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AGN feeding & feedback

Active Galactic Nuclei (AGN) are key drivers of galaxy evolution, triggered by
cold gas accreting onto a super-massive black hole. However, the processes reg-
ulating this gas accretion (feeding) and how AGN alter the interstellar medium
to affect star formation (feedback) remain poorly understood. A major observa-
tional challenge is the vast range of spatial scales involved: AGN fuelling and
jet-ejection occur over the sub-pc scales, while AGN feedback shocks and heats
the ISM preventing star formation over the galactic and circum-galactic scales.
Moreover, it is unclear how short stochastic AGN episodes are connected with the
long timescales of gas accretion and star formation.

In this manuscript, we illustrate how SKAO will provide the unprecedented oppor-
tunity to solve the observational limitations of AGN feeding and feedback studies
by observing hundreds of nearby AGN down to low radio powers (10>! W Hz™!).
Simultaneous SKA-Low and Mid observations of nearby galaxies will trace the
thermal emission associated with star formation and AGN feedback and the syn-
chrotron emission of their jets of relativistic plasma. These broad-band radio
observations enable the detailed characterisation of the AGN duty-cycle, unravel-
ling the time-scales of the nuclear activities.

Reaching in 10 hours neutral atomic hydrogen (HI) column density sensitivities
~ 10" cm™? at arcsecond resolution, SKA AA4 observations will trace the typical
low column density of HI gas in AGN inflows and outflows, to understand the
impact AGN feedback over the full galaxy and trace fuelling processes from the
environment onto the SMBH. Combining SKA with mm, sub-mm and optical
Integral Field Spectrographic observations at comparable arcsecond resolution
will provide an exhaustive understanding of the link between multi-phase AGN
feeding and feedback processes and star formation.
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1 Introduction: The co-evolution of galaxies and their nuclear activity

Observations indicate that accretion of gas onto the super-massive black holes (SMBHs) of galaxies
is tightly related with the speed (velocity dispersion) with which the stars in galaxies move, with
more massive SMBHs inhabiting galaxies with a higher stellar velocity dispersion (e.g. Kormendy
and Ho, 2013). This unexpected result indicates that the episodes of accretion which occur rapidly
and stochastically on scales of less than a hundred pc around the SMBH are connected with the
dynamical evolution of galaxies occurring on scales of several kpc. Accretion onto the SMBH
generates one of the most energetic phenomena in the Universe, known as Active Galactic Nucleus
(AGN), for which we show one of the most nearby examples in Fig. 1. AGN affect the star formation
(SF) of the host galaxy, abruptly and rapidly changing the physical conditions of its fuel reservoir.
They can rapidly extinguish SF on a global scale by delaying the infall and cooling of the accreting
gas (i.e. negative AGN feedback; Harrison et al., 2014), but they can also significantly increase it on
local scales by compressing the gas and making it easier to cool, coalesce and form stars (i.e. positive
feedback; Silk, 2013). AGN release their energy either through radiation winds which shock-heat
the surrounding gas, or through relativistic outflows of non-thermal plasma (i.e. radio jets) which
shock and mechanically displace the ISM. Even though there is a broad-brush dichothomy between
radiative and jetted AGN (Best and Heckman, 2012), there is a number of AGN producing both
powerful radiative winds and jets, see for example, Centaurus A (McKinley et al., 2018, 2022),
Mrk 231 (Rupke and Veilleux, 2011; Morganti et al., 2016), 3C84 (Pedlar et al., 1990; Fabian et al.,
2011). AGN feedback typically gives rise to fast multi-phase gaseous outflows ejected from the
very proximities of the SMBHs and expanding through the host galaxy out to the circum-galactic
medium (CGM) (Tombesi and Cappi, 2014). In this context, some of the key open questions are:

¢ define how outflows are driven from the circum-nuclear to the circum-galactic scale;
* determine how feedback displaces and heats the ISM and CGM;

* understand how efficiently it impacts ISM-CGM and therefore the formation of new stars.

1.1 The AGN feeding and feedback loop

The presence of winds and jets in AGN is linked to the fuelling of the SMBH. The radiative
output of AGN increases with the efficiency of gas accretion onto the SMBH while the mechanical
power of jet diminishes, even though jets are generated across the full spectrum of accretion
efficiencies (Sadowski and Gaspari, 2017). Radio sources with low radiative output (low-excitation
radio galaxies, LERGs) are the dominant population of radio galaxies in the local Universe and
release their energy almost entirely mechanically through their jets. Even though reservoirs of cold
gas are often found in their innermost kilo-parsec (Onishi et al., 2017; Ruffa et al., 2019b; Temi
etal., 2022), it is still unclear how this gas has been brought from the IGM, through the galaxy, into
the the central regions. The environment of AGN plays a crucial role in their feeding: in the centre
of clusters the cooling of the hot intracluster medium funnels cold gas filaments and clouds onto
the central regions of the brightest cluster galaxy and often triggers an AGN with extended radio
jets (e.g. Tremblay et al., 2018; Russell et al., 2017; McDonald et al., 2019; Tamhane et al., 2022;
Olivares et al., 2022; Olivares et al., 2025; Oosterloo et al., 2024). Less clear is how jets are triggered
in galaxies living in poorer environments, where the gravitational potential is shallower (Ruffa et al.,
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Figure 1: 1.4 GHz continuum emission of Fornax A (red) overlaid with the neutral hydrogen clouds
(blue) detected in the galaxy and its environment [12,13]. The optical image is a composite of the 63-h
exposure taken with LRGB filters with a 14-cm CFF refractor located in Hakos Astrofarm, Namibia, by
astrophotographer F. Enriques.

2019a). AGN fuelling can be of external origin where gas is brought into galaxies by mergers or
tidal interactions, or internal where turbulence in the hot halo leads the formation of cold gas clouds
which rain onto the SMBH (Chaotic Cold Accretion, CCA Gaspari et al., 2013) or bars in the
galactic bodies driving torques within the circum-nuclear regions (Combes et al., 2013, 2014). On
top of that, gas-rich minor mergers (as traced by galaxies with dust-lanes) had a high AGN fraction,
suggesting a link to fuelling via gas-rich minor mergers (Shabala et al., 2012).

Optical and radio observations (e.g. Woltjer, 1959; Marconi et al., 2004; Best et al., 2005) showed
that SMBHs are characterized by recursive episodes of accretion, and that the AGN undergo a
self-regulated feeding and feedback loop. The gas that fuels the SMBH gets regularly heated and
stops being accreted, typically after a few (hundred) Myr, making the AGN flicker for most of the
lifetime of the galaxy (Schawinski et al., 2015).

AGN can go through a feeding and feedback loop, in which the gas that fuels the SMBH is regularly
heated by it and, after typically a few hundred Myrs, stops being accreted. After cooling of the gas,
accretion may restart, making the nuclear activity flicker for most of the life of the host galaxy (i.e.
AGN duty-cycle; Schawinski et al., 2015).The duty-cycle of AGN seems to be self-sustained by
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the delicate balance between the opposite phenomena of feeding and feedback. While jets and
radiation pressure shock and heat the surrounding ISM and CGM preventing accretion, they also
inject turbulence which may cause cooling from the hot halo. In the same time environmental
interactions also cause gas accretion and AGN triggering. Which fuelling mechanisms regulate the
AGN duty-cycle is still hotly debated. In this context, some of the key open questions are:

» what physical processes set the condensation of hot gas into a multiphase fuel reservoir, and
under which conditions does this reservoir form around the SMBH?

* how does CCA—driven rain supply mass and redistribute angular momentum to the SMBH
over cosmic time, sustaining the observed recursive AGN duty-cycle?

* how efficiently do AGN outflows/jets couple to the surrounding medium, and can such
self-regulated feedback maintain the halo near quasi thermal equilibrium?

1.2 The spatial scales of AGN feeding & feedback

Schematically, AGN feeding and feedback mechanisms occur and co-exist over three main spatial
scales (see Fig. 2 Gaspari et al., 2020; Zajacek et al., 2022). On the circum-nuclear scale (0.1 —
1 kpc) accretion onto the SMBH occurs and relativistic jets and radiative winds are injected into
the ISM. On the galactic scale (1 — 10 kpc) the jets and winds carve their way through the galactic
body (e.g. Cicone et al., 2014; Oosterloo et al., 2017; Venturi et al., 2021). In the outskirts and
environment of the galaxy (circum-galactic scale, 10 — 100 kpc) AGN jets inflate gigantic lobes of
relativistic particles (e.g. Fabian, 2012), and galaxy interactions, ram pressure and condensation of
the hot halo may trigger the gas to fall back into the galaxy and (re-)start the AGN (e.g. Storchi-
Bergmann and Schnorr-Miiller, 2019). In the CCA/black hole ‘weather’ framework (Fig. 2), these
three regimes are tightly coupled: turbulence and cooling in the extended hot halo (macro) seed
multiphase condensation on galactic scales (meso), where cold filaments and clouds form and
partially rain inward, while on sub-pc scales (micro) this chaotic rain feeds the SMBH and powers
jets/winds that reshape the larger-scale atmosphere.

Connecting the small scales of the circum-nuclear regions with the circum-galactic environment is
observationally challenging. Across all wavelengths, astronomical instruments with high resolution
(~ 1) have typically small fields of view (< 10), and vice-versa. Recently, mm and sub-mm arrays
like ALMA and Integral Field Spectrographs (IFS) such as MUSE have carried out high resolution
studies of the molecular and ionised ISM of nearby AGN, revealing that gaseous outflows extend
beyond the circum-nuclear regions (e.g. Cicone et al., 2014; Oosterloo et al., 2017; Murthy et al.,
2022; Audibert et al., 2025; Ruffa et al., 2026; Cresci et al., 2015; Mingozzi et al., 2019; Venturi
et al., 2021, 2023), nevertheless their impact over the galactic scales remains debated.

The high dynamic range in spatial scales represents a challenge also in the theoretical context. Most
jet simulations, for example, focus on either the micro-scales close to the SMBH (Bicknell, 1984;
Wagner et al., 2012; Mukherjee et al., 2018; Young et al., 2025), or on the circum-galactic scales
(English et al., 2016; Yates-Jones et al., 2023; Jerrim et al., 2025).
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Figure 2: Diagram of key spatial scales tied to AGN feeding and feedback (reproduced from Gaspari et al.,
2020, review): the circum-nuclear and galactic (meso-scales) and the circum-galactic (macro-scales).

1.3 Multi-phase AGN feedback

Several observations have shown that all gas phases (cold neutral atomic, molecular and hot-
ionised) of the ISM are involved in AGN feedback phenomena and span a very broad range of
physical scales (e.g. Rupke et al., 2005; Alatalo et al., 2011, 2015; Oosterloo et al., 2017, 2024).
Observationally, outflows are commonly detected in AGN. X-ray and UV emission and absorption
line studies revealed outflows with velocities of thousands km/s or even higher, both at low and
high redshift, both on pc scales (Weymann et al., 1991; Crenshaw and Kraemer, 1999; Chartas
et al., 2002) and on kpc-scale via high-resolution IR and mm spectroscopic studies (e.g. Alexander
etal., 2010; Feruglio et al., 2010; Sturm et al., 2011; Rupke and Veilleux, 2011; Cicone et al., 2014;
Forster Schreiber et al., 2014; Harrison et al., 2014; Genzel et al., 2014; Perna et al., 2015). In
detail, the outflows ejected at ultra-fast velocities ( 10° km s~!) in the proximity of the SMBH
(so called UFOs, e.g. Tombesi et al., 2013) expand through the galaxy shocking the surrounding
ISM. Their energetics remain strictly connected with the energetics of the outflows onto the galactic
scales (Fiore et al., 2017; Smith et al., 2019) under two distinct regimes: momentum-driven and
energy-driven. Momentum-driven outflows rely on the pressure of the winds and jets expanding
through the medium, while in energy-driven outflows the radiation of the AGN shocks and heats
the ISM which expands adiabatically through the galaxy. The momentum rate of energy-driven
outflows is expected to be higher than the one of momentum driven outflows (King and Pounds,
2015; Costa et al., 2020). Hence, energy driven outflows may entrain higher outflow rates and
generate efficient feedback which affects the SF of the galaxy as a whole. Nevertheless, it is unclear
how AGN outflows are driven throughout the galaxy, because obtaining simultaneous measurements
of the outflows on both the circum-nuclear and circum-galactic scales is challenging.

The measurement of the momentum of the galactic outflow may be biased by not being able to
recover the full mass of the outflows. This is supported by theoretical models (Faucher-Giguere
et al., 2015; Costa et al., 2020), for which all outflows are likely energy driven, but part of the
outflowing mass could be missed. Observations show that the bulk of the outflows appears to be in
the cold phase of the ISM (Cicone et al., 2014; Fiore et al., 2017; Fluetsch et al., 2019; Murthy et al.,
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2025). In some cases, when the molecular or atomic masses of the outflows have been measured
over the galactic scales (IRAS 1790+454, Mrk231, I Zw 1, IRAS F50189-2524,APM 08279+5255
Morganti et al., 2016; Feruglio et al., 2017) the outflows appear to be energy-driven, and thus could
potentially efficiently shock-heat the ISM to interrupt SF. Nevertheless, in most cases cases, such
as nearby Seyfert IC 5063, when the outflow masses of all phases are measured (Morganti et al.,
1998, 2015), the outflow seems to be momentum-driven, and the sole expansion of the radio jets
is sufficient to carry the outflow throughout the galaxy (see for example, Fig. 9 and Fig. 17 of
Marasco et al., 2020; Bonanomi et al., 2023, respectively). Momentum-driven outflows could also
have a higher impact than expected, given that outflowing gas is sometimes detected in the direction
perpendicular to the expanding jets (e.g. Venturi et al., 2021; Audibert et al., 2025), thus increasing
the efficiency of feedback. Some detailed hydrodynamical models of jet expanding through the
medium support this scenario and indicate that, depending on the jet power and their orientation
with respect to the clumpy medium, radio jets may produce efficient feedback (e.g. Wagner et al.,
2012; Mukherjee et al., 2018; Meenakshi et al., 2022; Mukherjee, 2025). A definite answer on
the mechanisms driving AGN outflows and the efficiency of their feedback can be only given by
tracing the cold phases of the outflows (molecular and atomic) from the circum-nuclear to the
circum-galactic scales at high resolution. This will enable us to localise the bulk outflowing gas,
to accurately measure its mass, velocity and energetics and to determine how efficiently the energy
ejected by the SMBH changes the physical conditions of the ISM throughout the whole galaxy.

In this context, the major questions for galaxy-scale feedback are:

* How is the energy ejected by the AGN distributed between heating the ISM, blowing it out
of the galaxy and injecting turbulence in the CGM? - and how does this change for jet and
environment properties. It is important to know where and how the feedback is imparted,
because energy can be “wasted” and the gas would cool and return rapidly onto the galaxy.

* How are AGN most effective in disrupting the surrounding ISM over the galactic scales,
through radiation pressure, low or high power radio jets? Recent theoretical work suggests
that jet power makes a big difference: low-power jets do not sufficiently shock the gas to
drive ionised outflows because it recombines and cools again quickly, whereas high power
jets should drive ionised outflows (Perucho, 2024).

* What is the connection between outflows and maintenance-mode feedback (i.e. their efficiency
‘keeping the haloes hot’, e.g. Ciotti et al., 2010) and what is the role of radio jets? Young
et al. (2025) show that galaxies in isolated environments are more likely to look asymmetric
(one lobe longer than the other) on scales of ~ 20 kpc — because of the different paths the two
jets take through the clumpy ISM within the host galaxy. So the shorter lobe will have had
more feedback imparted by the jet on smaller (< 1 kpc) scales.

2 Neutral Hydrogen H1in AGN

Observations of the neutral atomic hydrogen (H 1) are excellent at tracing the complex cycle of gas
in AGN feeding and feedback phenomena, over all spatial scales. H1 low-density clouds detected
in absorption (Nyr< 10%° cm~?) have been associated with both inflows onto the SMBHs and
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AGN outflows driven by jets, but also winds (see Morganti and Oosterloo, 2018, for a census) over
the circum-nuclear and galactic scales. However, absorption studies remain strongly hampered by
the distribution of the underlying radio continuum, and are therefore very limited in determining
the extent of the detected inflows and outflows, while the low-column density HI of outflows and
gas accretion (< 10" ¢cm~?) has remained so far unaccessible to emission studies. H1 also traces
the bulk of the cold gas in disks, and has also been a prime tracer of environment-driven galaxy
evolution allowing us to study several environmental phenomena, such as tidal interactions, mergers,
ram pressure, condensation induced by turbulence (Chung et al., 2007; Wang et al., 2020; Maccagni
et al., 2014). Neutral atomic hydrogen studies are hence ideal to trace the impact of AGN from
the circum-nuclear to the circum-galactic scales and to identify which mechanisms trigger and fuel
nuclear activity.

2.1 Past Hi studies in AGN

Before the SKA pathfinders and precursors, the sensitivity and resolution of past radio-interferometers
limited the studies of the low-column density H1 involved in AGN feeding and feedback processes
mainly to absorption studies of the innermost circum-nuclear regions (see ?) or to low-resolution
(= 1) Hiemission studies of the circum-galactic scales. Nevertheless, several phenomena of AGN
feeding and feedback have been studied with H1 observations.

For example, in Centaurus A, the closest AGN to us (D = 3.4 Mpc), the outer shells of H1 (Schimi-
novich et al., 1994) are perturbed by the expansion of the radio jet (Oosterloo et al., 2000), and in
their proximity the pressure of the jet ignited a new region of SF (Crockett et al., 2012; Santoro
et al., 2016, 2018; Salomé et al., 2024). In the Minkowski Object, SF has been ignited by the
expansion of the jets of companion galaxy NGC541 through the IGM. In that object, the H1 traces
the gas cooling in the IGM because of the shocks generated by the jets (Croft et al., 2006).

H1 absorption showed the first evidences of cold gas inflows in early type galaxies (van Gorkom
etal., 1989), as well as in the brightest galaxy of clusters (Taylor et al., 1999) and detected in Seyfert
galaxies several circum-nuclear disks tracing the cold-gas reservoirs of their nuclear activity (e.g.
Gallimore et al., 1999).

Broad blue-shifted wings in the Hr absorption lines can trace gaseous outflows entrained by the
AGN radio jets (most commonly), but also radiative winds. Some examples of H 1 outflows in AGN
are 3C12.50 Morganti et al. (2013), 3C293 Mahony et al. (2013, 2016), NCG1266 Alatalo et al.
(2011), or see Morganti and Oosterloo (2018) for a full review. Given that most gas involved in
feeding and feedback mechanisms is in the cold phase (e.g. Fluetsch et al., 2019; Murthy et al.,
2022), potentially, H1 absorption provides one of the strongest evidences of AGN jets accelerating
and clearing gas off a galaxy, changing its star formation history. A prototypical and historical
example of a blue-shifted line tracing a cold gas outflow is the H1 absorption detected against the
radio jets of IC 5063 (Fig. 3, left Morganti et al., 1998). The right panel of Fig. 3 shows that the
absorption line (dashed lines) extends for ~ 500 km s~! beyond the rotation of the galactic disk
(traced by H1 emission, solid lines). Follow-up VLBI observations (Oosterloo et al., 2000) showed
that the outflow is entrained by the expansion of the radio jets, while the Australia Compact Array
Observations (ATCA) did not have the spatial resolution to understand if the jet affects the gas also
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over the galactic scales, where Hr is seen in emission.
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Figure 3: Left Panel: ATCA 1.4 GHz radio continuum image of IC 5063 (source on the left) superposed on
a DSS image. Contour levels range from 2.5 mJy beam~'to 1.16 Jybeam™', in steps of a factor 1.5. Right
Panel: Position velocity diagram taken along the major axis (PA 120°) of the disk of IC 5063 (Figures 2 and
5 of Morganti et al., 1998).

ALMA and MUSE observations overcame these limitations enabling the high resolution study of
the molecular and ionised gas in IC5063. These phases reveal that the outflowing gas not only lies
along the direction of expansion of the jets but also perpendicularly to them (Morganti et al., 2015;
Dasyra et al., 2016; Oosterloo et al., 2017; Venturi et al., 2021, see also Fig. 3 (c)). The information
on all gas phases involved in AGN outflows enables precise comparison with simulations of jet
launching and expansion (e.g. Bicknell, 1984; Wagner et al., 2012; Mukherjee et al., 2018; Young
et al., 2025), from which is possible to determine the effects of the AGN on the physical conditions
of the surrounding ISM. Figure 4 shows that the kinematics of the cold gas in IC 5063 can be
directly compared with the ones of the ISM where a low-power jet is expanding through the disk
of the galaxy. By measuring the total mass of the outflowing gas and its velocity over the galactic
scales, in all phases, and estimating the energetics of the jets it has been possible to assess that AGN
feedback in IC 5063 is momentum-driven (see Fig. 9 in Marasco et al., 2020).

2.2 On-going Hi1 studies in AGN

The cold gas involved in AGN feeding and feedback processes can now be observed in great detail
by the SKA-Mid precursor MeerKAT in nearby galaxies (< 35 Mpc). MeerKAT reaches low-
column density sensitivities (Ngz~ 10! cm~2) with > 20 hours of observing time and over a field
of view of 1 deg?. Figure 5 (adapted from Maccagni and de Blok, 2024) compares the column
density sensitivity and physical resolution explored by past H1 studies of nearby AGN with recent
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Figure 4: Top Left Panel: Unconvolved 8 GHz simulated surface brightness profile of a jet with power
similar to IC 5063 expanding through a galactic disk after 1.49 Myr. Top Right Panel: Image on the left
convolved with a beam of size 234 x 234 pc, as the VLA observations. Bottom Left Panel: PV diagram
along the jet axis of IC 5063 of the CO (1 — 0) observed by ALMA. Contour levels are -71.25 (dashed),
71.25 (1.50), 142.5, 285.0 mK (Fig. 4 of Oosterloo et al., 2017). Bottom right Panel: PV-diagram along the
jet axis of the simulated molecular gas of the current state of IC 5063 (Figures 7 and 8 of Mukherjee et al.,
2018). The direct comparison between the simulations and the cold gas kinematics enables to determine the
timescale of expansion of the jets and the mechanical power released into the medium. The dynamic range
covered by the colormap (arbitrary units) is set 4.5 to dex, with contours spacing of 0.5 dex.

and on-going Hr1 studies with MeerKAT. The figure shows published H1 observations of nearby
AGN in emission and absorption (e.g. IC 5063) with ATCA, the Very Large Baseline (VLA) and
the Westerbork Synthesis Radio Telescope (WSRT) and highlights the new parameter space that
MeerKAT observations of nearby AGN are exploring. In sources like Fornax A (D = 20.9 Mpc),
NGC 3100 (D = 33.4Mpc) and NGC 1371 (D = 22.7 Mpc). 12-55 hours of MeerKAT observations
allow us to investigate the parameter space of low-column density H 1 over all spatial scales, enabling
the study of the typical column densities of H1 inflows and outflows (Ngr< 102 cm~2) with kilo-
parsec resolution, or better. So far, the MeerKAT observations shown in Fig. 5 are the deepest, high-
resolution, high-fidelity H1 observations of nearby AGN ever obtained. In the following Sections,
we illustrate how these observations, in combination with broad-band continuum observations,
shed new light on AGN feeding and feedback studies over the galactic scales. Reaching H 1 column
density sensitivities < 5 x 10! cm~2 with kilo-parsec resolution, or less, we can trace feeding
and feedback mechanisms over all spatial scales (from tens of kpc to the sub-kpc scales close the

10
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SMBHs) and link the rapid recursive activity of SMBHs to the slow and continuous evolution of
their host galaxies.
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Figure 5: Sensitivity vs. resolution of H1 observations of nearby AGN. The black lines and markers show
previous H1 observations. Orange markers and lines show MeerKAT observations of nearby AGN illustrated
in this chapter (Fornax A, NGC3100 NGC 1371 Maccagni et al., 2020; Veronese et al., 2025), along with other
deep MeerKAT observations shown in green. The MeerKAT observations extend two orders of magnitude
into an unexplored regime studying at kpc resolution the low density H1 typically involved in AGN feeding
and feedback.

2.2.1 Fornax A

The MeerKAT observations of Fornax A (Fig. 1) detected the radio jets and extended lobes (r ~ 150
kpc) of this nearby (D = 20.9 Mpc) AGN with unprecedented detail (Maccagni et al., 2020) and
detected, for the very first time, various H1 clouds and filaments in its centre and in its environment
(in blue in Fig. 1; Serra et al., 2019; Kleiner et al., 2021; Maccagni et al., 2021). Combining
the 900 MHz and 1.4 GHz broadband (Av= 100 MHz) MeerKAT observations with continuum
observations between 94 MHz to 217 GHz, Maccagni et al. (2020) measured the resolved spectral
energy distribution of the radio components of the AGN (i.e. the lobes, the central jets and the core).
In the radio spectrum, a relativistic jet continuously injected by relativistic particles is described by
a sharp cut-off whose frequency depends on the age of the radiation and its history of injection (e.g.
Kardashev, 1962; Pacholczyk, 1970; Jaffe and Perola, 1973; Slee et al., 2001; Murgia et al., 1999,
2011; Harwood et al., 2013). Once the AGN turns off, the spectral shape of the jets is characterized
by a new frequency break, after which the spectrum drops exponentially (e.g. Slee et al., 2001;
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Parma et al., 2007; Murgia et al., 2011). Measuring the distance between the frequency breaks it
is possible to estimate for how long the AGN has been active and for how long it has been in a
quiescent phase. In Fornax A, the shape of the spectral energy distribution shows that the AGN is
rapidly flickering with the lobes originating by several past (= 12 Myr) activities, while the central
jets did not yet pierce through the galaxy and show a more recent activity (~ 6 Myr) and the core
recently re-activated (also confirmed by VLBI observations Paraschos et al., 2024).

In the centre of Fornax A, neutral atomic, molecular and ionised hydrogen co-exist revealing
a complex distribution and kinematics. Even though limited by the coarse spatial and spectral
resolution of the H1 observations, 20”, 44 km s~ !, Maccagni et al. (2021), performed a combined
analysis of the Hi, CO and Ha gas kinematics in the innermost 6 kpc of Fornax A. A rapid
kinematical diagnostic plot that combines the information from the velocity and dispersion maps
of the multi-phase gas in Fornax A (i.e. the kinematical plot, k-plot; Gaspari et al., 2017; Maccagni
etal., 2021) allows to identify where the gas is out-flowing, possibly entrained by the radio jets, and
where instead is condensing and flowing towards the SMBH.

The combination of high sensitivity multi-wavelength observations reveales that in Fornax A,
feeding and feedback events co-exist in space and time suggesting, they self-regulate the rapid
flickering of the nuclear activity. Nevertheless, the analysis of the multi-phase gas is limited by the
the coarse spatial and spectral resolution of the L-band observations, being 20 times lower than the
MUSE observations of the ionised phase. While the kinematics of the gas indicate that CCA is
driving gas from the innermost 6 kpc onto the SMBH, only by studying all phases of the gas at the
same comparable resolutions will be possible to precisely assess the physical properties (i.e. mass,
turbulence, cooling time) of the inflowing gas. In particular, the coexistence of extended, turbulent
filaments, compact cold clouds, and inflow signatures along multiple position angles is exactly what
is expected in a developed CCA rain, where condensation and accretion proceed chaotically rather
than through a single coherent disk (Gaspari et al., 2013, 2017; Wang et al., 2023). On top of that,
only by precisely assessing the total out-flowing gas masses throughout the whole galaxy will allow
us to determine the feedback energetics and efficiency in unsettling the ISM. Further information
on expected SKA-Mid AA4 observations of H1 gas in AGN environments is given in Sect. 3.1.

2.2.2 NGC 3100

Fornax A belongs to a complete volume and flux limited sample of nearby galaxies classified as
LERGS (g 102 W Hz~! Ekers et al., 1989; Ruffa et al., 2019b), which represent the dominant
population of jetted-AGN. Even though hosted by gas-poor early-type galaxies, ALMA observations
revealed that the circum-nuclear regions of these AGN are rich of molecular gas (107-10° My)
often assembled in regularly rotating disks (Ruffa et al., 2019b), with small kinematical deviations
possibly tracing jet-ISM interactions (Ruffa et al., 2022). ALMA, however, only probes the central
few kiloparsecs of these AGN, while much larger-scale imaging is necessary to probe their circum-
galactic regions, identify interactions with nearby galaxies, understand which mechanisms drive
the gas from the CGM and ISM to the SMBH, under which timescales, and ultimately fully assess
the origin of the fuel reservoir of these AGN. Figure 6 shows a multi-filter 20’-wide optical image
of another AGN of this complete sample of LERGs, NGC 3100 (D = 33.4 Mpc). The multi-colour
contours show the flux density distribution of the H1 detected by MeerKAT at resolutions between
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10 and 90 arcseconds (1.8 and 16 kpc resepectively). Because of the large field of view and
exceptional sensitivity (5 x 10'® cm~2 at 30””) MeerKAT reveals that a 300 kpc long H1 filament
extends through two neighbouring galaxies of NGC 3100, connecting the CGM with its innermost
regions. Previously, combining ATCA and deep optical observations (Maccagni et al., 2023) it
was possible to detect part of the Hr1 filament, determine the absence of an associated stellar
counterpart and detect, in absorption, the H1 counterpart of the H; circum-nuclear disk (Fig. 7,
left). Now, the MeerKAT observations enable us to determine the total mass of the filament and
study its kinematics to understand how it formed through the past interactions within the group
and under which mechanism it is fuelling the circum-nuclear disk of NGC 3100. Against the radio
jets of NGC 3100, Hr is detected in a complex absorbing system (Fig. 7, right Maccagni et al.,
2023). The central panel of Fig. 7 shows that modelling an H1 disk with same orientation and
kinematics as the molecular gas disk is possible to determine that the bulk of the H 1 line traces the
same circum-nuclear disk, while the redshifted feature does not. Figure 7 also shows the power of
high spectral resolution (1.4 km s~!) observations in fully recovering the information beneath an
absorption line. Because of the coarser ATCA spectral resolution the redshifted feature appeared
broad and of low optical depth, while new MeerKAT observations (Maccagni et al. in prep.) show
that the redshifted feature is a complex of narrow lines tracing single different clouds with high
optical depth falling onto the SMBH from within the circum-nuclear disk. These observations have
similar spectral resolution to the ones SKA-AA4 will provide. The combination of HI absorption
with high resolution molecular gas observations is crucial for the correct interpretation of several
Hr1 absorbing systems at low and high redshift (Maccagni et al., 2014, 2016, 2018; Allison et al.,
2015, 2019; ?, see for example, PKS 1718-649 and PKS B1740-517).

The joint study of the atomic and gas phases over the galactic scales of NGC 3100 is limited by
the 10” resolution, which allows to detect the Hr in emission over the galactic scales with only
one resolution element. Only SKA-Mid AA4 observations will resolve the H1 gas in nearby AGN
at arcsecond resolution allowing accurate joint studies of all phases of the gas (atomic, molecular
and ionised) and direct comparison with hydro-dynamical simulations of the SMBH black hole
accretion and jet ejection processes.

2.2.3 NGC 1371

The MeerKAT 1.4 GHz observations of NGC 1371 are another seminal example of how the
SKA precursor opens a new space of exploration in the studies of AGN feedback in low-power
sources (P aguz = 3 x 10?1 W Hz™!, Veronese et al., 2025). NGC 1371 has been observed
for 55 hours as part of the MHONGOOSE survey (de Blok et al., 2024) which has the science
goal to understand how the H1 fuels SF in these galaxies and to detect low-column density Hr
~ 5 x 10" cm~2accreting onto its disk. The 55hrs L-band continuum observations revealed in
detail large-scale radio bubbles (10 kpc) expanding perpendicularly to the disk (Fig. 8). The origin
of these bubbles is uncertain, Veronese et al. (2025) suggest that they may be the back-flow bubbles
of the low-power jets (P 4gH, = 3 X 102! W Hz™!) expanding through the disk. The jets may have
contributed in clearing the gas out of the innermost regions of this disk, which appear void of both
H 1 and molecular gas, but the role of the radio bubbles, how they formed and if they also contribute
to feedback is unknown. Broad-band spectral index studies (rather than in-band, as shown in the
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Figure 6: Flux-density Hr emission (in orange) detected by MeerKAT, overlaid with a 20’ inset of the deep
(27 mag arcsec™2) g,r optical image from VEGAS (Maccagni et al., 2023). The H1 emission is a composite
of flux-density maps derived from the multi-resolution datacubes between 10" (red) and 92" (yellow-green).
A ‘dark’ 300 kpc-long H1 filament connects the circum-nuclear regions of NGC 3100 with its turbulent
circum-galactic environment.

box of Fig 8) will be crucial to determine the timescales of the bubbles and link them to the secular
evolution of the gaseous disk. Interestingly, these bubbles have been detected in a handful of AGN
in nearby spirals (see Ledlow et al., 1998; Morganti et al., 2011; Doi et al., 2012; Bagchi et al.,
2014) but, so far, remained largely unstudied.

3 Exploring a new parameter space in H 1 emission studies

SKA-AA4 will investigate the H1 parameter space of sensitivity vs resolution, sensibly improving
both. Figure 9 shows how with only 10 hours of observations SKA-Mid AA4 will allow us to infer
at sub-kiloparsec resolution Hr gas at the distance of Centaurus A. SKA-Mid AA4 will observe
objects at 20 Mpc distance (as Fornax A) with sensitivity and resolution that MeerKAT can reach
only in the very nearby Universe (< 10 Mpc), where there are only a handful of AGN.

The 2” spatial resolution will allow us to study the distribution and kinematics of the dense
(2 10%° cm~2) H1 with unprecedented image quality, enabling a direct comparison with mm and
IFS observations of the molecular and ionised gas phases. The jet-cold gas interactions will be
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Figure 7: Left Panel: HST image of the centre of NGC3100 with ALMA CO(2-1) intensity contours, and
radio continuum contours from JVLA data at 10 GHz (Ruffa et al., 2019b). Centre Panel: Kinematical
absorption model of the H1 disk oriented as the molecular gas disk which best reproduces the HI absorption
line detected by ATCA, shown in the right panel. Right Panel: Hr1 absorption detected in the centre of
NGC3100 by ATCA (orange) and MeerKAT (black). The MeerKAT 1.4 km s~! resolution enables us to
spectrally resolve the multiple HI clouds fuelling the AGN (adapted from Maccagni et al., 2023).

resolved over the galactic scales in AGN down to low-radio powers (10! W Hz™!), out to 100 Mpc.
This will enable a direct comparison with hydrodynamical simulations with physical parameters
calibrated to be representative of the observed AGN and their hosts (e.g. similar SMBH and galaxy
mass, ISM gas phases and kinematics, jet power and expansion through the medium). AGN feeding
and feedback mechanisms are complex and differ depending on the properties of the AGN and
their environment. To fully understand these processes, we must perform detailed jet-HI studies in
the whole heterogeneous family of AGN which have jets spanning several orders of magnitudes in
power (PjagHz ~ 10%2726 W Hz™!), different host galaxy type, and environments, from clusters
to poor environments. Only by studying such a large range in AGN properties, can we understand
AGN feeding and feedback mechanisms, quantify their timescales and measure the effects of jet
expansion on the co-evolution of SMBHs and their host galaxy. This will allow us to finally draw
solid conclusions on the impact that AGN feeding and feedback loops have on the evolution of their
host galaxies.

3.1 Synthetic observations of AGN feeding with SKA-AA4

The analysis of the physical conditions of the H1in Fornax A is limited by the spatial resolution of
the L-band observations (Sect. 2). Fig. 10 (a) shows a snapshot of the atomic hydrogen distribution
in the innermost 10 kpc of an AGN host with same My, Mg, and MgyvpH as Fornax A extracted from
a simulation of CCA (Gaspari et al., 2017), during an active top-down multiphase condensation
rain. Since the CCA simulation provides temperature and density of each spaxel but not the H1 gas
mass per cell, we can derive volumetric H1 gas fractions in the simulations from the gas temperature
and density using the prescription of Gnedin and Draine (2014), which is well suited for elliptical
galaxies. A general method to extract Hr1 gas from different simulations (e.g. TNG50, FIRE) is
illustrated in Marasco et al. (2025).

The left panel of Fig. 10 shows a synthetic 10 hours SKA-Mid AA4 observation of the H1 from the
simulation in the left panel. To produce the synthetic observation we generated a visibility dataset
of the H1 surface brightness of the simulated gas (at the distance of Fornax A, 20.9 Mpc), using
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Figure 8: Multiwavelength image of NGC 1371. The background shows the combined gzri optical image
from Dark Energy Camera Legacy Survey (DECaLS, Dey et al., 2019). The MeerKAT high-resolution 1.4
GHz radio continuum is shown in yellow and red. The UV emission as observed by GALEX is overlaid in
pink. The multi-resolution H1 from the MHOONGOOSE observations is given in green and blue. The box
in the bottom right corner shows the L-band spectral index map of the jets and the lobes (Fig. 1 of Veronese
et al., 2025).

a wrapper built on CASAtool and casacore, where we added the SKA-Low and Mid AA4 array
configurations. We processed the mock observation with the same data reduction strategy and tools
as the MeerKAT observations (CARACal, see e.g. J6zsa et al., 2020; Serra et al., 2023; de Blok
et al., 2024). This produced a realistic datacube with the noise and clean artefacts expected from a
10 hours SKA-Mid AA4 observation. Running the SoFiA-2 sourcefinder (Westmeier et al., 2021)
with same parameters as in the MeerKAT observations, we generated the H 1 moment maps.

SKA-Mid AA4 observations will enable a direct comparison with the simulations and a detailed
study and identification of the gas inflows and outflows. The right panel of Fig. 10 shows the H1
surface brightness distribution at 20” and 10 resolution (approximately 2 and 1 kpc at the distance
of Fornax A) as it would be observed by SKA-Mid AA4 in 10 hours. The image quality and spatial
resolution at 10'° cm~2 sensitivity (purple contours) is unprecedented and allows to trace the same
structures seen at pc resolution in the simulation (left panel). Pushing SKA-Mid AA4 resolution at
27, we will be able to resolve the high density gas (3 10?° cm~2 green contours) at 20 Mpc with sub-
kpc resolution (see Fig. 9). Because of the short observing times (10 hours) SKA-Mid AA4 Band2
surveys will allow to study H1 involved in AGN feeding and feedback phenomena over the galactic

16



AGN feeding & feedback

22 [ SKA MID observations MeerKAT observations
[ == AA*6h ® NGC3100
i = AA4 10h ® NGC5643
o ¥ NGC1371
- % Fornax A
21 + B Centaurus A
o |
1
w -
IS L
v
o 20
—
- -
[ -
>
(o) -
o]
) -
~ 19 |
h L
IS L
o
=
= -
= L
()]
3 18
17

Cirﬁum-nuclear sc?le Galactic s'cale Circum-galactic scale

0.1 1 10 100 1000
Resolution [kpc]

Figure 9: Sensitivity vs. resolution of H1 observations of nearby AGN reached by SKA-Mid AA* and AA4
in six and ten hours of observation, respectively. The AA4 array configuration will allow us to observe
the diffuse (< 5 x 10'° cm™2) H1 in Fornax A (20.9 Mpc) at kilo-parsec resolution, and explore the new
parameter space of H1 ~ 6 x 10'® cm~2 with 2-kpc resolution.

scales in a representative sample (~ 1000) of nearby (within ~ 100 Mpc) galaxies, thus providing a
detailed analysis of the mass kinematics of the cold gas in AGN and a study of the impact of radio
jets down to very low-powers (10! W Hz~!). The mock maps based on the CCA simulation already
reveal rich feeding—feedback morphology, with a composition of HI filaments and ensemble clumpy
clouds, at different meso- and macro-scales. These SKA-Mid AA4 observations will resolve in
detail the physical conditions of the jet-ISM interaction (e.g.turbulence, thermal state, and density
structure of the gas), enabling CCA diagnostics such as the k—plot and condensation ratios (e.g.
teool /s teool /teddys Gaspari et al. 2018) to directly probe the AGN feeding—feedback cycle. The
same diagnostic framework can then be applied statistically in wide SKA surveys over ~ 1000 deg?,
which will map the radio AGN population at higher redshifts (z > 0.1).

4 Jet-ISM interaction: an SKA perspective

Relativistic jets from AGN are an important channel for feedback in galaxies. Traditionally,
they have been invoked to prevent the cooling of large amount of gas from the circum-galactic
scales (Ciotti et al., 2010; O’Sullivan et al., 2011; Fabian, 2012; McNamara and Nulsen, 2012).
In the past decades, there has been a rising attention to the impact that these jets may have on
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Figure 10: Left Panel: H1 column density map extracted from a simulation of CCA rain (Gaspari et al.
2017) in an environment similar to Fornax A (same M,, SMBH and Misy). The purple contour marks the
0.8 Mgpc 2 level, corresponding to an Hr1 column density of 102°cm™2.Right panel: Multi-resolution (10”
and 207, colored and grey contours, respectively) H1 surface brightness map processed from the synthetic 10
hours observations with SKA-Mid AA4 of the H1 in the left panel at the distance of Fornax A (20.9 Mpc).
Cyan, purple green and white contours correspond to 5 x 108, 5x 10'%, 1 x 10%° cm ™2, 2 x 10?° cm ™2 levels,
respectively. The 10” and 20” PSF (= 1 and 2 kpc, rescpectively) are shown in the bottom right corner.

galaxy scales (see Fig. 2), when coupling efficiently with the interstellar medium (Bicknell, 1984;
Wagner et al., 2012; Mukherjee et al., 2018; Cielo et al., 2018; Young et al., 2025), given the
increasing observational evidence of jet-ISM interactions (see, for example, Combes et al., 2013;
Garcia-Burillo et al., 2014; Morganti et al., 2015; Mahony et al., 2016; Santoro et al., 2016; Venturi
etal., 2021; Murthy et al., 2022; Audibert et al., 2025). We refer the reader to Mukherjee (2025) for
the most up to date review on the development of numerical simulations to study the impact of AGN
driven jets on galaxy scales, which also provides a detailed list of all the confirmed or candidate
(sub-)kpc scale jet-ISM interactions that have been currently observed. Two key parameters that
seem to regulate the coupling between the jet and the ISM are 1) orientation and 2) jet power. If
the jet subtends a small angle relative to the surrounding gaseous disc, then it has a larger cross
section with the ISM and it is able to transmit more efficiently its energy to the surrounding gas.
Similarly, if the jet has intermediate-power (Pje; < 105374 erg s71), it may be trapped for longer
time inside the galaxy disc and therefore disrupt the surrounding gas for a longer period, compared

0% erg s~!) which would more easily and quickly pierce through

to more powerful jets (Pje; < 1
the ISM and propagate outside the galactic body. A nice example of observational and theoretical
evidence of jet-ISM interaction is shown in Fig. 11 (Girdhar et al., 2022). The top panels show the
kinematics of the ionized gas (T~ 10* K) as traced from the [OII[]A5007 line and the cold molecular
gas as traced by CO(3-2) in a z—0.15 type-2 quasar (J1316+1753). This AGN has a low-power jet
detected from Jansky Very Large Array (JVLA) observations (black contours in the figure). The
kinematics of the ionized gas clearly shows regions with increased velocity dispersion in a direction
perpendicular to the jet axis. This is supported by a dedicated simulation of jet-ISM interactions

(bottom panel) where larger velocity dispersion in [OIII] is predicted perpendicular to the jet.

This example highlights the importance of combining sensitive radio continuum observations with
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spatially resolved multi-phase gas components of the ISM.
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Figure 11: Jet-ISM interaction. The top panels (from Girdhar et al., 2022) show the impact of small-scale jets
on the ISM as observed in a z = 0.15 type-2 quasar. The velocity line width (W80) of the ionized gas (second
panel) and cold molecular gas (fourth panel) trace regions of high dispersion (purple spaxels) orthogonally to
the jet axis (black contours). The bottom panels (Meenakshi et al., 2022) show the predicted [OIII] emission
and line widths (W80) from simulations of jet—-ISM interaction, with enhanced widths perpendicular to the
jet (black contours). Credit to Mukherjee (2025), reproduced with permission.

4.1 Synthetic observations of AGN feedback with SKA-AA4

SKAO will make a step forward into the study of jet-ISM interaction enabling the direct comparison
of the observed jets in nearby galaxies with simulations at high resolution, thus understanding how
the expansion of the relativistic particles through the clumpy ISM of galaxies changes its physical
conditions. As illustrated in Figure 4 (Sect. 2), so far the comparison between the observed radio
jets of IC 5063 and the simulated jets of similar power has been limited by the poor resolution
of the available 8 GHz observations, which make impossible to measure how differently the jets
impact on the gas along the direction of their expansion and perpendicularly to it. In fact, 1.4 GHz
observations of IC 5063 reveal extended low-power radio lobes (see Fig. 3, left) similar to the ones
of NGC 1371 (Fig. 8). So far, it has not been possible to understand if these bubbles contributed in
unsettling the gas over the galactic scales.

Detailed hydrodynamical simulations of low-power jets (P} 4guz = 3 X 102 W Hz 1 predict that,
depending on the jet power and inclination and clumpyness of the medium, synchrotron bubbles may
form perpendicularly to the jet and entrain surrounding gas clouds out of the circum-nuclear regions.
The left panels of Fig. 12 show a snapshot of the synchrotron emission of these simulations (Shende
et al. in prep) at 300 MHz and 1.4 GHz, respectively. The radio jets expand in the E-W direction for
2 kpc while radio bubbles form in the N-S direction. The central and right panels of Fig. 12 show
how SKA-Low and Mid will observe this source. Similarly to what done for the Hr1 in Sect 3.1,
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from the simulation we generated the visibilities as the AA4 arrays would observe the synchrotron
emission of these jets in 1 hour, at 300 MHz and 1.4 GHz with a bandwidth of 85 and 350 MHz,
respectively. Following a data reduction strategy tuned for continuum imaging (robust Briggs = —1,
tapering = 0.3”") we deconvolved the simulated observation and generated the images shown in
Fig. 12. The central panels show the observations of these jets at the distance of Fornax A (20.9
Mpc) while the right panels show the simulated observations at the distance of IC 5063 (47.9 Mpc).
Figure 12 demonstrates that SKAO will resolve the full radio structure of these low-power AGN,
thus enabling us to directly study their feedback. SKA-Low 300 MHz observations will provide the
best trade-off between sensitivity and the resolution required to enable spectral index studies across
all SKAO radio bands, ~ 3”". Such studies will be crucial to determine the age of the jets enabling
us, with the help of the hydrodynamical simulations, to pinpoint how through the different stages
of their evolution (active, non-active, restarted) AGN affect physical conditions of the ISM of their
hosts.

5 SKA Survey Requirements & Expectations

In light of the considerations made in the previous Sections, we describe an SKA-AA4 survey plan
that sets the minimum requirements to solve the multi-scale problem of AGN feeding and feedback,
study these phenomena in detail out to high redshift, and relate the jet-ISM interaction with the SF
histories of galaxies.

In detail, SKA-AA4 surveys, with commensal multi-wavelength observations at the same resolution
(such as the ones ALMA and IFS), will allow us to understand:

* what is the fraction of energy in AGN driven outflows, how and where is it released in the
galaxy and how does this change based on jet and environment properties

» what is the partition of outflows between cold atomic, molecular and ionised gas.

* how efficiently AGN feedback expels the gas off galaxies and maintains it hot in the halo,
preventing its cooling and new star formation episodes.

The power of SKA is to perform tiered surveys across all radio bands (from 100 MHz to 15 GHz).
This enables resolved spectral index studies of the detected sources, and thus to infer the short
timescales of the nuclear activities and relate them to the secular evolution of their host galaxies.
Hence, our surveys on AGN feeding and feedback are always tiered across all bands, with different
observing times, depending on the bands.

5.1 Deep survey of nearby galaxies

Based on Fig. 9, 10 hours of observations with SKA-Mid AA4 will open a new parameter space in
the exploration of low-column density H1 in nearby (< 100 Mpc) galaxies. This will enable high
resolution studies of the jet-H1 interactions across the whole galactic disk of AGN and beyond.
Observing ~ 1000 galaxies below 100 Mpc for 10 hours per target, AGN feeding and feedback
phenomena can be studied in a representative sample of AGN of all radio powers (10%'-10%6 W Hz 1)
and in star-forming galaxies, allowing a direct comparison of the effects of AGN-ISM interaction
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Figure 12: Top Left Panel: Simulation of 300 MHz synchrotron surface brightness produced by the expansion
of a low-power jet through a clumpy medium (courtesy of D. Mukherjee). This simulation replicates the
radio jets and lobes of IC 5063 (Morganti et al., 1998; Oosterloo et al., 2000; Mukherjee et al., 2018). Top
Centre Panel: Synthetic observation with 10hrs of SKA-Low-AA4 at 300 MHz with a 85MHz bandwidth of
the left panel. The source is assumed to be at the distance of Fornax A (20 Mpc). Levels increase as So- x 2",
where the reached r.m.s. is ¢ ~ 60uJy beam™!. Top Right Panel: Same as in the centre panel, but with
source located at the distance of IC 5063. Bottom Left Panel: Simulation of 1.4 GHz synchrotron surface
brightness produced by the expansion of a low-power jet through a clumpy medium (Shende et al. in prep,
courtesy of D. Mukherjee). This simulation replicates the radio jets and lobes of IC 5063 (Morganti et al.,
1998; Mukherjee et al., 2018) Bottom Centre Panel Synthetic observation with 10 hours of SKA-Mid-AA4
at 1.4 GHz with a l00MHz bandwidth of the left panel. The source is assumed to be at the distance of Fornax
A (20.9 Mpc). Levels increase as 5o x 2", where the reached r.m.s. is o = 0.7uJy beam™!. Bottom Right
Panel: Same as in the centre panel, but with source located at the distance of IC 5063.

with the ones of SF. Such a survey could be carried out by SKA-Mid in ~ 60 weeks of observations
(assuming H 1 observations will be carried out also during the day, which is so far not recommended
with MeerKAT).

The 2” resolution provided by the AA4 array will enable direct comparison between H1 and

21



AGN feeding & feedback

Table 1: Nearby (< 100 Mpc) galaxy survey requirements

Band, Freq. Av Obs. time  r.m.s. cont I.M.S. Spec. Beam
Weighting chan. width target  [uJybeam™!] [uJybeam™'] ]
[hrs] [x10%cm™2, 16 km s7!]

Low, 300 MHz 85 MHz 1 57 9x10° 2.3
rob -2 5.43 kHz

Band 2,14 GHz 350 MHz x2 10 0.689 107 0.8
rob 0, tap 0.2” 13.4 kHz 35

Band 2, Zoom HI 50 MHz 10% - 186 2.7
rob 0, tap 1” 3.3kHz 2.2

Band 2, Zoom OH 50 MHz 10* - 176 2.2
rob -1, tap 0.9” 3.3 kHz

molecular and ionised gas observations from mm and IFS facilities (such as ALMA and wide-field
IFS), across the full stellar body of galaxies. Investigating the low-column density H 1 regime we will
identify the sources of AGN fuelling in different environments (i.e. diffuse clouds and filaments)
as well as resolve in emission the outflowing H1. The sensitivities and resolutions required to
investigate in detail AGN feeding and feedback phenomena in nearby galaxies are summarized in
Table 1.

10 hours observing time at 1.4 GHz will also provide the deepest Band-2 continuum images of
nearby AGN. This will enable us to investigate jet-ISM interaction down to very low radio powers
(102! W Hz 1), discovering several low-surface brightness radio bubbles and enabling the study of
their interaction with the ISM and IGM. These bubbles are predicted by simulations of jet expansion
through a clumpy disk (see Fig 11) and, besides the ones observed in NGC 1371 and IC 5063, have
been detected in a handful of objects (see Sect. 2.2.3). It is also still a puzzle why extended radio
galaxies seem to preferentially be hosted by ellipticals, not spirals (e.g. Kaviraj et al., 2015). This
could be a sensitivity issue and the SKAO will discover many more radio jets in spirals (see some
model predictions in Figure 9 of Shabala et al., 2017). If the sources that we think of as compact
are actually extended, the SKAO will reveal that AGN feedback over the galactic scales is more
efficient than we previously thought.

Deep Band 2 observations of nearby galaxies to study AGN feeding and feedback phenomena are
strictly commensal with targetted H1 surveys of nearby galaxies which have similar requirements
in terms of observing time, spectral and spatial resolution (< 1 km s™!, ~ 2”), and investigate
the connection between H1 and star formation, thus revealing in detail the baryon cycle of galax-
ies (Rosolowsky et al., 2026), understand how the environment affects the evolution of galaxies
and their gas content (Ramatsoku et al., 2026) and search for low-surface brightness dwarf Hr
galaxies (Deg et al., 2026). It is worth noting that several nearby SF galaxies show Seyfert-like
AGN activity with radio jets (e.g. the MAGNUM sample Cresci et al., 2015; Mingozzi et al., 2019;
Venturi et al., 2021) and are part of the SF nearby galaxy sample of PHANGS (Schinnerer et al.,

22



AGN feeding & feedback

2019). Hence, in these galaxies it will be particularly interesting to study the H1 with resolution
comparable to the ALMA and MUSE observations (currently available for the PHANGS sample)
to discriminate the different impacts of AGN and SF activity. In galaxies below 10 Mpc, SKA-Mid
AA4 will reach sub-kilo parsec resolution and resolve star-forming regions (Rosolowsky et al.,
2026) enabling us to understand how the AGN can change their physical conditions.

Commensal zoom-mode 1.6 GHz observations, will enable sensitive observations of OH-masers
with sensitivities sufficient to detect kilo and sub-kilo masers. This will allow us to connect the
H1 detected in the circum-nuclear regions with the most energetics regions of AGN, in the real
proximity (< 100 pc) of the SMBH (Tarchi et al., 2026).

Tiered SKA-Low 300 MHz observations will be crucial to describe the correct timescales of nuclear
activity of nearby AGN. Moreover they will be sensitive to the old relics of past AGN activity, thus
revealing how the SMBH may have influenced the galaxy and its IGM also in the past, allowing a
direct connection with the SF histories of their hosts. The central frequency of 300 MHz is required
to have a PSF comparable to Band 2 observations (~ 3’’) which is crucial to produce resolved
spectral index maps of the radio jets. As shown in Fig. 11, SKA-Low AA4 will allow us to resolve
the jets and low-surface brightness lobes of AGN like IC 5063 in 1 hour of observation.

Additional tiered Band 5 observations can provide unique high resolution observations of the jets of
nearby galaxies (0.01 —0.1"") and complete the information on the spectral energy distribution of the
AGN radio components. For a thorough spectral index analysis, and thus a correct determination
of the timescales of nuclear activity it is crucial to correctly identify the frequency breaks of the
distribution, which for active or recently switched off nuclei lies at > 2 GHz.

The complete characterization of the radio SED of AGN is fundamental and enable the use ofradio
jets as probes of the multi-phase ISM, through free-free absorption (Bicknell et al., 2018; Young
et al., 2025). The low-frequency turnover of radio SED in compact sources and how this changes
with size (O’Dea and Baum, 1997) is well explained by a model in which the jet clears out the
absorbing material (and hence reduces the free-free absorption optical depth) as it drills through
the surrounding multi-phase ISM. Recently, Young et al. (2025) showed that AGN radio SED is
invariant to jet power — it only depends on gas density. Hence, it is possible to study feedback and
quantify masses of gas in galaxies using radio data only: combining the full radio SED, the size of
the jets (either resolved by SKA-AA4 or by VLBI mode observations) and redshift.

On top of that, observations across all SKA-AA4 bands will exploit commensality with polarization
surveys on nearby galaxies (as discussed in Mao et al., 2026; Tabatabaei et al., 2026).

A natural follow-up of a deep survey of nearby galaxies will be to probe at high resolution the
real proximity of the SMBHs. Resolving against the radio-jets the inflowing and outflowing clouds
detected in absorption within the circum-nuclear disk of nearby AGN, it will be possible to directly
connect the accretion onto the SMBH and its efficiency, with the properties of the cold outflowing
material in the right proximities of the SMBH (< 100 pc), thus completing our knowledge of the
feeding and feedback loop. SKA-VLBI observations will be fundamental for these probes (see
Pandey-Pommier et al., 2026).
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5.2 Wide-field continuum survey of galaxies at z > 0.1

For AGN feeding and feedback studies it will be crucial to expand the knowledge obtained in the
limited sample of nearby galaxies to a larger sample at higher redshifts where AGN feedback is
thought to be more efficient in clearing gas out of galaxies.

Pt =5 x 10* erg 57! v=1.4 GHz, Av=400 MHz, z=0.05 z=0.1

~12.0 T T 2.
1
—12.5

—13.0

o
=

z [kpc]
Dec (Offset)
Dec (Offset)
Si.a6Hz [mJy/beam]

log(, [erg s7* em™2 Hz71 sr71))

0.0/ = 0.0/

x [kpc] RA (Offset) RA (Offset)

Figure 13: Left Panel: Simulation of 1.4 GHz synchrotron surface brightness as in Fig 12. Centre Panel
Synthetic observation of the source at 220 Mpc (z=0.05) with 1.4 hrs of SKA-Mid-AA4 at 1.4 GHz with a
400 MHz. Levels increase as 5o x 2", where the reached r.m.s. is o = 1.2uJy beam™!. Right Panel: Same
as in the centre panel, but with source located at z=0.1, beyond which the 2-kpc jets are not resolved anymore
with a psf of 17.

The nearby galaxies survey will provide highly detailed diagnostics on the jet-ISM interactions.
These will be fundamental to interpret the lower-resolution data of wide continuum surveys which
will detect hundreds of radio-AGN out to redshift 5 (see Prandoni et al., 2026). In these surveys, it
will be important to resolve the radio jets over the galactic scales to enable jet-ISM studies with the
molecular and ionised gas phase inferred with other telescope facilities (see Fig. 11). Combining
such resolved H1 and ionised-gas velocity fields and line-width maps with X-ray spectroscopic
constraints on the hot phase will allow us to quantify the turbulent ‘weather’ in group and cluster
haloes and test CCA predictions for the link between turbulence, condensation, and jet power
(e.g.Wittor and Gaspari 2020; Roncarelli et al. 2018).

A wide field continuum survey will also allow us to use the statistics of compact AGN jets as a probe
of feeding mechanisms. Using sensitive LOFAR samples of active and remnant radio galaxies (Jurlin
etal., 2020), Turner and Shabala (2015) placed strong constraints on the distribution of jet lifetimes
and to predict the observable fraction of remnant AGN, and showed that the overall population
of radio galaxy jets has a pink noise-like power spectrum in age, consistent with CCA. Because
of the high statistics and the constraints set by the number of compact radio sources (where the
jets are embedded within the galaxy on kpc-scales), it has been possible to constrain the feeding
mechanisms (Shabala et al., 2020).
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Here we provide the requirements that a wide continuum survey should meet to enable AGN feeding
and feedback studies over the galactic scales between z=0.05 and > 1.

In Band 2, a wide-continuum survey with 1 hour of integration time per square degree will reach
noise levels of 2 uJy beam™! (over 2 sub-bands 350 MHz wide, with robustness 0 and tapering 0.3”
obtaining a PSF of 0.8"”). Figure 13 shows that SKA-Mid will resolve both the jets and counter
lobes of AGN with moderate radio power, similar to IC 5063, out to z = 0.1. At higher distances
Figure 14 shows that a large fraction (> 50%) of the radio AGN that the SKA-Mid will detect with
1 hour observations at a 5o significance (S 4gu, = 10uly) are resolved up to redshift 5 (i.e. their
size is larger than 1 arcsec). Between z = 0.1 and z = 1 it will be possible to perform resolved
studies of the jet-ISM interaction in low and moderate power AGN (10?'-23 W Hz™!), typically
hosted by main sequence galaxies. Figure 14 (b) shows the expected number of sources per square
degree, highlighting the need for a wide survey to collect a representative sample of (resolved) radio
AGN.

Observations across all SKA-AA4 bands are crucial for a complete characterisation of the AGN
activities. Hence, AGN feeding and feedback studies over the galactic scales will find great benefit
from a wide-continuum survey described in detail in Prandoni et al. (2026). The main requirement
will be to to obtain < 3” resolution across all bands for resolved spectral index studies. SKA-Low
observations centred 300 MHz over 85 MHz will reach this requirement in 1 hour of observation.

One hour of observation in Band 2 will enable to detect the H1 of SF disks of galaxies (~ 10?! cm™2),
while Band 5 observations will enable observations of H,O megamasers at high redshifts (see Tarchi
et al., 2026).

A Siagu: > 10ply

A size > 1 arcsec

100

log Pragu: [W/Hz]
n /deg?

104

< RLAGN Syscu: > 101ly

01 0.2 0.5 1 2 5 0.5
redshift redshift

Figure 14: Left Panel: Distribution of radio AGN on the redshift-size plane (cyan contours), color-coded
by radio power at 1.4 GHz for sources detected down to a flux limit of S1.4 gu, = 10 t1Jy (50). The lower
white line show the 25% percentile of the distribution (i.e. 75% of the sources are above it); the upper
white line shows the median of the distribution. The grey line indicate the 1’ source size. It is clear that
> 50% of the sources are resolved at 1” resolution, easily achievable with SKA-Mid AA4, at all redshifts,
and 75% are resolved up to z ~ 0.5. Right Panel: Expected redshift distribution of sources with flux density
S1.4cHz > 10u])y per square degree (cyan histogram). Highlighted in grey is the distribution of the sources
larger than 1 arcsec. Distributions taken from the T-RECS simulated catalogues (Bonaldi et al. 2023).

In Band 2, assuming to survey the sky with an hexagonal grid spacing with minimum distance for
Nyquist sampling, it will be possible to survey 10000 deg? with ~ 3433 pointings (assuming a
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primary beam FWHM of 1 degree). By integrating 0.51 hours per pointing, SKA-Mid will reach
the sensitivities of 1 hour per single pointing (~ 2.1uJy beam™'at 0.85"" over a bandwidth of 350
MHz) needed to detect and resolve the jets of sources > 10u Jy beam~!(see Fig. 14 (a)), for a total
observing time in Band 2 of 1751 hours. Assuming similar observing times for the other SKA-Mid
bands and for SKA-Low observations, it will be possible to perform a wide continuum survey over
10000 deg? in less than a year (41 weeks). Complete knowledge on the stellar properties of the
AGN hosts and their ISM will be provided by high resolution multi-plex spectroscopic surveys of
facilities like 4MOST. When SKA-AA4 will be start its observations, possibly, also new wide-field
(~ 1 deg?), high resolution (R~ 40000) multi-object spectrographs and wide-field (~ 10’-wide)
IFS will be available, enabling studies of the multi-phase ISM.

By combining SKA-AA4 H1 and continuum data with these high-resolution spectroscopic con-
straints, we will be able to test the CCA framework, directly linking cooling and condensation in
the halo to SMBH fuelling and the subsequent jet-driven feedback cycle across galactic scales.
Moreover, only at these resolutions we will be able to probe the shallow wings of the outflowing
ionised gas over multiple emission lines, thus inferring the efficiency of the IGM in shocking the
gas, link the jet expansion to the properties of the ISM, such as, for example, temperature, density,
metallicity, and enable a direct comparison of the jet-ISM interaction with the diagnostics developed
on the nearby galaxy survey.
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