Garofalo and Singh 2019) (Fig. 19). In gas
rich mergers, powerful (FR II) HERGs emerge from a BH accreting in a cold mode,
surrounded by a thin REAF disc with a retrograde accretion. Due to the powerful jet
feedback, the disc moves into a RIAF disc on a timescale of about a few million
years. The continuous accretion across the duty cycles will spin down the BHs,
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moving the system to lower luminosities with a FR II jet, as the retrograde BH
approaches to zero (LERGs). As the BH spin moves to a prograde regime, the BZ-jet
power increases as the spin increases. In this low BH spinning regime, jet is weaker
than in the FR II stage and tends to level off in a stable state. In this region of BH-jet
parameter space, FR 0s find their location, where weak, compact jets are found. As
the system keeps on feeding the low-spinning prograde BH, the FR 0 moves to a full-
fledged FR I, when the spin is sufficiently higher than 0.2 and the BH must
accumulate 30% of its original mass.

The large abundance of FR 0s with respect to the other FR classes can also be
interpreted as a result of the limited gas availability in nearby ETGs. The paucity of
gas in the FR 0 (small- and large-scale) environments slows down the transition from
FR 0s to FR Is because of the low-accretion rates. Therefore, FR 0s are not young
sources, but they are the result of a prolonged slow accretion of prograde low-
spinning massive BHs over timescales of hundreds of millions–billions of years.
One-sixth of this population succeeds to funnel sufficient fuel to the BH and
ultimately turns into a FR I. The poorer Mpc-scale environment of FR 0s and the
slightly smaller BH masses (galaxy masses) than those of FR Is are the two main
evidences of a different cosmological evolution of FR 0s with respect to that of
FR Is. Therefore, FR 0s are predicted to grow both in small groups (primarily) and in
rich clusters.

In a merger-driven scenario, major mergers are known to be the main mechanism
for spinning-up BHs (Martínez-Sansigre and Rawlings 2011; Bustamante and
Springel 2019). Since such objects are the result of BH–BH coalescence event,

Fig. 19 Focus on the temporal evolution of RGs according to the gap paradigm from high-powered FR II
HERGs to FR I LERGs in a accretion-driven scenario. FR 0s represent a stage of this evolution, as
prograde low-spinning BHs. a is the BH spin, the black thick and the blue curved arrows represent the BZ
and BP jets, the blue oval and the red line represent the ADAF and the REAF discs, while the grey arrow in
the REAF disc represents the disc wind, which is absent in ADAF states. Image reproduced with
permission from Garofalo and Singh (2019), copyright by AAS
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galaxies with higher masses are more likely to have undergone more mergers and,
therefore, own high-spinning BHs. The simulations performed by Dubois et al.
(2014b) indicate that indeed the most massive BHs ðMBHJ108 M�Þ; in particular
those associated with gas-poor galaxies, acquire most of their mass through BH
coalescence. In a poor environment, major mergers of galaxies with similar masses
are rare, causing a limit on the formation of highly spinning BHs. Although large-
scale environment seems to generate a sort of difference in the BH spin distribution,
the nature of the connection between environment and BH spin is still under debate,
because opposite results have also been found (e.g. Smethurst et al. 2019; Beckmann
et al. 2023). However, in the standard picture, this merger-driven scenario would
agree with the observational result that FR 0s and FR Is live in different environment.
Consequently, in this scenario, a positive link between local galaxy density, BH
parameters (mass and spin), and accretion rate is set. The poorer neighbourhood of
FR 0s, on a statistical basis, determines a longer phase of their lower BH spin than
those of their companions FR Is, which live in richer environment. FR 0s in clusters
of galaxies are likely formed recently and have not yet accreted a sufficient amount of
mass onto their central BH to turn into a FR I. Conversely, rare FR Is in poor groups
have likely undergone particular conditions (magnetic field, gas availability,
reciprocal galaxy velocity, position in the cluster/group), which have led to an
acceleration on their evolution from a FR 0 stage or a different duty cycle. However,
the physical process which controls the connection between large-scale environment
(Mpc scale) and the BH accretion (Bondi radius, tens and hundred pc) still remains to
be understood and there is currently limited observational evidence to support the
two proposed scenarios.

In the nearby Universe, � 70�80% of the RLAGN phase is spent in a compact-jet
configuration. Given that � 30% of the most massive galaxies are active and the
activity must be constantly re-triggered so that the galaxy spends over a quarter of its
time in an active state (Best et al. 2005a), the FR 0 phase is an important stage of the
evolution of an ETG where their galactic-scale jets are continuously operating in
maintenance mode. The large excess of RL CRSs over what would be expected from
models in which all sources live to the same age (i.e. constant age models),
particularly evident at lower radio luminosities (Shabala et al. 2008; Hardcastle et al.
2019; Shabala et al. 2020), suggests that the actual process of FR 0 evolution is
longer than the phase spent as FR I and FR II. Assuming a monotonic jet expansion,
the limited size of FR 0s would point to irregular duty cycles, where shorter active
phases occur more often than the longer ones (Baldi et al. 2018, 2019a). However,
this would conflict with the LOFAR result that the most massive galaxies are always
switched on at some level at L150MHzJ1021 WHz�1 (Sabater et al. 2019). Therefore,
the large uncertainties on the origin and nature of FR 0 jets, the role of environmental
and internal conditions on the duration of the compact phase, complicate the estimate
of the duty cycle of FR 0s.
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13 Conclusions and future perspective

The BH accretion–ejection mechanism provides a major power source in the
Universe and is believed to regulate the evolution of galaxies, by injecting energy
and momentum. However, the details of how and when this occurs remain uncertain,
particularly at low luminosities, where the majority of active BHs are expected.
There is compelling evidence, supported by numerical simulations, that low-
luminosity RGs channel the bulk of their accretion power into compact and galactic-
scale jets (� 1�10 kpc) which may have a significant impact on their hosts,
regulating the SF, because they plough energy in the ISM more efficiently than
powerful jets. Yet, a poor characterisation of the jet physics and the AGN-host
connection at low luminosities hampers our comprehension of the accretion–ejection
paradigm, feedback and hence the galaxy evolution. The cross-correlation of high-
sensitivity radio and optical surveys showed that the vast majority of local RGs
ð� 80%Þ appear unresolved on arcsecond scales and shed light on a ‘new’ class of
low-luminosity RGs, FR 0s, which lack of kpc-scale extended radio emission. This
review about recent results on the multi-band properties of FR 0s collected enough
evidence to conclude that FR 0s constitute a unique class of CRSs, which can launch
pc-scale jets with mildly relativistic bulk speeds, probably due to small (prograde)
BH spins or lower magnetic fields in the BH vicinity.

To solve the long-lasting question about the large abundance of RL CRSs with
respect to what expected by standard RG evolution models, the puzzling nature of
FR 0s and their impact on BH-galaxy evolution, an accurate census of the accretion-
jet properties is needed with the following characteristics: (i) a statistically complete
sample to include all galaxy and AGN diversity to explore the role of each physical
parameter that controls the accretion–ejection and feedback processes; (ii) in the
radio band, because long-baseline radio arrays can isolate the low-brightness nuclear
emission far better than any other instruments at higher energies; (iii) at luminosities
as low as possible to probe the very end of luminosity functions, ideally down to
Sgr A* luminosity ð� 1015:5 W Hz); (iv) in the local Universe to enable pc-scale
spatial resolution to disentangle the relative AGN-SF contribution and probe small jet
structures.

The current and upcoming generation of radio arrays and surveys done with these
facilities, LOFAR (Best and The LOFAR-UK Consortium 2008; Shimwell et al.
2019; Hardcastle and Croston 2020) and the International LOFAR Telescope
(Morabito et al. 2022a, b), ASKAP (Norris et al. 2011; Riggi et al. 2021), MeerKAT
(Jarvis et al. 2016; Heywood et al. 2022), SKA (Falcke et al. 2004; Kapinska et al.
2015), ngVLA (Nyland et al. 2018a, b), uGMRT (Gupta et al. 2017; Lal et al. 2021),
DSA-2000 (Hallinan et al. 2021) and other radio antennae (e.g. ALMA, WSRT), will
provide the cornerstone of our understanding of BH activity in the local Universe at
low luminosities, across a wide range of galaxy types and environments. Because of
their sub-arcsecond resolution and lJy-level sensitivity, they will uncover the bulk
population of CRSs, opening a new window onto the physical properties of FR 0s.
For example, within the wide sky coverage of the LOFAR observations, the census of
nearby active BHs at 150 GHz will count � 3000 LLAGN with luminosities

123

The nature of compact radio sources: the case... Page 49 of 72 3



\1040 erg s�1 at z\0:03 (Sabater et al. 2019). The next step will be with the advent
of SKA and ngVLA, which will survey vast numbers of nearby galaxies with
unprecedented sensitivities at sub-arcsecond resolutions on a large range of radio
frequencies (reaching � 1 lJy at \1 GHz over 30 deg2 will detect � 300 000
LLAGN, Prandoni and Seymour 2015; Padovani 2016). A multi-band cross-match
with other surveys at higher frequencies (optical, X-ray) will trace a demography of
local low-power jetted BHs and their interplay with galaxies, providing firmer
constraints on models of accretion–ejection coupling in ordinary AGN (not quasar
type) (Prandoni and Seymour 2014, 2015).

Low-frequency (\1 GHz) radio surveys with SKA precursors (e.g. ASKAP,
MWA), LOFAR and GMRT are already extremely valuable for studying the putative
extended emissions of FR 0s, because it remains crudely true that the observed duty
cycle of AGN increases with decreasing frequency: this is because of the longer
synchrotron lifetimes of the lower energy relativistic particles at lower frequencies.
Deep sub-arcsecond international LOFAR telescope observations could reveal the
true extent of the penetration of FR 0 jet into the galaxy, by discovering synchrotron-
aged plasma from past injection events. This would lead to a better characterisation
of the physical properties, duty cycles and kinetic power of FR 0 jets.

Combining hundreds-MHz information with GHz-observations can help to
characterise the spectral shape of FR 0s to infer the fraction of optically thin, hence
extended, emission present in FR 0 jets and eventually isolate the fraction of genuine
young radio sources erroneously included in this class. High-resolution radio
observations with long baseline arrays (e.g. eMERLIN, EVN, VLBA) are crucial to
establish the fraction of jetted FR 0s on pc scale and derive the jet asymmetry and
velocity distribution.

With those ideas in mind, the future research on FR 0s will address the following
key topics:

– Pc-scale accretion–ejection. The origin of the inability of such a large
population to grow kpc-scale jets is still a mystery. The separation of the
genuine population of FR 0s with respect to other compact impostors (star-
forming galaxies, RQAGN, young RGs, blazars) is fundamental to identify the
crucial aspects which can diagnose their jet limitations. Accretion and ejection
studied with non-radio high-resolution data (e.g. Chandra, eROSITA, JWST,
VLT, ELT) can help to disentangle the different contribution in RL CRS
population and constraining models of disc and jets.

– High energy. Several FR 0 as c-ray emitters have been detected at the present
time and are expected to be multi-messenger sources. It is important to continue
the search for c-ray emission from RL CRSs and LLAGN in general to study
particle acceleration mechanisms at low powers.

– AGN feedback. Several studies point to the result that RL CRSs can have a more
efficient feedback on galaxy than powerful extended RGs. A single studied case
of FR 0 driving turbulence and creating cavities in the X-ray atmosphere of a
cluster is not sufficient to derive robust results on the effect of low-power jets of
FR 0s in the surrounding medium. Systematic studies with deep multi-band data,
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combined with VLBI observations will provide a unique data set for advancing
our comprehension of the interaction of the FR 0s with their environments.

– High redshifts. There is evidence that the local FR 0 population has an important
counterpart also at higher redshifts ðz[ 1Þ: A systematic study of the genuine
FR 0s at the cosmic noon from deep fields would help to understand the
formation and cosmic evolution of low-power RLAGN with respect to the other
classes of RGs.

– Numerical simulations. High resolution, 3D numerical simulations of low-
power jets (total jet power \1044 erg s�1Þ can help to clarify the formation,
propagation and impact of FR 0 jets in the galactic medium.
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