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In this chapter we provide an overview of the science enabled by the SKAO,
focusing on galaxy/AGN co-evolution studies. In particular we discuss a number
of radio continuum ‘reference’ surveys with the SKAO, highlighting the role
they can play in advancing this research field with respect to the pre-SKAO era.
Alongside well-explored scenarios for wedding cake-like, tiered extragalactic
surveys at specific frequencies, we also address the scope for complementary
efforts to obtain deep multi-frequency imaging over parts of (an) extragalactic
field(s). In addition to providing key information on the physical properties of the
emitting sources, such multi-frequency imaging will make important contributions
to the calibration of observables from surveys with sparser radio spectral coverage.
In this context, we explore possible pathways that can fully exploit the SKAO from
initial (AA™) to baseline capabilities (AA4). Finally, we highlight observational
synergies with other major facilities — for wide field and targeted follow-up science
—that will be operational in the 2030s, and for which joint coverage of extragalactic
fields will generate significant legacy value.
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1 Introduction

Despite remarkable progress in recent years, fundamental questions remain unanswered in the field
of galaxy formation and evolution. We still lack a complete understanding of when and how the
first galaxies and their central black holes formed, as well as of what physical processes governed
the earliest episodes of star formation and metal enrichment. The conversion of cosmic gas into
stars — and especially the regulation of this process by feedback from supernovae and active galactic
nuclei (AGN) — remains a central uncertainty (Tacconi et al., 2020), as does the role of environment
and dark matter (DM) halo occupancy in shaping the diversity of galaxies across cosmic time
(Wechsler and Tinker, 2018). The complex interplay between gas, stars, dust and DM halos —
and its dependence on cosmic large scale structure — continues to challenge theoretical models
(e.g., Shuntov et al., 2022; Zhang et al., 2024). Addressing these questions requires coordinated
observations connecting the physical state of galaxies to their large-scale cosmological context,
through the acquisition of statistically robust, unbiased, and well characterized samples.

In this context, the SKA Observatory (SKAO) will play a pivotal role because of its unparalleled
survey speed. Beyond its unprecedented ability to map neutral hydrogen (HI) throughout cosmic
time, SKA extragalactic continuum surveys will transform our understanding of star formation
(SF) and AGN activity. With exquisite sensitivity and dynamic range, as well as multi-frequency
and multi-resolution capabilities, these surveys will deliver dust-unbiased, spatially resolved mea-
surements of star-formation rates, magnetic fields, and cosmic-ray processes, providing a unique
window into the energetics and feedback mechanisms that regulate galaxy growth. They will trace
the radio emission from billions of galaxies, from the nearby Universe to the Epoch of Reionization
(EoR), as well as jetted AGN down to the lowest radio powers, offering a statistically robust view
of how SF and black hole accretion co-evolve over cosmic time, and providing unique insights into
the role of jet-induced AGN feedback.

Nevertheless, SKA surveys will need to be complemented by observations at shorter wavelengths
to fully unlock their scientific potential. A panchromatic approach is essential for a comprehensive
understanding of the complex process of galaxy formation and evolution, and of the concurrent
growth of super-massive black holes (SMBH) at galaxy centers. Only through observations across
the full electromagnetic spectrum is it possible to get a full census of the physical (thermal and
non-thermal) processes regulating star formation and nuclear activities in galaxies (Tabatabaei
et al., 2018; Hassani et al., 2022; Tabatabaei et al., 2024; Mazoochi et al., 2026), as well as of the
various galaxy components (stars, multi-phase gas, dust, and relativistic plasma), and link these to
the evolving properties of galaxies as a whole (see e.g., Prandoni et al., 2024, for an overview on
synergies between SKAO and ESO facilities).

This chapter explores the broad subject of galaxy and AGN co-evolution, which represents a key
scientific objective for extragalactic radio continuum surveys with the SKAO. We critically assess
the scientific and technical requirements these surveys need to fulfill to unlock their transformational
potential, emphasizing the need to implement multi-scale, multi-tier, and multi-frequency strategies.
We also highlight key synergies with other facilities that will be operational in the 2030s.
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Figure 1: Stellar-to-halo mass relation (left) and My /My, ratio, a proxy of star formation efficiency (right),
in ten redshift bins, as measured in the COSMOS field. The shaded regions indicate 1o confidence intervals.
Figure adapted from Shuntov et al. (2022).

2 Exploring the SMBH-galaxy-halo connection across cosmic time

In the Lambda Cold Dark Matter (ACDM) framework, galaxies emerge at the centre of dark matter
halos (Silk and Mamon, 2012; Somerville and Davé, 2015), accreting gas and forming stars in close
inter-connection with the growth path of their host halos. This so-called galaxy—halo connection
can be investigated through statistical relationships that connect galaxies to their environments
and/or DM halo occupancy, such as the stellar-to-halo mass relation (SHMR; Wechsler and Tinker,
2018, Fig. 1, left panel). On the micro-scale, SMBHs accrete gas and grow tightly connected
to properties of the host galaxies (such as the BH—galaxy/group scaling relations, Kormendy and
Ho, 2013; Gaspari et al., 2019). A number of studies have reported an increasing incidence of
jetted AGN in massive galaxies at z < 0.3 (Heckman and Best, 2014), which reaches close to
100% at stellar masses M, > 10''> Mg (Sabater et al., 2019). This seems to indicate that the
host mass plays a major role in driving the formation and evolution of a radio AGN (i.e. their
life cycle). Cosmic environment can also play a role, as radio AGN are frequently associated with
(passive) galaxies at the center of clusters and groups at low/intermediate redshifts (z < 0.5; Best
et al., 2007). Energetic SMBH-related processes within galaxies may impact their surroundings,
at galactic and/or halo scales, influencing future gas accretion and star formation. Feedback from
radio-loud AGN, in particular, is often invoked to explain the observed properties of massive
galaxies in the local Universe: radio jets are indeed thought to be responsible for the observed
suppression of SF in massive, central galaxies (for DM halo masses M), > 10'> M; see Fig. 1, right
panel). Less clear is the role of jet-induced feedback at higher redshifts (z > 1), where radio-AGN
activity shifts towards lower-mass and mostly star-forming galaxies (SFGs; Magliocchetti, 2022),
while the peak of the star formation efficiency (SFE) may move toward more massive halos (Fig. 1,
right). Given that different forms of AGN feedback are implemented in current semi-analytic and
hydrodynamic simulations of galaxy formation (Bower et al., 2006; Croton, 2006; Hopkins et al.,
2012), constraining the AGN feedback modes, occurrence, and power as a function of environment
represents a fundamental test of such models. One key element is to understand the environment in
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which the different AGN populations reside across cosmic time, and to link this with the underlying
DM distribution, allowing a more direct comparison with galaxy formation models and simulations.

Deep, large-scale galaxy/AGN surveys can play a key role in constraining galaxy-halo connection
models and shedding light on the mutual interplay between large scale environment, galaxy/SMBH
growth and AGN feedback. To shed light on galaxy/SMBH co-evolution, observations need to
probe a sufficient cosmological volume to include the rarest, most powerful AGN at the epoch
when both SF and nuclear activities peaked (1 < z < 3; aka “cosmic noon”) and beyond, as well
as the most extreme environments. On the other hand, they should also be sensitive to low-power
radio AGN populations, as well as to inactive (i.e. non-AGN) galaxies across the entire stellar and
halo mass regime where AGN feedback is thought to be relevant (Mj, > 10'> M, or equivalently
M, > 5x10'° Mg — cf. left panel of Fig. 1 —i.e. larger than the so-called characteristic mass
Mg, at the knee of the stellar mass function). The latter is essential to facilitate comparison with
matched control samples of AGN hosts and non-AGN galaxies. One complication is that by cosmic
noon around 85% of the total SFR density of the Universe is dust-enshrouded (Dunlop et al., 2017).
Similarly, the fraction of heavily obscured AGN grows from 10-20% in the local Universe to 80-90%
at z ~ 4 (Vito et al., 2018). Radio continuum surveys, by virtue of being insensitive to dust/gas
obscuration, thus represent a uniquely valuable tool for obtaining a complete and unbiased census
of SFG (e.g., An et al., 2026; Algera et al., 2026) and radio AGN over cosmic time (Mazzolari
et al., 2024, and see also Kondapally et al. 2026). The resolving power of interferometric radio
observations can play a particularly important role in addressing these questions, as it prevents
source confusion even in dense structures like galaxy groups and (proto-)clusters. Deep SKA
surveys probing a broad range of environments will thus be able to overcome currently inconclusive
findings on the evolution of signature galaxy scaling relations such as the galaxy main sequence
(MS), for which both environmental variations and independence on environment have been reported
in the literature (e.g., Erfanianfar et al., 2016; Duivenvoorden et al., 2016; Leslie et al., 2020).
Furthermore, the large concentration of dusty star-forming galaxies in high-z over-densities makes
radio observations a powerful tool for pinpointing such structures in the first place (e.g., Daddi et al.,
2017).

As we will demonstrate in Sect. 3.1, the wide and deep tiers of the Band 2 surveys defined by
Prandoni and Seymour (2015) provide an excellent framework for investigations of the SMBH-
galaxy-halo connection. Multi-tier Band 5 surveys and/or multi-frequency radio observations as
those described in Sect. 3.2, can also play an important role. They can be used to observationally
constrain the age of the radio jet plasma, and derive radio AGN duty cycles (see also Hardcastle
et al. 2026); they can provide diagnostics to identify radio AGN at the highest redshifts (Afonso
et al. 2026), and/or AGN radio cores embedded in SF disks (Panessa et al. 2026). Similarly to AGN
life-cycles, for SFGs, analysis and decomposition of radio spectral energy distributions (SEDs) in
MHz-to-GHz multi-band imaging provide insights into the age of individual starburst episodes (e.g.
Thomson et al., 2019), allows us to probe the SF activity on different time scales via free-free and
synchrotron emission (e.g., Moldon et al., 2026), and more generally to study how thermal and
non-thermal emission processes shape the energetics of the interstellar medium (e.g., Tabatabaei
et al., 2026). Investigating radio SEDs as a function of redshift can also provide indications on
k-correction evolutionary trends to be accounted for to obtain precise radio luminosities (Tabatabaei
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et al., 2025). It is, however, important to emphasize that complementary data from survey facilities
operating at other wavelengths are essential for a full characterization of the physical properties of
the radio sources (e.g. redshift, stellar mass, monochromatic and/or bolometric luminosities, etc.),
and for tracing the AGN fueling and feedback cycle (Maccagni et al. 2026). Such multi-wavelength
observations are also crucial for mapping the large-scale cosmic structure and the DM halos in
which these sources reside. Such studies thus are an excellent example of the value of synergistic,
multi-facility approaches (see Sect. 5 for more details).

3 Survey strategies

In this section, we connect the key scientific questions we aim to address with the SKAO to the cor-
responding survey requirements. Forecasts will be based on the T-RECS simulated radio catalogues
(Bonaldi et al., 2023, and references therein). We also assess whether the suite of extragalactic
continuum reference surveys defined by Prandoni and Seymour (2015) to address galaxy/AGN
co-evolution with the SKAO remains competitive in light of the legacy surveys conducted with
SKAO precursors and pathfinders over the past decade, and whether they are suited to address the
science outlined in Sect. 2.

3.1 A multi-tier survey for galaxy/SMBH co-evolution studies with SKA-Mid Band 2
3.1.1 Source populations probed by different survey tiers

Given the shape of galaxy and AGN luminosity functions, a wedding cake, multi-tier survey design
ensures that both (i) intrinsically bright but rare source populations, as well as (ii) faint but abundant
targets can be probed in representative numbers. We use the T-RECS simulated catalogues to locate
where different galaxy populations reside in the parameter space covered by the tiered Band 2
surveys of Prandoni and Seymour (2015), also outlined in Table 1. Specifically, we focus on
different samples of AGN hosts and SFGs, which we split by either radio brightness (directly linked
to the intrinsic activity levels) or characteristic mass scales/environment, and trace these through
the observational parameter space of the survey tiers as a function of redshift out to z ~ 5.

In the T-RECS simulation, the “radio-loud” (RL) AGN population consists of a mixture of steep-
spectrum sources, flat-spectrum radio quasars and BL Lacs, with different evolutionary properties
based on the prescriptions in Bonato et al. (2017). The model adopted in T-RECS for the luminosity
functions of these three flavours of RL AGN implies that they extend in luminosity well below the
radio power threshold of Py 4gu, 2 10%> W/Hz, which is often adopted to separate RL AGN from
RQ AGN and SFG populations (Magliocchetti et al. 2017). The radio emission from RQ AGN (i.e.
Seyfert galaxies and RQ-QSO) is assumed to be SF-driven in the T-RECS simulation. RQ AGN
are consequently considered part of the SFG population and are not modelled separately. However,
multi-band diagnostics (Delvecchio et al., 2017) and/or VLBI spatial resolution surveys (Muxlow
et al., 2020; Radcliffe et al., 2021b,a) have shown that AGN-driven radio emission can also be
present in ~30% of RQ AGNs. To provide estimates of AGN number densities and characteristic
flux ranges from the RQ into the RL luminosity regime, we make the simplifying assumption in this
chapter that RQ AGNs constitute a constant 30% of the SFG population at all fluxes. Radio sources
are associated to DM haloes via a clustering model in T-RECS. In Fig. 2 we exploit the DM halo
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Table 1: Outline of multi-tier SKA-Mid reference surveys (adapted from Prandoni and Seymour 2015) with
observing time estimates.

Band Tier rms Area % Vref BW Acpp | Briggs/6  t/point t/deg?
[uJy/bm] [degz] larcsec] | [GHz] [GHz] [degz] / [arcsec] [hr] [hr]
(n 2 3) C)) )] (6) (7 3 © (10) (11)
Ultra-
2 e 0.05 1 0.5 135 034 055 | -1/045 2667 4849
Deep
Deep 0.2 10-30 0.5 167 304
Wide 1 1000 0.5 6.7 12.2
Ultra-
5b 0.04 0.04 <0.1 11.85 4.2 0.007 0/0.08 275 3146*
Deep
Deep 0.2 2 <0.1 11 1573

Notes: The Bandwidth (BW) settings in column 7 take into account RFI occupancy in the band (see
Sect. 3.2.2). The noise effective area in column 8 is the area over which the sensitivity is uniform, and is
defined as Ao rr = 2340 (A,cf/ D)?, with D = 15m. Exposure times in column 10 are calculated with the
SKAO Sensitivity Calculator assuming Decl. = —45°, Elevation = 45°. In addition, for Band 5b exposure
time and resolution estimates we assume also MeerKAT antennas are equipped with Band 5b receivers; this
results in 1.15% coarser resolution and 0.52x shorter integration times (see Sect. 3.2.2 for details). Finally
we note that the ultra-deep sensitivity requirement (see column 3) can only be reached at <1.5"" angular
resolutions to mitigate confusion noise (see also Fig. 7). * This time refers to the survey area quoted in
column (4), i.e. 0.04 deg?.

mass information in the T-RECS catalog to estimate the locus of radio AGN in massive DM halos
(Mj, > 10> M) in the parameter space of a tiered survey. Acquiring a sufficient number of radio
AGN at these halo mass scales is indispensable for reconstructing how AGN feedback leads to the
reduced baryon-over-DM mass ratios inferred for the most massive DM halos (see Fig. 1, right).

For SFGs, a step-change in our understanding will flow from being able to probe SF activity in
a dust-free manner for galaxy samples large enough that multi-variate analyses become routinely
possible, e.g., by fixing a specific set of physical properties and exploring the origins of the scatter
of the SF population with respect to another (e.g., galaxy environment, offset from scaling relations,
or galaxy classifications based on structure/morphology or emission line diagnostics). In Fig. 3 we
account for this need to slice and dice the SF population in a variety of ways by dividing the number
densities of the corresponding sub-samples of SFGs by a factor 5 ( fpop =20%), corresponding to —
at fixed redshift and stellar mass or SFR — 5 additional bins with respect to a third galaxy property.
For SFGs, in addition to binning by redshift, we consider two further key properties in Fig. 3: (i)
SFR, spanning the range from galaxies with Milky Way-like activity levels at 1-10 My/yr to the
ULIRG/HyLIRG-regime, and (ii) stellar mass (M, ). The binning in stellar mass is relative to the
characteristic mass Mg at the knee of the stellar mass function of SFGs, with Mg
roughly constant at ~5x10'? M, over the redshift range we explore here (e.g. Weaver et al., 2023).

remaining

As shown in Fig. 2 (top) a complete census of RL AGNs, over a wide range of radio powers
(Praguz > 1023 W/Hz), redshifts (0 < z < 5) and environments (up to My, > 104 M), requires radio
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Figure 2: Upper panel: Sky density of AGN populations in the T-RECS simulation (Bonaldi et al., 2023),
as a function of their predicted median flux density at 1.4 GHz. Horizontal error bars span the interquartile
range (25-75%) of the fluxes tabulated in the T-RECS catalog for a given AGN sub-sample. AGN populations
are binned by redshift (and drawn from a ~1 Gyr interval centred on the reference redshifts listed in the
figure legend). Radio-loud (RL) AGN with Py 4> 10> W/Hz are additionally split by host dark matter halo
mass (green/blue/indigo symbols). The combined population of radio-quiet (RQ) and RL AGNs is split by
luminosity (yellow/orange/red symbols). The selection of RQ and RL objects is described in Sect. 3.1.1.
Vertical lines are drawn at the 5o sensitivities of the extragalactic continuum reference survey tiers (ultra-
deep/deep/wide) outlined in Table 1, and of the precursor surveys MeerKAT/MIGHTEE (Jarvis et al., 2016)
and ASKAP/EMU (Norris et al., 2011, 2021; Hopkins et al., 2025).

Lower panel: Sky area required to reach a sample size of at least 100 objects for all different AGN sub-samples
vs. their predicted 1.4 GHz median flux density and 25-75% flux density spread. All surveys indicated probe
the parameter space below (to the right of) the horizontal (vertical) lines in the figure.
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Figure 3: As in Fig. 2, but focusing on sub-samples of the star-forming galaxy (SFG) population. SFGs are

split by (i) stellar mass (green/blue/indigo symbols), relative to the characteristic mass Mgy, at the knee of

their stellar mass function, and (ii) galaxy SFR (yellow/orange/red symbols). All predicted number densities
have been divided by a factor 5 ( fpop =20%), to facilitate comparative studies among SFGs with given set of
physical properties, e.g., as a function of environment or SF history (see Sect. 3.1.1).

surveys with a 5o flux limit at S, (1.4 GHz) ~ 1 uJy (‘Deep’ tier). Similar sensitivities can fully
probe inactive galaxies down to the characteristic stellar mass Mg (Fig. 3, top). The additional
need to achieve robust statistical sampling of the diverse properties of radio AGN and mass-matched
inactive galaxies necessitates multi-tiered radio surveys covering areas from 10s to 1000 square
degrees (Figs. 2 and 3, bottom panels). We note that while wide-area coverage can be obtained by
combining a number of smaller surveys, helping to beat cosmic variance, a single survey spanning
a large connected area would be preferable for galaxy-halo connection studies (see Sect. 2), as it
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Figure 4: SKA-Mid Band 2 and Band 5 reference surveys, as defined in Table 1, in comparison with existing
surveys: area coverage vs depth (5o flux limit). Also shown is the deep SKA multi-frequency survey (SKA-
MF) optimized for SFG science, discussed in Sect. 3.2.2. Flux limits are rescaled to 1.4 GHz (assuming
v=97) where necessary. Different colors highlight surveys undertaken with different facilities (see legend).
The pale violet diagonal lines show the parameter space probed by SKA surveys 2x smaller (dashed lines)
or 2X shallower (dotted lines) than those illustrated in Table 1.

would imply better statistics for the two- (three-)point correlation functions, ensuring statistically
robust, multi-variate, clustering studies of the various galaxy/AGN populations. Sampling wide
areas also allows us to better probe the regime where the growth of perturbations is still linear.
On the other hand, the ultra-deep tier (S, (1.4 GHz) 2 0.25 uJy) is essential for obtaining a full
census of SFGs and/or RQ AGNs, and provides robust statistical samples down to the lowest stellar
masses and up to the highest redshifts (see Figs. 2 and 3). Also interesting is the comparison with
pre-SKAO surveys. Fig. 2 shows that EMU plays a unique role for tracing the most luminous
AGN (P; 461, > 10 W/Hz) and extreme environments (M), =~ 10'* M), but only the SKA deep
and wide tiers can fully sample fainter RL. AGN and lower mass DM halos. On the other hand,
MIGHTEE can fully sample radio AGN up to redshifts z ~ 2, but only the SKA deep tier can push
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their study to higher redshift. Similarly, Fig. 3 clearly shows that the SKA deep and ultra-deep tiers
play a key role to fully address SFG and RQ AGN populations, as EMU (Norris et al., 2011, 2021;
Hopkins et al., 2025), MIGHTEE (Jarvis et al., 2016) and superMIGHTEE (Lal et al., 2025) can
only trace bright and/or massive systems.

An overall comparison between the Prandoni and Seymour (2015) tiered Band 2 continuum surveys
(with specifications as per Table 1) and other existing radio surveys is shown in Fig. 4. It is clear that
the multi-tier SKA surveys defined back in 2015 remain competitive ten years later, still representing
a significant step forward with respect to the legacy surveys conducted by SKAO precursors and
pathfinders. It is worth highlighting that the SKA deep and ultra-deep tiers will significantly out-
perform also the ultra-deep survey planned for LOFAR 2.0. The orange and pale violet dashed lines
in Fig. 4 respectively show the parameter space probed by SKA surveys when relaxing the area and
sensitivity constraints by a factor of 2. It is clear that these surveys remain competitive with respect
to pre-SKA surveys. While more limited in science scope, such surveys may be better suited for
SKA early operations (see Sect. 4 for a discussion of AA* capabilities).

3.1.2  Frequency and angular resolution requirements

For galaxy evolution and AGN studies we are mostly frequency agnostic as long as the requisite
source density, galaxy star-formation rates, AGN radio powers are met. Assuming S ~ v?, our
quoted sensitivities (see Table 1) should be simply scaled by the average spectral index of the
dominant extragalactic source populations at the flux densities of interest to get corresponding
sensitivities at other frequencies. For sources dominated by non thermal optically-thin synchrotron
emission, like star-forming galaxies and radio jets, we have v/, Hence, as long as the required
resolution is retained (see below), continuum surveys are generally better done at as low frequency
as feasible. For SKA-Mid observing down to a frequency of ~600 — 700 MHz (Band 1) could
be advantageous, due to the larger field-of-view, and hence survey speed, at lower frequencies.
Observing in SKA-Mid Band 1 would also exploit commensality with cosmological HI surveys, and
provide HI line information (HI masses/redshifts) for at least some classes of galaxies. Observations
at a higher frequency (e.g. ~1.4GHz), on the other hand, would exploit commensality with
polarization surveys (magnetism) and would naturally provide finer angular resolution, an important
requirement for galaxy evolution studies.

Angular resolution is a critical parameter for galaxy evolution studies for several reasons, the most
obvious being avoidance of source confusion. The Band 2 ultra-deep and deep tiers outlined in
Table 1 would be confusion-limited if undertaken at, respectively, 21.5"”” and 2>2.5” resolution
(SKAO Sensitivity Calculator). Another critical aspect is the ability to reliably identify and classify
radio sources at any redshift. This requires extensive, deep multi-wavelength information in the
surveyed areas, as well as sub-arcsec resolution radio observations, as clearly illustrated in Fig 5.
The resolution requirement of 0.5”” indicated in Table 1 for Band 2 tiers provides a good match with
the resolution of state-of-the-art optical/NIR surveys (0.3” — Euclid; 0.7"” — LSST; see Sect. 5 for
synergies between the SKAO and survey facilities operating at other wave-bands). As discussed
in Sect. 3.2.1, ultra-high-resolution (e.g. <0.1”), and even VLBI resolution, are essential to
morphologically separate compact AGN and radio cores from extended, SF-related emission (see
Baldi et al. 2026; Panessa et al. 2026).
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J band Euclid Q1 image +Radio
[ ] contours

Figure 5: Top row: LOFAR images obtained at various angular resolutions and integration times. From left
to right: resolution improvement from the standard 6" provided by NL baselines, to 1.5, 0.7 and 0.4"" when
including international stations, with different weightings. With international stations one can de-blend the
source into three different components. Bottom: J-band Euclid image from the Quick Release 1 (Q1; Euclid
Collaboration et al. 2026) with radio contours overlaid, showing that the three radio components are in fact
three distinct radio sources, each with their own optical counterpart. (M. Bondi, priv. comm.)

3.2 The importance of multi-frequency imaging for galaxy-SMBH co-evolution science

3.2.1 Exploiting the angular resolution of SKA-Mid Band 5 for resolved SFG and AGN studies

As extensively discussed by Murphy et al. (2015), we gain significantly by having matched-
sensitivity Band 5 multi-tier surveys.

Galaxies are found to shrink to < 5 kpc sizes at redshifts z = 1 (see Fig. 8 of Costantin et al. 2023
for galaxies with M, > 10° M), corresponding to <0.6” scales. So radio observations of similar
or better resolution are ideally needed to reliably investigate galaxies at cosmic noon and beyond
(see also bottom panel of Fig. 5). The recoverability of the structural properties of marginally
resolved galaxies in ~0.5”” SKA maps has been discussed by Coogan et al. (2023), with surveys like
e-MERGE (Muxlow et al., 2020) providing early glimpses into the spatial details present in distant
galaxies imaged at GHz frequencies on even smaller scales of ~0.1””. This ~10-100-fold better
resolution than the arcscond scale would be needed to perform resolved studies of SF processes
in high-z galaxies. Band 5b surveys can play a critical role in this respect thanks to their ability
to provide imaging at 0.05-0.1”” at ~ 10 GHz. Additionally, Band 5b probes different emission
processes (thermal vs. non-thermal) at different redshifts: for galaxies at z ~ 2 — 3, observations
at ~10 GHz sample a rest-frame frequency of 30—40 GHz, i.e. the spectral regime where free-free
begins to dominate over synchrotron emission (see also Sect. 3.2.2).

The discovery of an increasing fraction of radio sources associated with RQ AGNs in the current
deepest radio fields (Delvecchio et al. 2017; Whittam et al. 2022; Best et al. 2023) means that
sensitive radio surveys can in principle probe the entire AGN population, and not only the tiny
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RL AGN fraction (~10 — 20%; Urry and Padovani 1995; Kratzer and Richards 2015; Macfarlane
et al. 2021). Galaxy-AGN co-evolution studies would therefore significantly benefit from sensitive
tiers in Band 5 (see Table 1), which would allow us to pinpoint flat-spectrum radio cores at the
center of SFGs. In this respect, the availability of VLBI capabilities for the SKAO can make key
contributions as well (see Panessa et al. 2026)!. Morphological separation of centrally concentrated
and extended SF provides fundamental constraints on the balance between AGN and SF activity
(key especially for understanding radio emission from radio-quiet QSOs), and for pure SF systems
radio size measurements provide insight into the growth mode of galaxies - e.g., disk-wide, secular
growth of MS galaxies vs. concentrated, possibly interaction-driven starbursts (i.e. systems with
high specific star formation rates; Jiménez-Andrade et al., 2019). As dust obscuration is subject
to strong spatial variations (with central regions being particularly dust-attenuated in UV/optical
imaging, e.g., Morselli et al., 2019; Nelson et al., 2019), dust-unbiased, high-resolution radio maps
hold a particular potential for directly linking the overall structural evolution of galaxies (e.g., disk
growth and bulge formation) to the temporal and spatial variations/evolution of SF and feedback
processes for studying the build-up of different galaxy components.

However, because of the significantly smaller field of view in Band 5, it will not be possible in
all flux density regimes to cover the full area of, e.g., surveys in Band 2. In Table 1 we outline a
two-tiered (ultra-deep and deep) Band 5b survey, that provides matched sensitivity to the deep and
wide Band 2 tiers, albeit over a limited sky area. We note that this survey is similar to the one
proposed by Prandoni and Seymour (2015), with the only difference that we slightly adjusted the
deep tier parameters: the rms sensitivity requirement decreased from 0.3 to 0.2 uJy/bm to better
match the Band 2 wide tier sensitivity, while the sky coverage was doubled (from 1 to 2 deg?).
With this modification the SKA band 5 survey becomes more competitive with respect to the new
high-frequency (S, C and X bands) surveys carried out by the JVLA over the past ten years (see
orange and red filled squares in Fig. 4).

3.2.2 A matched-resolution, multi-frequency deep field for galaxy-integrated radio SEDs

The versatility of the SKA telescopes (sensitivity across a wide range of angular scales, beamforming
capabilities for LOW, and options for sub-array-mode observations in general) make it possible to
pursue observing strategies aimed at matching the observational parameter space of multi-frequency
projects in a variety of ways. In this section, we describe an extragalactic survey that is matched
across multiple frequency bands in terms of angular resolution and spectral response, and — to
the extent this is possible — aims to cover a somewhat commensurate sky area across all bands
(e.g., see also the superMIGHTEE project: Lal et al., 2025). Depending on the specific science
goals, a multi-band project might prioritise matching the band-to-band survey area in a more strict
sense, or instead opt for obtaining simultaneous observations at several frequencies by exploiting
the sub-array capabilities of the SKAO. The latter could be particularly beneficial for characterising
time-varying source populations in multi-epoch surveys (see Sect. 3.3).

We set the following requirements for our multi-frequency survey:

1. span ~2dex in frequency (0.15-15 GHz), with no more than 50% variation in angular reso-

! Another way to identify AGN cores in galaxies is through variability studies (see Sect. 3.3 for more details).
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lution (and beam sizes varying no more than 10% between 300 MHz and Band 5b),

2. ensure that thermal noise remains at least a factor 1.5 above the confusion noise in all bands
(i.e. the confusion noise contributes <30% to the total noise budget at the flux limit), and

3. achieve a sensitivity and sky area sufficient for a robust characterisation of the radio SEDs of (i)
M* galaxies (~5x10'° M) throughout the peak era of the cosmic SFH (out to z ~ 3), thereby
jointly constraining the cosmic SFR density through both radio free-free and synchrotron
emission, and (ii) galaxies with Milky Way-like SFRs (1-10 My/yr) out to z ~ 1.

Throughout this section, we focus on observations with AA4. In Sect. 4 we then briefly discuss the
scope for implementing some components of such a multi-band survey already in AA*.

To define a suitable observing strategy, we use the options in the SKAO Sensitivity Calculator’
to apply different uv-plane weighting schemes and tapering scales when calculating the expected
image noise. We adopt the default settings of the sensitivity calculator for target elevation, and
assume a survey field centred at Dec. =-45°. In defining tuning ranges in the sensitivity calculator,
we aim for a fractional bandwidth of at least Av/vir=0.3 (with vt being the central frequency
of the band), but where necessary reduce the instantaneous bandwidth Av to account for the RFI
environment as currently characterised at the SKAO sites or other relevant facilities (e.g., the JVLA).
Our choices are as follows (see also Table 2):

e SKA-Low: three bands centred at v, =80, 160 and 300 MHz with instantaneous band-
width Av =26, 51 and 60 MHz. For the 300 MHz tuning achieving a fractional bandwidth
Av [vier =0.3 is unfeasible due to persistent satellite RFI features between 243.5-270.4, 277.5—
285.0 and 334-342 MHz (McKay et al., 2025).

* SKA-Mid: tunings centred at 700 (B1), 1.355 (B2), 6.55 (B5a) and 11.85 GHz (B5b). We
note that for Band 5b, two offset spectral windows with Ay ~2GHz at 9.5 and 14.1 GHz
will in practice be necessary to avoid RFI in the Starlink download window from 10.7-
12.7 GHz. The instantaneous bandwidths are 400 MHz (B1°), 340 MHz (B2), 3.3 GHz (B5a)
and 4.2 GHz (B5b), in keeping with RFI detected in current MeerKAT UHF and L-band data*
and in JVLA C-/X-band observations (fraction of bandpass impacted at the JVLA: ~15%°).

We also introduce a couple of refinements with respect to default sensitivity calculator outputs.
Firstly, we scale the Band 5b calculator outputs to account for the additional receivers deployed
by INAF/MPG on all MeerKAT dishes. Using a simple scaling based on the relative change of
collecting area, this improves sensitivity by a factor 1.39 for AA4, (reducing B5b observing times
by a factor 0.52 as a consequence). As MeerKAT dishes are centrally concentrated within the
SKA-Mid array, the angular resolution becomes coarser by 15%°. Reflecting this small change in

2 https://sensitivity-calculator.skao.int

3 For B1, in addition to RFI, the narrower 0.58—1.015 GHz UHF band tuning range of the MeerKAT dishes compared
to the SKA-Mid dishes is a further factor in determining the frequency range over which the sensitivity will be maximised.

4 https://skaafrica.atlassian.net/wiki/spaces/ESDKB/pages/305332225/Radio+Frequency+Interference+RFI-UHF-
Statistics

>htps://science.nrao.edu/facilities/vla/docs/manuals/obsguide/rfi

6 The change in angular resolution is somewhat dependent on the weighting scheme adopted. The 15% quoted are a
representative average of sensitivity calculator results for AA4 with Briggs weighting and robust parameters between -2
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Table 2: Depth-independent multi-frequency survey parameters.

telescope array config. Vref Ay FHWM,,, robust taper
[GHz] [GHz] [arcsec] [arcsec]
(1 (2) (3) 4) (%) (6) (7
SKA-Low AA4 (outer 24 km) 0.080 0.026 5.14 -1 -
AA4 (outer 12km) 0.160 0.051 3.51 -1 -
AA4 0.300 0.060 2.53 -1.5 -
SKA-Mid AA4 0.800 (B1) 0.400 2.50 1 0.54 (‘0.31°)
AA4 1.355 (B2) 0.340 2.50 1 0.58 (‘0.56%)
AA4 6.550 (B5a)  3.300 2.45 1 0.86 (‘4"
AA4 11.850 (B5b) 4.200 2.40 1 0.81 (‘6.82%)

Notes: vy.r in Column 3 is the observational tuning frequency. Angular resolutions FWHMyp, in col. 5
are beam sizes after applying Briggs weighting with the robust parameter in col. 6, and a Gaussian taper
with the angular scale listed in col. 7. Numbers in brackets in col. 7 give the corresponding value of the
dimensionless tapering parameter used in the SKAO sensitivity calculator (see Sect. 2.2.1 in the SKA-Mid
Sensitivity Calculator User Guide).

angular resolution, we have also increased the confusion noise level by a factor 1.32, based on Fig.
10 in SKA-Mid Sensitivity Calculator User Guide.

Our second refinement addresses trade-offs between angular resolution and image noise. A com-
parable image resolution can only be achieved across our full frequency range if next-to-uniform
weighting is adopted for SKA-Low’, and a weighting scheme approaching ‘natural’ in SKA-Mid
bands® with increasingly broad Gaussian taper at higher frequencies. However, both scale depen-
dent sensitivity (see Figs. 10/11 in Braun et al., 2019) and tapering carry penalties for image
noise. When pushing toward the low-resolution limit (e.g., in SKA-Mid Bands 5a/b) it is more
advantageous in terms of final sensitivity to adjust angular resolution primarily via uv-weighting,
and then apply as small an amount of tapering as possible. To provide an example, using the
default weighting+tapering options of the sensitivity calculator: in SKA-Mid Band 1 it is possible
to achieve a similar image resolution of 2.1-2.3" with robust=-1 and a 1.75"” Gaussian taper (di-
mensionless tapering parameter ‘1’ in the sensitivity calculator), or adopting robust=1 and 0.44"
tapering (tapering parameter value ‘0.25’), but the latter results in a 2.3X lower rms noise oopg in
the image. When the default grid of tapering scales currently implemented in the sensitivity calcu-
lator is not fine-grained enough for comprehensive survey optimisation, we thus determine the best

and 1. For AA* the angular resolution change amounts to 20-25% if not only 15 m SKA-Mid dishes, but also MeerKAT
dishes are included in the array.

7 The angular resolution of SKA-Low imaging can be further maximised using the “outer X km" configuration, at the
cost of reduced sensitivity. The sensitivity loss can be partly compensated by adopting a robust parameter of -1 rather
than -2. For X € {12, 24}, given the uv-space sampling of the SKA-Low stations involved, this change in robust parameter
produces a substantially smaller difference in synthesized beam size (<2%) than it would for the full SKA-Low array.

8 Natural weighting (robust = 2) produces an irregular synthesized beam for core-dominated arrays like the SKAO.
Here we adopt at most robust = 1, which yields a more Gaussian PSF at comparable resolution and sensitivity.
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combination of weighting+tapering via 2D-interpolation of the available calculator output in the
plane of logig (obs) Vs. logio (FWHMypy,). The largest savings occur for Band 5b, where adopting
robust=1 and 0.81"" tapering to reach our targeted angular resolution reduces observing times by
nearly a factor 1.9 (due to a 40% lower image noise) as compared to the defaults implemented in
the sensitivity calculator (robust =0; 1.89”” Gaussian taper).

Fig. 6 summarizes the results of our calculations. We consider seven bands that are distributed in
~0.3 dex increments in logarithmic frequency space across the full SKA-Low and SKA-Mid tuning
ranges, with the exception of a larger gap at ~3 GHz (corresponding to SKA-Mid band 3/4, both
not currently part of the deployment baseline). In all bands, our aim is to cover at least 50% of the
noise-equivalent field-of-view in band 2 (A, , cf. Table 1), i.e. a minimum of 0.25 deg?. This
is roughly triple the size of the combined GOODS-N/S fields, or about 10% of COSMOS, and
requires a mosaic of 12 (39) pointings in Band 5a (5b). We explore observing time requirements
for two scenarios: (i) band-by-band sensitivities ops scaling as v=7, broadly reproducing the
spectral slope of SFG radio SEDs, and (ii) a spectral response o« v° akin to flat-spectrum sources
(e.g. AGN cores). Observing times fqps for the full survey area are shown with solid lines in Fig.
6 (uppermost panel), those for individual pointings at frequencies beyond Band 2 with dash-dotted
lines. These observing times depend on target sensitivity and angular resolution. It is possible to
closely match the angular resolution at ~2.5” from 300 MHz with SKA-Low to SKA-Mid Band
5b (Fig. 6, 2nd panel). While this image resolution could be reached at 150 MHz as well, in the
‘outer 24 km’ configuration and with uniform weighting, this would come at the cost of strongly
increased observing times. We therefore propose to target an angular resolution of ~3.5” in the
160 MHz band (see Table 2). This beam size remains within 50% of the angular resolution at
the higher frequencies, can be achieved in the ‘outer 12 km’ configuration — which adds collecting
area from an additional 66 SKA-Low stations — and leads to an observing time commensurate
with that required at 300 MHz for a v=%-7 spectral response. Note that SKA-Low has a 300 MHz
instantaneous bandwidth and can simultaneously observe at 80, 160 and 300 MHz. Given this
capability, matching observing time requirements across different SKA-Low bands represents an
optimal strategy.

Total predicted survey times are dominated by the SKA-Low bands (due to sensitivity penalties
when pushing the telescope to its high-resolution limit, through approximately uniform weighting
and/or limitation to data from outer stations) and Band 5a/b coverage (as overcoming the intrinsically
small field-of-view at high frequencies requires mosaicking).

Focusing first on a survey optimised for the detection of SFGs, we note that the threshold 1.5X0cont
is reached at an rms noise of ~1.9 uJy/bm at 160 MHz (the band most impacted by confusion

noise due to the coarser ~3.5” imaging”), which for a spectral response oc v~%7

corresponds to
0.4 uJy/bm in Band 2, or approximately twice shallower than the deep tier of the Band 2 survey
outlined in Table 1. A multi-band survey field as outlined here would most likely be located in a sky
region with deep and high-quality ancillary data (e.g., also from an ultra-deep radio survey tier as

the one discussed in Sect. 3.1), enabling prior based flux extraction at secure source positions in all

% In the following we omit from our discussions the 80 MHz band where entering the confusion noise-dominated
regime is inevitable — for the spectral response patterns and target depths we consider here — given the angular resolution
limits of LOW.
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Figure 6: Panels 1-3: Band-by-band observing times (tovs), angular resolution (FWHMy,y, ) and sky coverage
(Asky) for a roughly beam-matched, multi-band AA4 survey with flat spectral response (red lines) or v=07
scaling (blue). All three quantities are normalised to B2 (scales on left-hand y-axis). For beam sizes and
sky areas, which are independent of observing time, an absolute scale is shown on the right. SKA-Low
(SKA-Mid) tuning ranges with bandwidths as per Table 2 are plotted in dark (light) grey. Solid lines in
panel 1 indicate observing times for full multi-frequency coverage over an ~0.25 deg* area (cf. panel 3).
Dash-dotted lines beyond B2 in panel 1 (3) denote the tops (Asky) for an individual pointing. The dotted line
segment in row 1 (2) ends at the observing time (beam size) expected if only B5b receivers on 133 SKA-Mid
dishes are used.

Panel 4: band-by-band rms noise o ops, for a multi-frequency survey anchored to 50% of the sensitivity of the
B2 Deep (‘D’) survey tier discussed in Sect. 3.1, normalised to the expected confusion noise oeons. Vertical
arrows illustrate the amount by which these curves would shift upward/downward for sensitivity-matched,
multi-band coverage with B2 depth corresponding to the ultra-deep (‘UD’), deep and wide (‘W’) tier.
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bands, and the adoption of a lower signal-to-noise threshold at S/N =~ 3 than viable in a blind field.
Despite the nominally 2x higher noise level, this multi-frequency survey would thus effectively
have a very similar equivalent depth as the ‘Deep’ tier in Table 1. We report the nominal depth of
the multi-frequency survey as the data point labeled ‘SKA-MF’ in Fig. 4. It aligns with the area—
sensitivity locus of the Band 5b reference surveys in Table 1. Compared to current multi-frequency
survey fields with spectral coverage up to 10 GHz (X-band) or beyond —e.g., COSMOS-XS (Algera
et al., 2020, labelled ‘COSMOS-XS-X’ in Fig. 4) or GOODS-N (Jiménez-Andrade et al., 2024,
‘GOODS-N-X") — the proposed multi-frequency survey would bring a substantial improvement in
terms of both depth and area. As such it would be highly effective for characterising the radio
SEDs of M* galaxies out to the end of the epoch of reionisation, detecting in its 0.25 deg? area
2100 such objects throughout the peak epoch of galaxy formation at 1 < z <3, and of order 10 M*
galaxies even at z~5 (see Fig. 3'"). The SEDs of LIRG-like objects (SFR = 10-100 My/yr) could
be studied with hundreds of objects out to cosmic noon (z ~ 2), and for MW-like objects out to z ~ 1.
The overall time requirement for this deep multi-band survey would amount to roughly 10x the
500-hr threshold for large project allocations (this takes into account that all SKA-Low bands can
be observed simultaneously). As it facilitates studies of the SED properties in particular of those
galaxies contributing most to the cosmic SFRD, a survey like this would be well suited to calibrating
synchrotron radio K-corrections and SFRs, with a view to obtaining a precise measurement of the
cosmic SFH (e.g., An et al., 2026), or for tracing the cosmic SFH via radio free-free emission
(Algera et al., 2026).

We note that dropping the requirement of confusion-free imaging all the way down to 160 MHz,
and instead settling for just one high-resolution SKA-Low band at 300 MHz (with 3.05"’ resolution,
via weighting with robust =-1), would reduce the overall survey time by ~30%. Due to the physical
information contained in different spectral features (see, e.g., Fig. 1 in Moldon et al., 2026),
reconstructing radio SEDs over the maximum possible frequency range would be particularly
important for galaxy populations with non-standard physical conditions, e.g., extreme emission line
galaxies serving as EoR analogues (Bait et al., 2026). However, a somewhat reduced frequency
coverage might be acceptable for some scientific objectives, e.g., for projects focusing on the
separation of free-free and synchrotron emission from cosmic noon galaxies. Finally, a reduced
frequency baseline limited to SKA-Mid coverage could also be sufficient for a science case targeting
the spatial decomposition of free-free and thermal emission in intermediate-redshift galaxies, as
described in Tabatabaei et al. (2026). For this purpose, SKA-Mid data from the survey outlined
above could be imaged at higher angular resolution, removing especially in Band 5a/b the tapering
and accepting some scale-dependent sensitivity penalties in Band 1 to match the 1-15 GHz coverage
at a common angular resolution of ~0.6".

Fig. 2 highlights that statistical studies of radio(-loud) AGN in massive DM halos strongly benefit
from >10deg? sky coverage. In concluding this section we thus briefly discuss the scope for
obtaining resolution-matched, multi-band imaging over larger areas for AGN SED science. We do
so assuming that a flat spectral response would be most suitable for such AGN-oriented multi-band
coverage. Band-by-band rms noise values scaling o v? require shorter (longer) observing times

10 Number densities plotted in Fig. 3 are for a population fraction of 20%. For the full SFG population, the survey
areas required to reach a given sample size will thus be 5x smaller than as per the lower panel of Fig. 3.
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at high (low) frequencies, compared to a survey with band-by-band sensitivities varying oc v=07.

As we show in the lowermost panel of Fig. 6, a flat spectral response down to ~160 MHz can
only be maintained at rms noise levels 21 uJy/bm due to confusion noise in SKA-Low imaging
with angular resolution 2.5-3.5” (see also discussion in the previous paragraph). However, the
long observing times required for deep SKA-Low coverage with this imaging resolution essentially
preclude observations of more than a single pointing. On the other hand, per-pointing observing
times in Bands 5a and 5b are short (0.6-0.7 hr) when targeting an rms noise level of order 1 uJy
at 2.5””. Coverage of a 10 deg? area in Band 5a (5b) could thus be achieved with a total of ~300
(900) hours, and could be combined with Band 2 and/or Band 1 coverage from wide-area imaging
obtained in the context of other galaxy evolution (see, e.g., Sect. 3.1) or cosmology-focused projects.
This would provide a complementary, shallower tier with frequency coverage over 0.6-15 GHz to
accompany a deep 0.25 deg? multi-band survey optimised for SFG studies.

3.3 Multi-epoch observations of variability in active galaxies

With integration times from 10s to 1000s of hours per pointing (see Table 1), the surveys above
are well suited to implementing multi-epoch observing strategies and exploring AGN variability.
Particularly interesting is the case of low-luminosity AGN populations, where there are few such
studies in the radio domain. Variability not only provides valuable insights into AGN physics, it
also provides an additional diagnostic to pinpoint AGN cores embedded in SFGs. In the following,
we provide an overview of recent findings and current understanding in this field.

3.3.1 Radio Variability in Seyfert Galaxies

Although radio monitoring of Seyfert galaxies has been limited (Lal et al., 2011), available multi-
epoch studies indicate that radio variability is both frequent and intrinsic to their active nuclei. For
example, Mundell et al. (2009) reported variability in roughly 50% of a 12-source Seyfert galaxy
sample observed at 8.4 GHz over a 7-yr baseline, despite the objects not being selected for any
known radio activity. The detected fractional flux density (ratio of core emission to extended radio
emission) variations reached tens of percent for at least one source; e.g., NGC 2110 showing a
>38% decline between epochs. These changes in flux density are likely lower limits, as sparse two-
epoch sampling preferentially detects slowly varying or fading sources; repeated flaring on ~5-yr
timescales, as in III Zw 2, would produce still larger peak-to-peak changes. Often radio variability
is seen to be confined to compact or unresolved cores, implying an origin in the innermost jet base
or nuclear synchrotron region, whereas sources with resolved jets remained steady and showed
no radio variability. The radio cores of Seyfert galaxies that display radio variability typically
have 8.4 GHz luminosities in the range 8.2x10'8 < Lcore, 8.4GHz < 5.9x10%' W/Hz. This year-long
timescale of radio variability is consistent with shocks or expanding components within compact
jets. These results also suggest that radio variability is a common and characteristic property of
Seyfert nuclei, reflecting episodic energy release from the central engine.

3.3.2  Radio Variability in Low-lonization Nuclear Emission-line Regions (LINERs)

LINERSs are the most common class of low-luminosity AGN (Heckman, 1983; Keel, 1984), found
in ~30% of nearby galaxies, and are often considered a transition population between normal and
Seyfert galaxies. Their nuclear activity has been studied in the past with high-resolution VLA
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Figure 7: Integration time per sq. degree as a function of angular resolution from the SKAO Sensitivity
Calculator (Decl. = —45°, Elevation = 45°). Different colors refer to different frequencies: Band 1/0.8
GHz; Band 2/1.4 GHz; Band 5a/6.6 GHz; Band 5b/11.9 GHz. Different lines refer to different tiers: Wide
(solid); Deep (dotted),; Ultra-deep (dot-dashed). Thick (thin) lines refer to AA4 (AA*). Band 1 and 2 (Band
5a and 5b) exposure times are normalized to the time per sq. degree reported for the Band 2 (Band 5b) deep
tier in Table 1, i.e 304 hrs (715 hrs). The growing impact of confusion noise at coarser resolution results
in an exponential increase of the exposure time in some cases. For Band 5b estimates we assume that also
MeerKAT antennas are equipped with Band 5b receivers (see Sect. 3.2.2 for a discussion on the effects on
sensitivity and angular resolution for AA4 and AA*).

imaging of compact radio cores, a defining feature of AGN-powered LINERs (e.g., Nagar et al.,
2002, 2005). These cores typically exhibited flat spectra and luminosities of 10'8-10?° W/Hz, but
most showed only weak (<10%) long-term radio variability. The notable exception is the LINER
nucleus of M81 (van Dyk and Ho 1998), where multi-frequency monitoring has revealed substantial
radio variability (by factor ~2) on timescales of weeks to months, along with structural evolution
(e.g., in VLBI-scale jet components), confirming evidence of ongoing low-level jet activity. Such
behavior supports the view that some LINERs host scaled-down analogs of Seyfert galaxy jets,
though powered by radiatively inefficient accretion flows operating at much lower Eddington ratios.
Overall, radio variability in LINERs appears rarer and milder than in Seyfert galaxies, yet its
presence in cases like M81 suggests that time-variable jet production may persist even in the faintest
AGN, linking the two populations through a continuum of accretion and jet power.

4 Survey feasibility and the pathway to AA4

Fig. 7 shows the integration time needed to cover 1 deg? at uniform sensitivity at the depth of the
tiers defined in Table 1 for AA4 (thick lines) and AA* (thin lines), as a function of the target angular
resolution. Different colors represent different bands. Band 1/2 and Band 5a/5b exposure times
are normalized to the values reported in Table 1 for the Band 2 and 5b deep tiers (with angular
resolutions FWHM =0.45"" and 0.08”, respectively). It is clear that Band 2 (Band 5b) provides a
better performance than Band 1 (Band 5a), particularly at finer resolutions. Exposure times become
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Table 3: Representative Band 2 survey strategies for full (AA4) and limited (AA™) telescope capabilities.

A — AA4 capabilities

A.1 -Full Area | A.2-50% Area

Tier rms t/deg2 Area trotal Area troral
[WJy/om]  [hr] | [deg’]  [hr] | [deg’]  [hr]
1 ) 3) “) &) (6) @)
Ultra-
e 005 4849 1 4849 | 05 2424
Deep
Deep 0.2 304 20 6080 10 3040
Wide 1 122 | 1000 12200 | 500 6100

B — AA™ capabilities

B.1 —Full Area | B.2 -50% Area

1 -
Ultra 0.1 1212 1 1212 | 05 606
Deep
Deep 0.4 76 20 1520 | 10 760
Wide 2 305 | 1000 3050 | 500 1525

Notes: A.1 — AA4, Full Area — this is the strategy described in Table 1, which provides the figures of
merit illustrated in Figs. 2 and 3. A.2 — AA4, 50% Area — same as A.1, but with the population statistics
requirement relaxed from 100 to 50 sources per bin (see lower panels of Figs. 2 and 3), limiting the available
statistics. B.1 — AA*, Full Area — in this case we relax the sensitivity requirement by a factor of two, limiting
the survey capability to trace the lowest-luminosity and/or highest redshift populations. This strategy may be
better suited for early observations with AA*. B.2 — AA*, 50% Area — same as B.1, but with requirement on
population statistics relaxed as for A.2. In this scenario both science and statistics are more limited in scope.
Time estimates in cols. (3), (5) & (7) assume Briggs weighting with robust=-1 and are calculated with the
SKAO Sensitivity Calculator, adopting as in Table 1, Decl. = —45°, Elevation = 45°, a reference frequency
of 1.35 GHz and a bandwidth of 0.34 GHz.

more similar going to coarser resolutions, where higher-frequency bands are less effective due to
i) their smaller fields of view (resulting in a larger number of pointings per sq. degree), and ii)
stronger down-weighting of long baselines. At resolutions of 20.1”", Band 5a and 5b performance
is similar, but only for AA4. For AA* Band 5b remains advantageous with respect to Band 5Sa.

For the reasons explained in Sects. 3.1 and 3.2.1, sub-arcsec resolutions are desirable for
galaxy/AGN co-evolution studies, but exposure times increase at finer angular resolution. As
shown in Fig. 7, resolutions of ~0.5” in Band 2 and <0.08" in Band 5b provide a good compro-
mise between scientific and observing time requirements for AA4. Nevertheless, the total exposure
times required to carry out the designed multi-tier survey with AA4 are demanding: typically
between (5—10)x10> hours per tier in Band 2, and ~3x10? hours per tier in Band 5. As shown in
Figs. 2 and 3, some fine tuning in the area covered by Band 2 tiers is possible at the expense of
source population statistics, while maintaining the designed flux limit requirements is necessary to
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probe the full range of source parameters as desired.

During the initial phase of SKAO operations in AA*, SKA-Mid will achieve a factor ~4 poorer
image resolution compared to AA4, implying larger contributions of confusion noise. This will
limit the achievable sensitivity, rendering the Band 2 ultra-deep tier unfeasible. AA* could thus be
used to conduct wide/deep tiers in Band 2 and/or deep/ultra-deep tiers in Band 5 at a factor 3—4
coarser resolution (to maintain similar exposure times to AA4). However, as illustrated in Fig. 5, it
is not advisable to relax beam size much beyond FWHM ~ 2", as the contribution from confusion
noise becomes important at approximately the depth of the deep tier at this angular resolution (see
also Fig. 6 and discussion in Sect. 3.2.2). One possibility could thus be to start from the wide tier
that — as shallower — is less affected by source blending. Additionally, one could exploit Band 5
to reach deep and ultra-deep sensitivities at sub-arcsec (~0.5"") resolution, and start exploring the
sub-uJy radio sky over limited survey areas (<1deg?). Alternatively, a staged approach could be
adopted, in which pilot surveys are conducted at reduced sensitivity and later followed up with AA4
to reach the originally designed depth. For illustration, Table 3 presents four representative band 2
survey strategies, outlining possible scenarios under constraints in observing time and/or telescope
performance (speficially, AA4 vs. AA*). The area—sensitivity parameter space probed by these
scenarios is also highlighted in Fig. 4 (see pale violet, diagonal lines).

Multi-frequency survey projects aiming for a ~2.5’” image resolution (see Sect. 3.2.2) to reconstruct
galaxy-integrated MHz-to-GHz SEDs would probe a noise regime commensurate with the Deep
rather than the Ultra-deep tier, and would thus — at least in parts — be well suited to AA*
capabilities. We could envisage the following scenario for distributing the multi-band imaging
across both AA* and AA4. As illustrated in Fig. 6, Band 1/2 observing times constitute a small
fraction of the total time requirement for a resolution- and (roughly) area-matched multi-frequency
survey. Even though AA* integration times are of order twice as long as in AA4 at fixed depth,
anticipating the Band 1 and 2 coverage would thus only represent a minor increase of the overall
time required for a multi-frequency project. It would also constitute close-to-optimal usage of AA*
capabilities, in that survey speed is maximized for angular scales 1-2”" in AA* (see Fig. 7). There is
a strong rationale for additionally obtaining at least partial coverage at high frequencies (Band 5) of
such a multi-frequency field during AA* . This will permit SED studies over ~1 dex already in the
early phases of SKAO, with a focus on disentangling and cross-calibrating thermal and non-thermal
emission for cosmic SFH studies (e.g., Algera et al., 2026; An et al., 2026). Once we take into
account the availability of INAF/MPG Band 5b receivers also on MeerKAT dishes, it is clear that
high-frequency coverage in AA* in relative terms is cheaper to obtain in Band 5b than Band 5a.
For the latter, AA* observing times are approximately 3-fold longer than in AA4, while for Band
5b the increase is only a factor ~2 according to the SKAO sensitivity calculator''. Moreover, this
factor 2 might in practice be reduced somewhat more, as — due to the shorter By,.x — less tapering
is required in AA* than in AA4 to obtain a ~2.5” image resolution.

Finally, we note that the SKA-Low element of a resolution-matched multi-band survey at the ~2.5"”

1 Tn Sect. 3.2.2 we provided a revised estimate for AA4 integration times in Band 5b, once additional Band 5b feeds
on MeerKAT dishes are taken into account (factor 0.52 reduction). With MeerKAT dishes contributing a larger fraction
of the total collecting area, the performance increase relative to the default sensitivity calculator output is even more
significant in the AA* configuration at a factor 1.65 (area) and 0.37 (observing time).
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scale would necessarily have to be implemented in AA4. Pushing the resolution of the SKA-Low
telescope in this way by restriction to, or aggressive weighting toward, outer stations (see Sect.
3.2.2) implies that maximizing collecting area is indispensable. Specifically, the ‘outer 12 km’
configuration in AA4 offers nearly twice as many stations as AA™ (102 vs. 54).

5 Synergies

The transformational potential of SKA extragalactic continuum surveys, particularly for galaxy/AGN
co-evolution studies discussed in this chapter, will only be fully realised through synergies with
other major facilities. A full review of all possible synergies is beyond our scope. In this section
we thus focus on the role of ongoing and future optical/NIR surveys, and we discuss the role of the
ALMA Wideband Sensitivity Upgrade (WSU).

5.1 Optical/NIR surveys

As highlighted in the Introduction, a panchromatic approach is essential for a comprehensive
understanding of the complex physical processes regulating galaxy growth. SKAO surveys will
need to be complemented by observations at shorter wavelengths to fully unlock their scientific
potential. Multi-band photometry and optical/near-infrared (NIR) spectroscopy will play a key role
in this respect. Both are essential for: i) properly identifying radio sources and deriving source
distances (through spectroscopic or photometric redshifts); ii) classifying radio sources into AGN
and SFGs; and iii) inferring important physical characteristics (for example, bolometric luminosities,
stellar masses, SFRs, metallicities, environment, etc.), and linking these to the radio-derived galaxy
properties, such as radio SFR and AGN radio power.

We identify two primary timescales of SKAO operations:

* The AA* timescale (approximately 2025-2035): During this initial phase, SKA surveys will

operate alongside powerful new survey facilities like ESA’s Euclid mission'?, the Vera Ru-
bin Observatory'?, and NASA’s Nancy Grace Roman Space Telescope'* (Roman), as well
as the James Webb Space Telescope'> (JWST) and ESO advanced optical/IR multi-object
spectrographs (MOS; e.g., 4MOST'®, MOONS'7).

* The AA4 timescale (approximately >2035): In its final design configuration, SKAO will syn-

ergise with the next generation of flagship facilities, including the Extremely Large Tele-
scope'® (ELT), and concepts like the Wide-Field Spectroscopic Telescope'? (WST).

In the AA* period multi-wavelength data will provide essential information for distinguishing
between physical processes (e.g., SF vs. AGN) in sources that the SKAO may not yet spatially

Zhttps://www.euclid-ec.org/
B3https://rubinobservatory.org
4https://roman.ipac.caltech.edu
Bhttps://science.nasa.gov/mission/webb
1%https://www.4most.eu/cms/home/
Thttps://vltmoons.org/
Bhttps://elt.eso.org/
Yhttps://www.wstelescope.com/
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resolve. A comprehensive overview of the synergies between the SKAO and ESO MOS instruments
for galaxy/AGN co-evolution studies is presented in Prandoni et al. (2024). Here we briefly discuss
the unique role of the new generation of optical/NIR space missions, like Euclid (launched in 2022)
and the soon-to-be-launched Roman Space Telescope?.

Euclid surveys will dramatically change the astronomy landscape in the 2030s. While designed for
cosmology, they will also be invaluable for assessing the role of environment on galaxy formation
and evolution. Euclid spectroscopy will provide an unprecedented view of the large scale structure
(LSS) at cosmic noon, enabling clustering analyses of different galaxy/AGN populations. Euclid
high resolution (0.2-0.4"") optical and near-infrared photometry will provide direct estimates of the
DM halo mass and distribution around galaxies through weak lensing. The combination of Euclid
imaging with multi-band, wide-field optical photometry from the Legacy Survey of Space and Time
(LSST) at the Vera Rubin Observatory will be particularly impactful; more precise photo-zs benefit
galaxy evolution studies, and smaller photo-z errors increase the weak lensing signal (Rhodes et al.
2017). Euclid will therefore play a unique role for investigating the SHMR at redshift z > 1, and,
combined with SKA surveys, how it is influenced by jet-driven AGN feedback (see Sect. 2).

Euclid flagship surveys will cover most of the extragalactic sky (14,700 deg?; wide survey), plus
53 deg2 over three so-called Euclid Deep Fields (EDFs), which will be visited multiple (> 40) times
over 6 years, providing spectroscopic redshifts down to e.g. F(H,) ~ 5%x10~7ergs~'em™? (i.e.
SFR ~3Mg/yr at z~ 1), and robust photometric redshifts from multi-band (IYJH + ugrizy from
LSST) imaging to Hag =26.4 (50 flux limit), i.e. 2 mag deeper than the wide survey. Two EDFs
(EDF-Fornax covering 10 deg® and the 23 deg? EDF-South) are accessible to the SKA telescopes
and would therefore be ideal targets for the deep tier of the surveys outlined in Table 1.

Roman will significantly extend Euclid’s capabilities thanks to its higher sensitivity, faster survey
speed, and superior (0.1”") resolution. Roman will conduct multiple surveys using its Wide Field
Instrument. The recently finalized Roman Core Community Survey program (Zasowski et al. 2025)
includes two major extragalactic components:

The High Latitude Wide Area Survey

* Medium/wide tiers: Multi-filter imaging and grism spectroscopy over ~2,400 deg? (medium),
reaching ~ 26.5 AB-mag (5¢°) and 1.5x107 ' erg s™! cm~2 (5¢7). Another ~2,700 deg? will
be imaged in a single band to Hap = 26.2 (wide). These tiers overlap with Euclid wide
surveys. The medium tier includes Euclid’s southern deep fields.

* Deep/ultra-deep tiers: Multi-band imaging and spectroscopy of the COSMOS and XMM-
LSS Rubin deep-drilling fields, reaching 1 mag deeper than the medium tier (deep). The
ultra-deep component (5 deg? imaged in YJH) will go another 0.5 mag deeper.

The High Latitude Time Domain Survey (ELAIS-N1 and EDF-South)

* Wide/deep imaging tiers: 10.68 deg? (North) and 7.59 deg? (South) in RzYJH with ~10-day
cadence (wide); 1.97 deg2 (North) and 4.5 deg2 (South) in zZYJHF with interlaced sequences
(deep), probing objects up to ~10 billion years old.

20roman.ipac.caltech.edu
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+ Wide/deep spectroscopy tiers: 4.5deg” and 0.56 deg® within the southern deep imaging
region (EDF-South), with ~5-day cadence.

As for Euclid, Roman surveys will be excellent targets for the SKA wide, deep and ultra-deep tiers.

Over the next decade, imaging from a large number of survey-oriented ground-based (e.g., Ru-
bin/LSST, SKAO, CTA, Einstein Telescope) and space-based (e.g., Euclid, Roman, LISA) facilities
will detect an enormous number of celestial objects with unprecedented precision. To fully char-
acterise and understand these, spectroscopic follow-up at adequate spectral resolution and cadence
is required. Given the expected number of sources, a dedicated wide-field spectroscopic facility
is needed to capitalise on the huge investment made in these imaging facilities. The Wide-field
Spectroscopy Telescope (WST) concept (Bacon et al. 2024), that will be proposed as the next
ESO project after completion of the ELT, could fulfill this role. WST is a 12-metre wide-field
spectroscopic survey telescope with simultaneous operation of a large field-of-view (3 deg?), highly
multiplexed (30,000) MOS, with both low- and high-resolution modes, and a giant 3.3 arcmin?
integral field unit. As shown in Fig. 8, in 1 hour of integration time, WST-MOS will be able to
detect and provide spectroscopy for virtually all galaxies detected down to the ultra-deep tier of the
SKA surveys outlined in Table 1, as well as for about 50% of the radio loud AGN populations.
Combining SKAO AA4 observations with WST surveys will offer a uniquely powerful, multi-
dimensional view of galaxy evolution and LSS. SKAO’s sensitive radio data will probe SF, gas
content, and AGN activity, while WST will provide precise redshifts, kinematics, and chemical
information for millions of galaxies. Together, they would enable accurate cross-matching, im-
proved environmental studies, and transformative constraints on cosmology by linking baryonic
and dark-matter tracers across cosmic time. This synergy could significantly enhance the scientific
return of both facilities and open new discovery space that is inaccessible to either alone.

Though not designed to be survey instruments, facilities like JWST and in the future ELT can
provide important complementary information for SKAO-based galaxy/AGN co-evolution studies.
With SKAO playing a primary role in detecting radio AGN in the EoR (see Afonso et al. 2026,
for a more comprehensive discussion), JWST adds deep, high-resolution infrared imaging and
spectroscopy to reveal the earliest galaxies (z ~ 10 and beyond), and ELT will provide unmatched
spatial resolution and sensitivity from the ground for detailed kinematics, metallicity, and resolved
structures of high-z populations. Together with the SKAO, these facilities will allow us to connect
gas, dust, stars, and SMBH growth within the same galaxies across cosmic time, enabling precise
measurements of SF histories, feedback processes, and early galaxy assembly that none of the
observatories could fully achieve on their own.

5.2 Synergies between ALMA WSU and SKAO

Combined observations with the SKAO and Atacama Large Millimeter/submillimeter Array Wide-
band Sensitivity Upgrade (ALMA WSU) will usher in a new era of extragalactic radio and (sub-) mil-
limetre astronomy, providing a panchromatic and physically comprehensive view of galaxy-SMBH
co-evolution. This synergy is defined by the complementary roles of the two facilities: SKAO as the
unbiased survey machine offering statistical power across vast cosmic volumes, and ALMA WSU
as the high-resolution follow-up instrument, essential for dissecting the molecular gas content and
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Figure 8: Cumulative number density predictions for different classes of radio continuum sources from
T-RECS (Bonaldi et al. 2023), compared with WST capabilities. left-hand y-axis — number of sources in
a 1deg? field; right-hand y-axis — number of sources in the WST field of view. The black horizontal lines
indicate the number of fibres available for WST (30k for low resolution spectroscopy). The filled histograms
represent radio source populations: galaxies (cyan), radio AGN (orange) and the sum of the two (light grey).
The thick blue/red lines correspond to sources from the aforementioned populations that can be detected by
WST-MOS in a 1-hr exposure (Bacon et al. 2024). The vertical lines are 5sigma radio continuum depths for
SKA-Mid band 2 survey tiers (Table 1) and MeerKAT/MIGHTEE. Adapted from Prandoni et al. (2024).

kinematics of selected sources (Carpenter et al., 2022; ALMA Observatory, 2024a).

The goal is to implement a “survey-to-pointed” strategy, using SKAO’s dust-unbiased census of
SFGs and AGNs to select statistically robust samples for detailed molecular analyses with ALMA.
This approach maximizes the scientific return by linking large-scale population studies (SF history,
AGN demographics) to small-scale physical processes (gas flows, feedback mechanisms; Prandoni
and Seymour 2015; Coogan et al. 2018). The integration of these capabilities is particularly effective
because the ALMA WSU deployment — with initial scientific observations targeted toward the end
of the decade and full capabilities expected in the early 2030s (Carpenter et al., 2022; ALMA
Observatory, 2024¢) — aligns well with the SKAO staged delivery plan.

The ALMA WSU represents a fundamental transformation, enhancing ALMA’s instantaneous
bandwidth and observing efficiency by upgrading receivers, digitizers/digital transmission and the
correlator (Carpenter et al., 2022; ALMA Observatory, 2024a). These improvements are crucial for
SKAO synergy because they dramatically reduce the observation time required for deep, targeted
studies that trace the cold gas reservoir in high-z galaxies selected by SKAO. The ALMA WSU will
deliver substantial gains by increasing continuum mapping speed by a factor of ~4.8 or more, and
spectral scan speeds by a factor of 10 or more?!. Crucially, the upgrade will also largely eliminate the

21 The WSU substantially reduces observing time, but does not remove the need for careful planning of correlator
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traditional trade-off between bandwidth and spectral resolution, vastly improving the efficiency of
spectral surveys (see Carpenter et al. 2022; ALMA Observatory 2024a), and transforming ALMA in
a very efficient "redshift machine". Indeed ALMA-WSU will observe spectral lines from (obscured)
distant galaxies with greater speed, allowing astronomers to confirm their existence and study their
properties, more quickly and with greater detail than before.

In the following we present two general science cases that would greatly benefit from a synergistic
use of the SKAO and the ALMA WSU.

5.2.1 Star Formation and Molecular Gas Reservoirs

A central scientific goal is to obtain a complete, dust-unbiased measurement of the Cosmic Star
Formation History (SFH) and to understand how the relationship between SFR and molecular gas
mass (M) evolves across cosmic time.

While SKA continuum observations provide a unique, dust-unbiased probe of SF, converting radio
luminosity into an SFR nevertheless requires care: multi-frequency observations (see Sect. 3.2)
are indispensable for separating thermal and non-thermal SED contributions and for robust SFR
estimates (e.g. Murphy et al. 2011; Tabatabaei et al. 2017; Algera et al. 2026). This component
separation is potentially further complicated by a third process. Planck measurements of the Milky
Way indicate that Anomalous Microwave Emission (AME) can be a significant contributor at 10s
of GHz in SF environments (Dickinson et al., 2018). Although AME is well-studied in our Galaxy,
it is largely unexplored in extragalactic sources, for which SKAO will open a new frontier of AME
studies. This creates a powerful synergy with ALMA, as accurately reconstructing the full radio SED
to disentangle synchrotron, free-free, and AME emission requires the high-frequency constraints
provided by ALMA observations (see, e.g., Fig. 6 of Dickinson et al., 2018). For galaxies at z 2> 1
neglecting this component could therefore bias the interpretation of Band 5 observations, which are
critical for tracing the thermal emission.

The ALMA WSU provides the detailed gas kinematics and mass measurements (via multiple CO
transitions, dust continuum, and atomic fine-structure lines) needed to infer SFE and to map gas
flows and feedback in AGN host galaxies (Coogan et al., 2023; ALMA Observatory, 2024b).

SKAOQO Survey Selection This case primarily utilizes the Band 2 deep and ultra-deep tiers, as well
as the Band 5b ultra-deep tier outlined in Table 1. The former can be used to trace SFGs up to high
redshifts (see Fig. 3), the latter provides the ability to map SF distributions on sub-kpc scales to
intermediate redshifts (see also Murphy et al., 2015) and to probe regimes where free-free emission
contributes significantly to the radio SED, enabling more direct SFR estimates.

Staged science delivery During the AA* phase, SKA deep surveys will identify large samples of
SFGs at cosmic noon (z ~ 1-2). ALMA WSU (with initial 2-fold BW increase) will follow up these
samples efficiently. The increased continuum speed (representative factor ~4-5 in some bands for
BWx2) enables rapid acquisition of dust continuum measurements and simultaneous detection of
multiple CO transitions for robust My, estimates for statistical samples (Carpenter et al., 2022;
ALMA Observatory, 2024a).

resources, data rates, and long-term archiving. Observatory computing and pipeline upgrades remain a necessary
component of achieving the advertised science performance (ALMA Observatory, 2024a).
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Conceptual Molecular Line Profile (CO J=3-2 style) - ALMA WSU
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Figure 9: Simulated ALMA WSU spectral profile of a molecular transition (e.g. CO J=3-2). The model
consists of a narrow core component (rotating disk; Gaussian FWHM ~90 km s~ ; peak ~3 mJy) plus a broad,
blueshifted outflow wing (peak ~0.3 mJy; width ~200km s~'). The black trace shows the noisy realization
(added Gaussian RMS = 0.04 mJy), the dotted horizontal line marks a conceptual So threshold for the chosen
integration. Caveats: fluxes and noise are illustrative; in practice detection of faint outflow wings depends
on integration time, spectral resolution, line luminosity, stacking strategy and accurate baseline subtraction.

With SKA-Mid AA4 design baseline capabilities, ultra-deep tiers will extend the radio census to
earlier and fainter galaxies (as illustrated by, e.g., Fig. 2 in Coogan et al., 2023, detection limits in
terms of SFR depend on assumptions about the radio—SFR conversion; under standard assumptions
populations with SFRs of order 10-100 My/yr will be detectable up to z ~ 6 — see Fig. 3). ALMA
WSU in its final phase (BWx4) will be used to identify and map FIR fine-structure lines such as
[CII] and [OIII] in the early Universe, although the efficiency of blind fine-structure-line surveys
depends on line luminosity functions. Joint SKAO-ALMA datasets will robustly test the radio—FIR
correlation at high redshift provided that AGN contamination and cosmic-ray physics are properly
accounted for (Carpenter et al., 2022; Braun et al., 2015).

5.2.2 Dissecting AGN Feedback and Galaxy—Black Hole Co-Evolution

Understanding how AGN fueling/feedback cycles regulate SF and galaxy growth is key to galaxy
evolution theory. Important insights in this regard may come from spatially-resolved, multi-
component (stars, neutral, molecular and ionized gas) investigations of the gas kinematics and
distribution in jetted AGN on all scales (from the innermost sub-kpc regions to the surrounding
inter-galactic medium). The SKAO can provide a complete census of jetted AGN across luminosity
and morphology, as well as information on the distribution and kinematics of the neutral hydrogen
component, that traces the bulk of the cold gas in galaxies, and is the most abundant gas phase
in the inter-galactic medium. ALMA, on the other hand, probes denser molecular gas reservoirs,
which are more directly connected to star forming regions. Combining SKAO and ALMA (as
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well as optical integral field spectroscopy) one can fully trace multi-phase gas in- and out-flows
in jetted AGN, across a range of physical scales, as well as gather information on the gas physical
conditions, and ultimately on the impact of jets in regulating star formation in the AGN host galaxy
(for more details see Maccagni et al. 2026). Radio continuum observations are sensitive to jetted
AGN independently of optical/IR obscuration; however, morphological and spectral diagnostics are
needed to separate AGN-related radio emission from SF, particularly at galactic and sub-galactic
scales (see Sects. 3.1.2, 3.2 and 5.1).

SKAQO Survey Selection This case benefits from both the SKA-Mid tiered, multi-resolution
surveys presented in Table 1 and the multi-frequency strategy of Sect. 3.2.2. In particular, deep
multi-frequency analysis enables the measurement of the radio spectral index, allowing us to
distinguish between optically thin (steep) and optically thick (flat/inverted) synchrotron emission, as
well as between non-thermal and thermal emission. These diagnostics, combined with morphology
and multi-wavelength data, help separate RL. AGN, RQ AGN, and SFG contributions (Condon,
1992). On the other hand, ~0.1” resolution images are essential to distinguish compact AGN cores
and jets from extended SF-related emission, enabling cleaner pre-selection for ALMA kinematic
follow-ups that can reveal AGN-related outflows.

Staged science delivery SKAO AA* will provide a deep, statistical classification of z <1 RQ
AGN populations (Fig. 2). ALMA WSU (BWx2) will follow up selected RQ and RL. AGN to map
molecular gas kinematics (e.g. CO J = 3 — 2) and search for signatures of inflows and outflows
(see Fig. 9). Enhanced spectral sensitivity enables detection of broad, low-surface-brightness wings
associated with outflows, but careful stacking and deep integrations (and ACA/TP when necessary)
are often required to robustly quantify the faintest components (Coogan et al., 2023).

With SKA-Mid AA4, ultra-deep surveys will reach the highest morphological fidelity for source
pre-selection (Braun et al., 2019; Prandoni and Seymour, 2015). ALMA WSU (BWx4) provides
the sensitivity and bandwidth to map fainter and more extended molecular outflows, helping to
establish spatial correlations between central radio jets and disturbed molecular gas kinematics
(ALMA Observatory, 2024a).

6 Summary

This chapter highlights how SKA extragalactic radio continuum surveys will open a transformative
window into galaxy and AGN co-evolution by delivering deep, dust-unbiased measurements across
large cosmic volumes. Through multi-tier, multi-frequency and multi-resolution strategies, the
SKAO will enable robust studies of the SMBH—galaxy—halo connection, probe AGN feedback
across environments and epochs, and provide statistical samples capable of overcoming cosmic
variance, thereby capturing a wide range of source populations, including rare classes of objects
and extreme environments. This chapter also shows that multi-frequency imaging, multi-epoch
observations, and synergies with major optical/NIR survey facilities — Euclid, Rubin, Roman, and
future spectroscopic observatories — are essential for unlocking the full scientific potential of the
SKAO. Finally, we demonstrated the role that ALMA-WSU can play in supporting SKA surveys.
Together, these efforts will deliver an unprecedented, panchromatic view of the physical processes
shaping galaxies and AGN up to cosmic noon and beyond.
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