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Active Galactic Nuclei (AGN) are among the brightest sources in the Universe, and
those that are also jetted are uniquely valuable at the earliest epochs, because their
relativistic outflows can regulate the gas supply of their host galaxies, potentially
affecting both early star formation and the rapid growth of supermassive black
holes (SMBHs). Their compact, high-brightness-temperature radio cores provide
the sharpest beacons for very long baseline interferometry (VLBI), enabling direct
constraints on Doppler boosting, jet duty cycles, and jet-environment coupling
at extreme redshifts. In this White Paper, we discuss how the SKA-VLBI will
provide sub-uJy sensitivity together with milliarcsecond (mas) angular resolution
to image and characterise jetted AGN at z > 6 across SKA-Mid and SKA-
Low frequencies. These observations can directly test SMBHs (> 10° My)
formation/evolution models (including jet-assisted super-Eddington phases) and
infer the geometry of the Universe, directly probing the cosmological framework
at high precision. Synergies with current and next-generation multi-band facilities
will also be crucial to fully understand their host galaxies and their environment,
providing an unprecedented panchromatic knowledge of the first jetted AGN.
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1 Introduction

Little is currently known about the first jets from AGN, but they could offer direct insights into the
early Universe, particularly in understanding the extreme growth of SMBHs within the first Gyr.
Explaining this rapid growth remains one of the biggest open questions in current studies of SMBH
formation and evolution, and jet-assisted accretion has been proposed as a possibility for the growth
of SMBHs up to masses of ~ 10'° My, in less than a billion years (Jolley and Kuncic, 2008; Jolley
et al., 2009; Ghisellini et al., 2013; Piana et al., 2021; Volonteri et al., 2021; Connor et al., 2024;
Piana et al., 2024; Mazzucchelli et al., 2025; Walter et al., 2025).

AGN jets are also expected to play a crucial role in shaping their host galaxies by regulating the rate
at which stars are formed across several physical scales, determining the subsequent co-evolution
with the host galaxy (Gaibler et al., 2012; Morganti et al., 2013; Silk, 2013; Murthy et al., 2022;
Mazzucchelli et al., 2025). Since jets propagate at relativistic velocities, they are able to transport
energy from the central parts to the outskirts of their host galaxies, also at high-z (Saikia, 2022;
Kappes et al., 2022; Gloudemans et al., 2025). At z > 6, jets propagate through denser and more
gas-rich interstellar medium (ISM)/circumgalactic medium (CGM), while the cosmic microwave
background (CMB) energy density increases as (1 + z)*, potentially enhancing inverse-Compton
cooling, reducing the lifetime and altering jet/lobe visibility. Systematic differences in morphology
and spectral curvature relative to low-z jets are, therefore, expected. Additionally, radio-powerful
jetted AGN at z > 6 serve as unique background sources for probing neutral hydrogen absorption
during Epoch of Reionization (EoR, Carilli et al., 2004), inferring the physical conditions in the early
Universe. Moreover, they represent beacons for finding distant massive galaxies and protoclusters
(e.g., Orsi et al., 2016).

Once the radio emission from these sources is detected by exploiting the unprecedented sensitivity of
SKA wide-field surveys, follow-up observations at (much) higher angular resolution will be crucial
to spatially resolve the jet structure at high-z. Indeed, radio observations at mas and sub-mas angular
resolution with VLBI have been extremely valuable in quantifying the physical conditions within
AGN jets (e.g., Frey et al., 2003, 2010; Perger et al., 2019; Spingola et al., 2020; Momjian et al.,
2021; Koller and Frey, 2025; Gloudemans et al., 2025) and in inferring cosmological parameters
(Roland et al., 1993; Kellermann, 1993; Stelmach, 1994; Gurvits, 1994; Gurvits et al., 1999;
Hodgson et al., 2020; An et al., 2020b). At the same time, the much smaller synthesized beam
of VLBI reduces classical source confusion and mitigates surface-brightness dilution, allowing
extremely faint compact cores to be isolated more robustly than in lower-resolution imaging (e.g.,
Krezinger et al., 2024) and enabling a cleaner physical separation between AGN-powered and
star-formation-powered radio emission (see Panessa et al. 2019, for a review).

VLBI observations can, therefore, provide essential information to potentially answer several open
questions, as for instance: how can SMBHSs accrete mass so fast at such early epochs? How do
jets influence the growth of their host galaxies? How prevalent are jets in high—z AGN, and can
we observe their size evolution? Are high-z AGN jets different from local jets once the denser
early-Universe environment and enhanced CMB losses are accounted for? Each discovery of a new
high-z jetted AGN observed with VLBI provides a step forward to clearly answer these questions.
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In this context, an ideal class for VLBI observations of jetted AGN is that of blazars, i.e. jetted
AGN pointing towards us. They are the brightest (hence easier to detect at large distances and with
sparser arrays) and can help to derive an unbiased estimate of the space density of the entire class
of jetted AGN, becoming a key sample to study the high-z population (e.g., Volonteri et al., 2011;
Ghisellini et al., 2014; Sbarrato et al., 2015; Caccianiga et al., 2019; Bafiados et al., 2025).

In this White Chapter we give an overview of the remarkable contribution that VLBI has provided
in the field of jetted AGN and an outlook on what SKA-VLBI will enable. When used in VLBI
mode, SKA-AA4 as a phased-up array will serve as a highly sensitive element in global networks,
vastly enhancing the baseline sensitivity and (u,v) coverage. SKA-Mid wide-field surveys at
unparalleled sensitivity (~ 50 nJy off-source root-mean-square in deep integrations) and angular
resolution (sub-arcsecond at GHz frequencies) enable the direct detection of synchrotron emission
from relativistic jets and lobes associated with SMBHs at z > 6 (e.g., Godfrey et al. 2017, Sec. 2, 3
and 4). The broad frequency coverage of SKA-Low and SKA-Mid (from 50 MHz to 15 GHz) eases
spectral studies and polarization measurements, yielding directly magnetic field strengths, electron
energy distributions, and jet dynamics (Mingo et al., 2022). With the intercontinental baselines,
SKA-VLBI will spatially resolve jet morphology on scales up to few kpc at high image fidelity,
critical for studying jet collimation, bending, and interaction with the ambient intergalactic medium
(IGM) during the EoR.

This chapter is structured as follows: Sections 2 and 3 describe the formation models of the first
SMBHs and the current proposed theories for their fast accretion. Section 4 is devoted to the
state-of-the-art techniques for finding jetted AGN up to the largest distances. Sections 5 and 6
discuss the VLBI role in assessing the physical properties of high-z jets and testing the current
cosmological model. The role of very high angular resolution observations, enabled by VLBI,
to better understand AGN feedback is reported in Section 7. We conclude by highlighting the
synergies of SKA—VLBI with current and the next generation multi-wavelength facilities in Section
8. Throughout this Chapter, we assume Hy = 67.8 km g1 Mpc_l, Qu = 0.31, and Qp = 0.69
(Planck Collaboration et al., 2016); the synchrotron spectral index is defined as S, oc v~¢, unless
otherwise stated.

2 First black holes from the dark ages to the epoch of reionization

SMBHs with masses exceeding a million times that of the Sun (> 10° My,) are believed to reside at
the centers of all massive galaxies (stellar mass M, > 10'° M) and to play a pivotal role in galaxy
formation and evolution. However, the processes by which these SMBHs form and grow remain
poorly understood.

The finding of SMBHs as massive as ~ 10'© Mg, at redshifts z ~ 6 — 7 (~700 Myr after the Big
Bang; Fan et al. 2023) has long challenged theoretical models. More recently, observations from
the James Webb Space Telescope (JWST) have pushed these limits further, revealing SMBHs with
masses of 10¢ — 107 Mg, at even earlier cosmic times (z = 8.7, Larson et al. 2023; z = 10.3, Bogdan
et al. 2024; z = 10.6, Maiolino et al. 2024). To attain such masses so early likely requires BH
formation as far back as z ~ 20 (see reviews by Mezcua, 2017; Greene et al., 2020; Pacucci and
Loeb, 2022).
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The main scenarios proposed for the formation of the initial “seed” BHs are light seeds of ~100
Mg, arising from the collapse of the first generation of Population III stars, and heavy seeds of
~ 10* = 10° My, formed through direct pre-galactic gas collapse (Loeb and Rasio 1994; Lodato
and Natarajan 2006) or runaway stellar mergers in dense star clusters (Portegies Zwart et al., 1999;
Devecchi and Volonteri, 2009). Other possibilities include primordial BHs (Cappelluti et al., 2022;
Ziegler and Freese, 2021) and episodes of super-Eddington accretion (Volonteri and Rees, 2005),
which may also contribute to their rapid early growth.

Because of the challenges of detecting seed BHs at z ~ 20, many studies focused on searching for
the local relics of those seed BHs that did not grow nor became supermassive. These relics should
be found as BHs of ~ 10> — 10° M, (also called intermediate-mass BHs) and be primarily located
in dwarf galaxies, which because of their low mass, low metallicity, and quiet merger history are
thought to resemble primordial galaxies.

Hundreds of such intermediate-mass BHs residing in dwarf galaxies in the local Universe have been
found to be actively accreting, with inferred masses Mpy ~ 10* — 10° Mg (Reines et al., 2013;
Moran et al., 2014; Marleau et al., 2017; Chilingarian et al., 2018; Mezcua and Dominguez Sdnchez,
2020; Baldi et al., 2021; Salehirad et al., 2022; Mezcua and Dominguez Sédnchez, 2024; Dullo et al.,
2024) and out to z ~ 2 (Mezcuaet al., 2016, 2018a, 2019, 2023, 2024). While most of these findings
have made use of optical, infrared, and X-ray diagnostics, a few tens of dwarf galaxies host AGN
that present also jet radio emission (Mezcua et al., 2019; Reines et al., 2020; Yang et al., 2020,
2023a; Wu et al., 2024; Yuan et al., 2025). Some of these jets are spatially resolved (e.g., Mezcua
et al., 2018b; Yang et al., 2020) and often present powers as high as jets in massive galaxies (e.g.,
Mezcua et al., 2018a; Yang et al., 2020, 2023a; Flores et al., 2025). Radio-mode AGN feedback
could thus be as significant in dwarf galaxies as in more massive galaxies, which has important
implications for models of seed BH and galaxy evolution, as local dwarf galaxy BHs may not be
pristine relics of the original seed population because of this feedback. This affects how reliably
BH occupation fractions, IMBH demographics, and low-mass BH—galaxy scaling relations can be
used to discriminate between light- and heavy-seed scenarios (e.g., Mezcua et al., 2019; Mezcua,
2019).

Because dwarf galaxies have shallow gravitational potentials, even modest jet powers can have an
outsized impact: jets can heat and/or expel a significant fraction of the ISM, regulate subsequent
gas inflow and SMBH fueling, and thereby imprint the occupation fraction and duty-cycle of seed
BHs. Conversely, jet-driven over-pressurisation may also trigger localised star formation in dense
clouds. Quantifying how often jets occur in this low-mass regime, therefore, feeds back directly
into seed-formation and early-growth models (e.g., Mezcua, 2019).

The JWST is discovering an increasing number of SMBHs at early epochs, many of which are
dust-reddened and located in low-mass galaxies, which suggests that the first BHs accrete at high
rates and that their growth is highly obscured by dust (e.g., Matthee et al., 2024; Greene et al.,
2024). The SKA will be pivotal to circumvent dust obscuration, identify BHs growing at low rates,
and reveal extended features that could be indicative of radio jets (e.g., Yue and Ferrara, 2021). To
unravel the role of large scale jets in the BH growing phase, spatially resolved VLBI observations
are necessary. A seed BH of Mgy ~ 10® My, and flux density ~100 nJy could be detected with
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the SKA-Mid out to z ~ 15 with an integration time of 100 hours (see Fig. 1; Whalen et al. 2021),
probing the evolution at later times of these objects into the so-called Little Red Dots (LRDs; Latif
et al. 2025) or quasars of Mgy ~ 10° My, (Latif et al., 2024).

We estimate the radio flux density at 6.5 GHz based on the fundamental planes (FPs) of BH
accretion, which are empirical relationships between BH mass, Mgy, nuclear radio luminosity at 5
GHz, Lg, and nuclear X-ray luminosity at 2 - 10 keV, Lx (Merloni et al., 2003). We determine Lx
from the bolometric luminosity Ly, with Equation 21 of Marconi et al. (2004):

Lo
1og( Lb 1) =1.54+0.24L +0.012.L* - 0.0015L°, M)
X

where Ly is in solar luminosity units and £ = log Lyo — 12. Ly in the source frame can be
calculated from Lx from FP of the form:
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Figure 1: BH radio flux densities estimated from the fundamental plane of BH accretion (Merloni et al.
2003, MERO03; Kording et al. 2006, KORO06; Giiltekin et al. 2009, GULO09; Plotkin et al. 2012, PLT12;
Bonchi et al. 2013, BON13; Giiltekin et al. 2019, GUL19) for a spectral index o = 0.7 (solid) and o = 0.3
(dotted) from z = 6-14.5 at SKA-MID bands 1 (500 MHz), 2 (1.5 GHz), 5a (2.5 GHz), and 5b (6.5 GHz).
The dashed, dotted, and solid horizontal lines are the detection limits for 1 h, 10 h, and 100 h integration
times for SKA-MID (black) and ngVLA (red). Figure and caption adapted from Latif et al. (2024).
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where A, B, and C are taken from Merloni et al. (2003), Kording et al. (2006), Giiltekin et al.
(2009), Plotkin et al. (2012), and Bonchi et al. (2013).

The radio flux density from high—z sources is redshifted into a given receiver band today and does
not come from 5 GHz in the source frame. Therefore, we calculate the source frame flux from Lg =
vL,, assuming that the spectral luminosity L, o« v~%. We consider @ = 0.7 and 0.3 to enclose a
reasonable range of spectral profiles (Condon et al., 2002; Gloudemans et al., 2021). The spectral
flux at v in the observer frame is then determined from the spectral luminosity at v in the rest frame
from

Ly (1+72)

F, = , 3
Ardy ? ©)

where v/ = (1 + z)v and dy is the luminosity distance.

3 SMBH accretion beyond the Eddington limit

Even with the most massive stellar seeds, canonical thin-disc accretion at the Eddington rate fails
to account for the rapid growth of SMBHs within less than a billion years (Volonteri and Rees,
2005; Inayoshi et al., 2020). This discrepancy implies that super-Eddington accretion phases are
unavoidable in explaining the formation of the first SMBHs. A key point for this White Chapter
is that the most extreme growth channels have concrete radio-VLBI signatures: high-7;, compact
cores, spectral turnovers from synchrotron self-absorption or free—free absorption, variability that
constrains Doppler factors, and (with multi-epoch imaging) structural evolution that constrains
jet speeds and duty cycles. SKA—VLBI can therefore test super-Eddington/jet-assisted growth by
directly measuring these observables for statistically meaningful samples at z > 6.

Relativistic jets are expected to facilitate super-Eddington accretion by removing angular momentum
from the accretion disk, even when radiation pressure approaches isotropy, allowing accretion rates
beyond the Eddington limit. Semi-analytic models that incorporate a “jet-enhanced” accretion
suggest that brief super-Eddington bursts (1 = L/Lgqq ~ 5-20) embedded in longer sub-Eddington
intervals over ~ 10-30 Myr can reproduce the z > 6 SMBH mass function (Jolley and Kuncic,
2008; Piana et al., 2021; Volonteri et al., 2021).

Recent discoveries offer direct observational evidence supporting this theoretical framework. For
instance, VLASS J0410-0139, a blazar at z ~ 7, is powered by a 7 X 108 My SMBH with 1 ~ 1.2
after accounting for relativistic beaming effects (Bafiados et al., 2025). Beaming statistics imply
a much higher parent population of misaligned systems, but the inferred space densities remain
sensitive to uncertainties in Mgy, Ag44, and selection functions at the highest redshifts. The current
evidence is, therefore, best phrased as consistent with potentially widespread jet-assisted growth
during the EoR rather than as a definitive proof.

These jets play a crucial role in shaping their environments through lobe expansion that preheats
protogalactic gas, modifies star formation across kiloparsec scales, and seeds magnetic fields.
All these consequently influence galaxy formation (Gaibler et al., 2012; Ruszkowski and Springel,
2009), requiring detailed observations of both jet launching mechanisms and environmental impact.
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Recent radio studies of super-Eddington AGN provide key benchmarks for high-redshift systems.
Narrow-line Seyfert 1 galaxies are often considered prime laboratories for testing extreme accretion
physics, and VLBI observations of Mrk 110 (Wang et al., 2025) revealed episodic superluminal
knots (Bapp ~ 3.6¢) emerging from a radio-quiet nucleus, appearing only during high optical and X-
ray states. These observations are consistent with magnetically arrested disk (MAD) configurations
and demonstrate that transient accretion states can lead to relativistic jets even in radio-quiet AGN.
Notably, Mrk 110 exhibits striking radio spectral evolution from steep (@ =~ 0.63) to inverted
(a = —0.69) as the jet flux density doubled, with the jet later decelerating to ~ 1.5¢ at ~ 1.1 pc near
the transition between broad-line and narrow-line regions. This behavior aligns with MAD-based
interpretations for state-dependent jet launching, and motivates the view that the observed radio-
loud/quiet dichotomy can be affected by temporal variability, with intermittent jet activity linked
to changing accretion states rather than representing a permanently fixed classification (e.g., An
2026).

Systematic VLBI surveys of Palomar—Green quasars reinforce the ubiquity of compact radio cores
in radio-quiet AGN (Wang et al., 2023a,b; Chen et al., 2025). Wang et al. (2023a) detected VLBI
cores in 10 of 16 RQ quasars, implying that weak jet activity is more prevalent than previously
thought. Moreover, multi-frequency monitoring has revealed radio flares with spectral flattening,
likely resulting from magnetic reconnection near jet bases (Berton et al., 2018; Chen et al., 2020),
establishing scaling relations between brightness temperature, Eddington ratio, and BH mass.
Interestingly, observations of dwarf galaxies hosting intermediate-mass BHs also show compact
radio cores with T, > 10% K, confirming that relativistic jets can emerge across the BH mass
spectrum, even during super-Eddington phases (Greene et al., 2020). These findings support the
theory that seed BHs in the early Universe likely experience rapid, jet-assisted growth.

Despite advances, identifying super-Eddington accretors at z > 6 remains a challenging observa-
tional problem (e.g., Wolf et al., 2023; Ighina et al., 2025a). Virial BH mass estimates based on
single-epoch spectroscopy often suffer from systematic uncertainties, while heavy dust obscuration
can mimic signatures of high Eddington ratios. Nevertheless, several diagnostic flags such as
extreme Fe II emission, weak [O III] lines, steep UV continua, and soft X-ray excesses can help
identify super-Eddington candidates at high—z. Radio observations, in particular, are becoming
increasingly important. At the bright end of current z ~ 6 radio samples, the implied radio pow-
ers are often too large to be explained by star formation alone for typical host galaxies, making
an AGN origin more plausible; however, the angular resolution of wide-area surveys is generally
insufficient to morphologically separate compact star formation and AGN components at high red-
shift, so VLBI-determined brightness temperatures and core/jet morphologies remain the decisive
discriminator. In local AGN samples, radio loudness shows trends with Eddington ratio, especially
towards the radio-loud tail, but with substantial scatter and selection dependence; the relationship
becomes more complex around Agqq ~ 1 due to radiative feedback and geometry (Macfarlane et al.,
2021; Yue et al., 2024a). Crucially, we do not advocate inferring Aggq from radio data alone at
high redshift: rather, radio-VLBI measurements provide complementary constraints on jet power,
Doppler boosting, and duty cycle that can be combined with optical/infrared/X-ray information to
tighten the overall growth picture.
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The SKA-VLBI will dramatically enhance our understanding of super-Eddington SMBH accretion
at high redshift by providing sub-uJy sensitivity and an angular resolution < 0.8 mas up to Band
5b (at a maximum observing frequency of 15.4 GHz). This angular resolution and frequency band
could be exploited also with precursors (such as MeerKAT-VLBI) in the foreseeable future!. At
Z = 6, 0.8 mas corresponds to only a few parsecs, so SKA—VLBI will directly access the innermost
jet-launching region at cm-wavelengths. These observations will enable direct imaging of the jet
bases in z > 6 quasars, allowing measurement of Doppler factors and separation of relativistic
beaming from intrinsic luminosity. Multi-epoch constraints on proper motions at z > 6 will
generally require time baselines of at least ~ 5-10 yr (and often longer, depending on component
identification and signal-to-noise (S/N) ratio; see Sect. 6), so starting long-term monitoring early is
essential. The SKA’s broad frequency coverage will further enable spectral and absorption studies,
revealing how early jets interact with their environments during the EoR. Coordinated observations
with the Atacama Large Millimeter Array (ALMA) and JWST will link jet activity to host galaxy
properties, enabling systematic studies of super-Eddington accretion across cosmic time (see Sec.
8). These data will illuminate the feedback mechanisms and growth cycles of the first SMBHs,
bridging the gap between theoretical models and the observed rapid emergence of > 10° M, quasars
at z ~ 6-10.

4 Finding AGN jetsatz > 6

High—z jetted AGN selection typically begins with wide-area radio surveys, followed by optical/near-
IR cross-matching to identify photometric dropouts (see Fig. 2). Spectroscopic detection of emission
lines and/or the Lyman break provides definitive confirmation of their high—z nature (see Fig. 2).
For decades, the Northern-hemisphere facilities such as the NRAO VLA Sky Survey (NVSS, Con-
don et al. 1998) and the Faint Images of the Radio Sky at Twenty-Centimeters (FIRST, Becker et al.
1994) survey, at 1.4 GHz, were the main surveys for discovering jetted AGN across cosmic time,
including the first jetted AGN at z > 6 (e.g., McGreer et al., 2006; Frey et al., 2011; Zeimann et al.,
2011; Bafiados et al., 2015b; Belladitta et al., 2020). It was only at the beginning of the 2020s
that the number of AGN with radio jets in the EoR increased by a factor of ~4 to over 20 sources
(e.g., Bafiados et al., 2021, 2023; Gloudemans et al., 2022; Ighina et al., 2025b), thanks to new
wide-area, deep radio surveys, such as the LOw-Frequency ARray (LOFAR, a SKA pathfinder)
Two-metre Sky Survey (LoTSS, Shimwell et al. 2019, 2022) at 150 MHz, the surveys carried out
with SKA precursors (ASKAP), such as the Rapid ASKAP Continuum Survey (RACS, McConnell
et al. 2020; Hale et al. 2021; Duchesne et al. 2025) at 0.888 — 1.66 GHz (which largely extended
the discoveries of jetted AGN in the Southern hemisphere), and the Karl G. Jansky Very Large
Array Sky Survey (VLASS, Lacy et al. 2020) at 3 GHz. These facilities can detect compact AGN
candidates down to the ~mlJy level.

The radio+optical/IR technique is optimized for identifying un-obscured (Type I) AGN. A key
advantage of radio selection in this context is that it excludes the main contaminant populations
in dropout searches (i.e., stars), as most of them are radio weak or silent. However, theoretical

talian National Institute for Astrophysics (INAF) Document "MeerKAT Band 5b Receivers Technical Specifica-
tions".
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and observational studies suggest that the majority of high—z SMBHs are obscured (> 80%, Vito
et al. 2018; Gilli et al. 2022; Capetti and Balmaverde 2024), and therefore missed by this approach.
To reveal these obscured or Type II AGN, cross-matching radio data with mid-/far-IR or sub-mm
observations offers a complementary strategy (e.g., Truebenbach and Darling, 2017), exploiting the
ability of radio waves to penetrate dense gas and dust due to their low opacity at these frequencies
(Hildebrand, 1983). This method has proven effective in detecting obscured radio AGN at z > 6.
By combining radio observations at 0.144 — 3 GHz with mid- to far-IR and sub-mm (24 — 850 ym)
data, Endsley et al. (2022) identified a radio AGN candidate, which was later spectroscopically
confirmed at z = 6.83 through the detection of the [C II] 158 um emission line (Endsley et al.
2023).

High-z jetted AGN candidates selection can rely on radio spectral indices (flat, steep, or inverted
spectra) and variability to identify AGN-like behavior. Interpreting spectral-index trends at the
highest redshifts requires care, since selection effects and enhanced inverse-Compton losses off
the CMB can suppress extended steep-spectrum emission, biasing samples toward core-dominated
compact sources (see also Sec. 6). Notable examples of these targeted selections include:

i) Flat Spectrum Radio Quasars (FSRQs, i.e. blazars). Currently, the most distant blazar known
is at z = 7 (Bafados et al. 2025), discovered partly through rapid multi-frequency radio variability
(see Fig. 2), with only one other known beyond z > 6 (see Belladitta et al. 2020, Fig. 4). Their
existence implies that there must be hundreds of jetted AGN at z > 6 that still need to be discovered
in the same area and at the same optical limit. Hence, blazars are ideal sources to enable a complete
census of the jetted AGN population across cosmic time.

ii) Powerful High—z Radio Galaxies (HzRGs), expected to dominate the population (e.g., Miley
and De Breuck 2008), identified mainly via Ultra Steep Spectrum (USS) selection or low-frequency
spectral curvature (e.g., Saxena et al. 2018; Drouart et al. 2020; Broderick et al. 2022), but see also
Capetti et al. (2025) for a different selection technique based on optical colors. The origin of the
USS is complex, as it could be related to the losses due to inverse-Compton with the CMB photons
(i.e., stronger spectral steepening at high frequencies); selection effects (i.e., flux-density-limited
surveys and spectral index cuts bias samples toward steeper spectrum sources); the K-correction
(i.e., observing at fixed frequency bands probes higher rest-frame frequencies at high—z, where
spectra are intrinsically steeper due to radiative losses); different environments at high—z (i.e.,
denser environments could, in principle, produce steeper electron energy distributions and thus
steeper spectra; see Morabito and Harwood 2018 for a detailed discussion). The most distant radio
galaxies discovered so far have redshifts ~ 5 (van Breugel et al. 1999; Drouart et al. 2020). These
powerful HzZRGs trace the most massive dark matter overdensities and host the most massive BHs
in the early Universe (e.g., Mayo et al. 2012; Drouart et al. 2014).

The radio-excess method, which relies on using mid-IR colors and radio luminosity (Hardcastle et al.
2025), can distinguish AGN from star-forming galaxies, but separating jet from non-jet emission
remains challenging. The VLBI technique is essential for this distinction, providing mas-scale
resolution to analyze morphology, brightness temperature (7p), and spectral index (e.g., Lister et al.
2019, but see also Lobanov 2015 for a visibility-based approach for estimating 73). Jet-driven
emission typically shows core/core—jet collimated structures, with high brightness temperatures
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(Ty > 10°K) and flat-to-steep (o = 0.22 — 1.1) spectral indices (e.g., Kovalev et al. 2005; Hovatta
et al. 2014; Lister et al. 2019). In contrast, AGN winds/outflows and intense star formation tend
to produce more diffuse, low-T;, emission with steeper spectra, while coronal emission appears
as compact, low-Ty, sources (e.g., Condon et al. 2013; Inoue and Doi 2018; Panessa et al. 2019).
Additional indicators like polarization, variability, and jet component proper motion provide further
discrimination (e.g., Jorstad et al. 2005; Lister et al. 2019). The VLBI approach is particularly
important for low-power jetted radio sources (L 4gHz < 102 W Hz™ !, e.g., Panessa et al. 2019;
Baldi 2023), where the jet emission can be comparable to star formation or outflows and winds.
However, it is also applicable to powerful jetted objects. The quasar J2242+0334 at z = 5.9 (Liu
et al. 2022, see Fig. 3) exemplifies this challenge: it shows compact radio morphology on kpc scales
(VLA-detected) but lacks a VLBI counterpart at pc scales. This absence suggests either weak,
un-collimated jets below VLBA detection thresholds or alternative AGN emission mechanisms

(e.g., strong winds), highlighting VLBUI’s critical role in verifying jet activity.

All the selection methods outlined above will be applicable —and greatly enhanced— in the SKA
era. Thanks to its unprecedented sensitivity, wide sky coverage, and broad frequency range, SKA-
Mid and SKA-Low will be game changers in the identification of jetted AGN during the EoR.
For instance, based on the number of high—z blazars observed at ~mly levels, Caccianiga et al.
(2024) predicts over 1000 Type-I jetted AGN at z > 4 detectable in the SKA-Mid over an area of
~10000 deg? down to 100 uJy/beam and magnitude 21. Moreover, despite uncertainties related
to the unknown radio luminosity function in the early Universe, Mazzolari et al. (2024) estimate
that ~2000 radio AGN at z > 6 and ~30 at z > 10 are detectable in the SKA-Mid Wide survey
(over an area of 1000 deg?, Prandoni and Seymour 2015) with a 5 uJy detection limit, including
sources whose radio emission may not originate from jets (but from e.g., star formation or AGN
winds). The estimates of Mazzolari et al. (2024) do not consider radio losses for CMB quenching or
synchrotron self-absorption (SSA). Afonso et al. (2015) report that taking into account CMB losses,
in an area of 1000 — 5000 deg” at a detection level of 10 uJy, SKA surveys at 1 GHz can detect
~50000, 20000, and 5000 jetted AGN at z > 6, 8, and 10, respectively. These estimates are very
optimistic and different from those reported in Mazzolari et al. (2024). One of the main reasons
is the different treatment of the radio luminosity function and the assumption on the radio spectral
index. However, despite these discrepancies, both studies agree on a key point: the SKA will detect
thousands of radio sources in the EoR. The dominant bottleneck will be identifying which of these
radio sources truly lie at z > 6, requiring efficient multi-wavelength counterparting and ultimately
spectroscopic confirmation.

SKA-VLBI (using SKA as a super station in a global VLBI network) will be essential to distinguish
jetted from non-jetted sources. Even during early science phases (SKA-Mid operating at 50% of
its capacity), SKA-VLBI will match or exceed the capabilities of today’s interferometers such as
European VLBI Network, but with the advantage of accessing the entire southern sky and the
galactic center (Paragi et al. 2015). With an angular resolution reaching ~0.8 mas at 3 — 8 GHz
and sensitivity down to a few uJy beam™! (Paragi et al. 2015; Li et al. 2024), SKA-VLBI will
enable detailed imaging of AGN jets at sub-galactic scales at z > 6, revealing jet bases and structural
evolution in high—z AGN (see also Fig. 4 for an example). It should be noted that studies with SKA—
VLBI will be limited by the small field of view, as conducting large-area surveys with SKA—VLBI
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faces significant technical and computational challenges (Paragi et al. 2015). Nonetheless, wide-
field surveys with SKA—VLBI remain a key priority for the VLBI community, and considerable
effort is being invested to explore their feasibility.

Since VLBI observations are necessary to disentangle jetted from non-jetted sources, particularly at
low radio luminosities where the jet emission can be comparable to star formation or outflows and
winds, we have explored the feasibility of detecting such low-power jetted AGN (L,, ~ 102 W Hz™!)
at z = 6 with an SKA-VLBI array composed by the European VLBI Network (EVN) antennas and
SKA AA4 (e.g., Fig. 5). The required integration time is highly dependent on the spectral index,
a. The 1o image sensitivity of the EVN + SKA AA4” is 3.8 uJy hr™!, hence for a typical steep-
spectrum jet (¢ = 0.7), a 50 detection at z = 6 (z = 7) would require > 600 (> 1000) hours.
However, for a flat-spectrum source (@ = 0.0), the required observing time decreases to = 40
(= 60) hours at z = 6 (z = 7), excluding calibration overheads. These results indicate that while
mapping extended, low-surface-brightness jet structures remains a challenge for the next generation
of deep-field surveys, the detection and identification of compact AGN cores will be well within
the reach of targeted SKA-VLBI observations with AA4 already.

From a technical perspective, SKA-VLBI follow-up of faint high—z targets will rely on robust
phase calibration strategies (phase referencing, multi-view calibration, and/or in-beam calibrators
enabled by SKA beamforming). Reliable phase solutions require S/N > 5-10 per solution interval;
with SKA as one of the most sensitive array elements, this pushes the correlated-flux threshold
for calibrators into the sub-mJy-mlJy regime for minute-scale solutions, depending on bandwidth
and partner-station sensitivity. At low frequencies, direction-dependent ionospheric effects and
scattering become dominant error terms; at high frequencies, tropospheric phase stability and
intrinsic source structure evolution become limiting systematics. These calibration/processing
challenges (beyond raw computing) should be considered in the SKA—-VLBI readiness roadmap.

A major current limitation in discovering jetted AGN during the EoR is the insufficient depth
and coverage of wide-area optical/near-IR photometric surveys (for Type I objects) and sub-mm
campaigns (for Type II sources), which are crucial for reliably identifying counterparts to faint
radio sources detected by facilities like SKA. Without accurate multi-wavelength identifications,
many radio detections remain ambiguous, hindering robust population studies and follow-up in-
vestigations. This challenge is expected to be substantially alleviated with the advent of ongoing
and imminent deep, wide-field surveys such as the Euclid mission (Euclid Collaboration et al.
2022, 2024b) and the Legacy Survey of Space and Time (LSST) conducted by the Vera C. Rubin
Observatory (Ivezi¢ et al. 2019). In the sub-mm regime, this gap will be covered by the Atacama
Large Aperture Submillimeter Telescope (AtLAST, Mroczkowski et al. 2025) that with a field of
view of 2° and resolution of few-to-tens arcsec will provide a complete, homogeneous and unbiased
picture of dusty sources in the early Universe.

2Estimated using https://planobs. jive.eu/
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Figure 2: A dropout radio source at z = 7: photometry and spectrum of the quasar J0410-0139. The
greyscale postage stamps show optical images, while the radio panels show the 1995 NVSS and the 2021
VLA 1.4 GHz images, both at 1.4 GHz. The 2021 VLA observations at 1.4 GHz, shown at the same size for
comparison, confirms the presence of a single radio source in the field with clear evidence of variability (also
confirmed by other radio observations in Bafiados et al. 2025). The bottom panel presents the optical/NIR
spectrum as a combination of VLT/FORS2, Keck/NIRES, Magellan/FIRE, and LBT/LUCI. Adapted from
Banados et al. (2025).

5 Inferring physical properties of AGN jets at the earliest epochs with SKA-VLBI

The SKA-VLBI will allow for precise measurements of brightness temperature, magnetic field
strength and orientation, and relativistic beaming effects, which are essential for constraining
physical parameters such as bulk Lorentz factor (I'), jet power, and particle composition. Typical
values of I" for AGN jets range from a few (~ 2 —5) up to tens (~ 10— 50) for blazars. Determining
I" is crucial for constraining the intrinsic properties of the source, such as its luminosity.

If multiple visits will be envisioned, SKA—VLBI will be able to resolve transverse jet structures and
measure proper motions over time (~ tens of years timescales at z > 6), allowing for direct estimates
of apparent velocities and hence constraints on I' (especially at higher frequencies, from Band 3 and
above). By combining I" with the flux density measurements, one can break degeneracies between
orientation effects and intrinsic jet speed. This is not only important for understanding the nature
of specific objects, but also to directly test the paucity of these jets at high redshift when compared
to theoretical predictions (Haiman et al., 2004; Volonteri et al., 2011). Indeed, the VLBI properties
of the first blazar detected at z > 6, PSO J0309+27 (Belladitta et al., 2020) could reconcile this
apparent observational-theoretical mismatch (Spingola et al., 2020), demonstrating how important
VLBI observations could be in directly testing galaxy formation and evolution models (see also
Mazzolari et al. 2026). Also, VLBI observations can often help determining if candidates are
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Figure 3: The role of VLBI observations in disentangling AGN radio emission. Left: VLA map at 1.4 GHz
for the quasar J2242+0334. The contour levels are at [—1,2,4, 6] times the RMS noise (24.7 uJy/beam).
Right: 1”7 x 1”” VLBA image at 1.5 GHz, zooming into the central area of the VLA map. In both images, the
synthesized beam is shown at the bottom left corner. For both panels, the black plus sign denotes the optical
position of the source and the white cross represents the peak position of the 3-GHz VLA observations
reported in Liu et al. (2021). Adapted from Liu et al. (2022).
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Figure 4: Example of how VLBI can spatially resolve the jet structure in the source PSO J0309+27 at
z = 6.1 (adapted from Belladitta et al. 2020 and Spingola et al. 2020). The restoring beam relative to each
observation and the observing frequencies are reported directly in the figure. The three VLBI bands shown
here correspond to the SKA Band 2, Band 5a and Band 5b.
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indeed blazars (e.g., Bafiados et al. 2025) or jetted AGN seen at larger viewing angles (e.g., Cao
et al. 2017a). However, jet asymmetries and brightness enhancements can be also influenced by
dense high-z environments, requiring a multi-band approach for the complex classification of these
objects (e.g., Duncan et al. 2023; Roy et al. 2024; Gloudemans et al. 2025). Nevertheless, once their
nature is confirmed, blazars play a crucial role in determining the total number of jetted AGN at
any redshift (as Njegeqd = 2I"2; Ghisellini et al. 2014; Caccianiga et al. 2019 and references therein).

Among the physical properties measured in jetted AGN z > 4, the estimate of 7, of high-z blazars
seems to be controversial (e.g., Cao et al. 2017a). The combination of the brightness temperature
decreasing as a function of frequency (above the critical frequency of 9 GHz, as described in Lee
2014) and the high variability of such objects can strongly affect the estimated values of Ty, providing
an explanation of the low values at high redshifts. The combination of these two effects may lead,
ultimately, to an underestimate of the Doppler factor at rest-frame frequencies Viegt—frame > 10 GHz,
as the brightness temperature is intrinsically lower. In this context, VLBI observations of both
SKA-Mid and SKA-Low with greatly improved sensitivity and angular resolution may be vital to
determine the actual value of T;, and its frequency dependency at high fidelity.

SKA-AA4 as a phased-array with the international baselines will already provide a sufficient
sensitivity and angular resolution to detect and spatially resolve even faint jets at low surface
brightness out to z > 6. A simulation of the best possible uv—coverage (12-hour tracks) with
the European VLBI Network antennas at different declinations is shown in Fig. 5. For these
observations, the expected theoretical image sensitivity is of 1.3 uJy beam~!, which paired with
the well-filled uv—plane, will enable high image fidelity and high dynamic range images also of
the faintest (hence, more common) jets (see Sec. 4 for quantitative estimates). Both SKA-Low and
SKA-Mid will be important to fully characterize these high—z sources in a complete multi-band
view. A key observational subtlety is the (1+z) frequency shift: an observing frequency of 1.4 GHz
corresponds to =~ 9.8 GHz in the rest frame at z = 6, biasing VLBI imaging toward more core-
dominated emission. To recover the rest-frame ~ 1-3 GHz regime where extended steep-spectrum
jets and lobes are brighter, SKA-Low and SKA-Mid Band 1 become essential.

In this context, SKA-Low—VLBI can play a crucial role for determining the fraction and the spatially
resolved properties of these objects, which are much needed to fully understand jetted AGN (see
also Timmerman et al. 2026; Kobayashi et al. 2026).

6 Compact structures of AGN across the redshift space: evolution and
cosmological manifestations

Jetted AGN populate the entire observable Universe and, due to their enormous power, are observ-
able from our cosmic neighborhood up to the highest redshifts (z > 6). Consequently, they are ideal
candidates as cosmological probes (e.g. Risaliti et al., 2023). In comparison, Type Ia supernovae
that are used as “standardizable candles” to infer cosmological model parameters are observed up
to z < 3 only (Pierel et al., 2024; Vinko and Regds, 2025). Since cosmological model predictions
diverge most at high redshifts, having a cosmological probe such as jetted AGN can be of special
value. Moreover, it is reasonable to assume that the physical processes of jet production operate
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Figure 5: Simulated uv—coverage of a 12-hour observation at 1.4 GHz (Band 2) SKA-Mid AA4 with the
European VLBI Network antennas (Effelsberg, Irbene, Jodrell Bank, Medicina, Noto, Sardinia, Onsala,
Tianma, Torun, Urumgqi and Westerbork). In red we highlight the baselines to SKA-Mid AA4. The three
panels show the uv—coverage for a source at a Declination of —10, 0 and 10 degrees (from left to right,
respectively).

in the same way across the widest range of redshifts, since the innermost pc-scale regions of AGN
should be essentially free from the influence of the host galaxy and the intergalactic environment.
This facilitates using compact jet structures as “standardizable metric rods”. Indeed, earlier studies
of their angular size—redshift (Kellermann, 1993; Gurvits, 1994; Gurvits et al., 1999; Cao et al.,
2017b; Ghodsi Yengejeh et al., 2026) and apparent proper motion—redshift (Vermeulen and Cohen,
1994) relations from high-resolution VLBI observations showed that jetted AGN generally behave
as expected from ACDM cosmologies. More recently, also variability from jetted AGN has been
proposed as a method to measure the angular diameter distance up to high redshifts (Hodgson et al.,
2020).

The apparent angular extent of mas-scale jet structures observed with VLBI at the same frequency
flattens out and even starts to increase with redshift at above z =~ 1 —2 (Kellermann, 1993). Whether
the observed relation can be applied in practice for precise estimates of certain cosmological model
parameters still remains to be seen. A crucial requirement is to increase the sample available for
such studies, especially at the highest redshifts, in which SKA-VLBI can play an important role,
thanks to its high sensitivity.

The redshift dependence of the apparent jet proper motions observed via multi-epoch VLBI monitor-
ing is also consistent with the concordance cosmological model: no extreme values (i.e., exceeding
about 0.2 masyr~'; Zhang et al., 2022) are measured at high redshifts, up to z ~ 5.5 (An et al.,
2020a). However, the sample of very distant AGN with VLBI jet proper motion measurements
available to date is still very small, contains around 50 objects, despite some recent efforts in
analysing extensive archival data (Guo et al., 2025). There are various observational limitations
that so far prevented us from building up a sizeable AGN sample with reliable jet proper motion
measurements. First of all, the total number of high-redshift jetted AGN known to date is relatively
small compared to lower-redshift samples. Moreover, in the expanding Universe, the emitted (rest-
frame) frequency is related to the observed frequency as vem = (1 + 2)vops. The high vey at high
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z means that the optically thin steep-spectrum jet emission gradually diminishes compared to the
synchrotron self-absorbed core emission characterised by flat radio spectrum (Fig. 6). In addition,
extended radio emission at high redshifts is quenched due to inverse-Compton scattering on the
CMB photons, making it more difficult to detect (Wu et al., 2017).

Figure 6: Simulated core—jet structure of a radio AGN at a given fixed arbitrary observing frequency (e.g.
1.6 GHz), as moved to higher redshifts and consequently to (1 + z) times higher emitted frequencies. The
steep-spectrum jet emission becomes gradually weaker compared to the flat-spectrum core at (0,0). The
coordinate scales are in mas.

There is one more way the Universe complicates our efforts to measure jet component proper
motions: cosmological time dilation. This effect makes motions appear (1 + z) times slower in the
observer’s frame compared to the rest frame of the source. The only remedy is to monitor high-
redshift jetted AGN over extended periods of at least 5— 10 yr — the earlier we begin, the better. In the
other aspects, however, SKA—VLBI can be of immediate help. Low observing frequencies, coupled
with superior sensitivity, increase the chance for detecting extended steep-spectrum mas-scale jets.

An alternative way of “mitigating” the cosmological time dilation effect is extending VLBI baselines
to extraterrestrial scales (i.e., space-VLBI arrays). Coupled with the superior sensitivity of the
SKA-Mid, these systems would allow to exceed angular resolution limitations imposed by the
Earth diameter. This is especially important for the discussed here science applications at lower
frequencies, as illustrated by Fig. 6 (Gurvits, 2000; Kovalev et al., 2026).

7 Spatially resolved AGN jet feedback at high redshift

AGN feedback, whereby energy from the SMBH regulates its environment, is thought to play
a key role in galaxy formation models (Fabian, 2012). In particular, relativistic jets launched
from the AGN can carry kinetic energy into the host galaxy and beyond, potentially heating gas
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and suppressing star formation (negative feedback; e.g., Murthy et al. 2022) or, in some cases,
compressing gas to trigger star formation (positive feedback; e.g., Maiolino et al. 2017). At
early cosmic epochs (z > 6), understanding the impact of jet-driven feedback is crucial, as it could
influence the assembly of the first massive galaxies and the thermal state of the intergalactic medium.
Yet, until recently this jet-induced feedback at high-z has received relatively little attention (e.g.,
Best et al. 2014; Magliocchetti 2022; Kondapally et al. 2023). Studying AGN jet feedback at z > 6
is vital for understanding early black hole—galaxy co-evolution and the state of the young Universe.

The key limitation is not the physical importance of jets but the difficulty of identifying sufficiently
bright, compact jetted AGN suitable for VLBI imaging and for matched multi-wavelength follow-up
at z > 6. Observationally, only a handful of AGN at z > 6 have been detected and imaged on mas
scales with VLBI. Moreover, only for a limited sample of these jetted AGN it was possible to access
the molecular gas properties to test directly the presence of feedback from jets, which was found to
be negligible (Khusanova et al., 2022). Extended lobes or secondary components tens to hundreds
of mas from the core (tens to hundreds of parsecs at high-z) should become detectable, if present,
and resolvable with the SKA-VLBI, as it can push below the uJy-level surface brightness of such
features. Far-reaching implications of resolving high-z jets lie in the AGN—galaxy co-evolution
field. With SKA-VLBI we will be able to observe how jets interact with their host galaxies at an
epoch when galaxies themselves are in early stages of assembly. Are these jets punching out of their
host and driving large-scale outflows, or are they stalling within dense proto-galactic gas? If SKA
images reveal compact double-lobed structures at high-z, those would be young jets likely confined
to the host galaxy’s central region — an indication that AGN feedback at that time might have been
“buried” and affecting primarily the nucleus. Alternatively, if extended kpc-scale radio structures
are found (analogous to mature radio galaxies), it would demonstrate that some AGN were capable
of affecting the CGM and beyond even at z > 6.

Finally, SKA-VLBI observations can be combined with information from other wavelengths (e.g.
ALMA maps of [C II] or CO lines tracing cold gas, or JWST imaging of star formation) to assess the
impact of jets on their hosts (as described in Sec. 8). Do jetted AGN at z > 6 show quenched star
formation or depleted gas in their host galaxies, as might be expected if jet feedback expels or heats
the gas? Or conversely, is there evidence of jet-triggered star formation, such as alignment between
radio jets and clumps of enhanced star formation (a positive feedback scenario)? At present, we lack
of a statistically significant sample of z > 6 AGN hosts with confirmed jets and spatially resolved
ISM diagnostics to answer these questions conclusively. Finding this sample and imaging it with
SKA-VLBI will provide the final ingredient to assess how jets and early galaxies affected each
other.

8 Synergies with current and future telescopes

A panchromatic investigation of AGN jets at z > 6 is essential for understanding the early growth
of SMBHs and their co-evolution with host galaxies during the EoR. The ultra-sensitive, high-
resolution radio imaging across a broad frequency range of SKA-VLBI will allow us to detect and
morphologically study faint, high-redshift radio jets that are currently inaccessible (or extremely
observationally time-consuming) with existing facilities. This will enable us to probe the more
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common AGN population. Furthermore, the synergy of SKA-VLBI with multi-wavelength current
and future facilities (described in detail below) will provide crucial information. This combined
data will help us break degeneracies in the parameters related to the physical processes of AGN jets.

8.1 Millimeter and sub-millimeter wavelengths

The 158 um fine-structure line of singly ionized carbon ([C11]) is one of the most luminous and
accessible tracers of the ISM in galaxies at high redshift. It arises primarily from photodissociation
regions, but can also have contributions from the cold neutral and ionized gas phases. In the context
of high-z AGN and jet-hosting galaxies, [C 11] emission detected by ALMA and/or the NOrthern
Extended Millimeter Array (NOEMA), serves as a powerful diagnostic of both the ISM and jet-host
interactions.

At z > 6, the [Cu] line is redshifted into ALMA Bands 5 to 7 (i.e., 275-211 GHz for z ~ 6—
8), where ALMA offers high sensitivity and spatial resolution. The [C11] line has been robustly
detected in numerous z > 6 quasar host galaxies using both ALMA and NOEMA observations (e.g.,
Bafiados et al. 2015a; Venemans et al. 2017b,a; Decarli et al. 2018; Walter et al. 2022), with typical
line luminosities in the range Licyy ~ 103-10'° L. In jetted AGN, [C 1] line mapping provides
spatially resolved kinematics that can reveal the impact of mechanical feedback—particularly jet-
induced outflows or turbulence—on the host galaxy’s gas reservoir (e.g., Neeleman et al. 2021).
Deviations from ordered rotation (e.g., broad, asymmetric, or multi-component profiles) can indicate
jet- or AGN-driven turbulence and outflows. The radio synchrotron emission from SKA-VLBI
may clearly reveal jet clearing or jet-triggered star formation (e.g., simulations by Mukherjee et al.
2018).

One of many benefits from the upcoming ALMA Wideband Sensitivity Upgrade (WSU) is the
efficient spectral line observation of high—z galaxies with serendipitously detected multiple lines in
a single spectral tuning. The combination of the ALMA WSU and SKA-Mid will provide us with
large spectral coverage, ensuring that we can observe several transitions and obtain the gas physical
parameters via radiative transfer analysis or detect weak species via stacking techniques.

Finally, the future AtLAST (Mroczkowski et al., 2025) would provide continuum sensitivity compa-
rable to ALMA/WSU but with up to 10° faster mapping speed once its focal plane is fully populated
(see also Klaassen et al. 2020).

8.2 Infrared and optical bands

High angular resolution imaging and spectroscopy enabled by adaptive optics on large Southern
Hemisphere facilities (e.g., VLT/ERIS, HAWK-I+GRAAL, and future ELT instruments such as
MICADO and HARMONI) provide a crucial complement to SKA for studying high-z AGN jets.
At z > 6, these systems probe rest-frame UV/optical emission (e.g., Lya) with < 100 pc resolution,
enabling detailed characterization of stellar structure, ionized gas, and jet-host interactions. In
particular, ELT/MICADO’s diffraction-limited imaging (~ 10 mas; Davies et al. 2010) will resolve
compact hosts and merger signatures, while advanced AO instruments such as MAVIS will deliver
near-diffraction-limited visible imaging and spatially resolved spectroscopy, allowing precise mea-
surements of stellar mass, gas properties, star formation, and the dynamical state of quasar host
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galaxies.

JWST’s NIRSpec and MIRI instruments provide rest-frame UV/optical spectra at unprecedented
sensitivity, enabling robust redshifts, SMBH mass estimates via broad lines (e.g., Hg, H,), and
detailed host galaxy stellar populations and star formation rates (Bunker et al., 2023). Follow-up
observations with JWST of SKA-identified AGN at z > 6 could yield SMBH mass measurements,
ionization diagnostics, host galaxy and environment properties. Integral field spectroscopy will
spatially separate AGN and star-forming regions, informing models of radiative and mechanical
feedback (Yang et al., 2023b; Yue et al., 2024b; Decarli et al., 2024).

LSST’s deep, wide-area optical imaging and multi-band photometry will identify high-z AGN
candidates through dropout techniques, color selection and variability (e.g., Ivezi¢ et al. 2019;
Belladitta et al. 2020). Its time-domain survey enables optical variability studies on timescales
from days to years, complementary to radio variability detected by SKA1-MID surveys, if obtained
with multiple visits.

Euclid’s deep, high-resolution imaging and spectroscopic surveys over thousands of square degrees
will provide complementary rest-frame optical/near-IR data, including host galaxy morphology,
stellar mass estimates, and photometric redshifts for millions of galaxies. For AGN hosts, Euclid
spectroscopy can deliver emission line diagnostics (e.g., Ha, [O 1], Euclid Collaboration et al.
2024a) and continuum shapes, essential for characterizing stellar populations and ionized gas
properties. Moreover, Euclid’s wide-area coverage aids the selection of exotic high-z radio-loud
AGN targets for SKA—VLBI follow-up, maximizing the scientific return from both facilities in
probing the earliest epochs of jet activity.

8.3 X-rays

For about 25 years Chandra’s sub-arcsecond angular resolution and high sensitivity has enabled the
detection of inverse Compton X-ray emission from relativistic jets, which is boosted at high redshift
by the (1 + z)* increase in CMB energy density, allowing studies of jet energetics and particle
acceleration (e.g., Schwartz 2002). Joint SKA/SKA-VLBI/Chandra observations, potentially
including deep (~ 1 Ms) pointings, can provide spatially resolved X-ray emission and spectral
constraints on electron energy distributions and jet power, crucial for modeling AGN jet radiative
processes and feedback. Complementary, eROSITA is providing a nearly all-sky (only half of the
sky will be public) catalog of bright X-ray sources in the ~ 0.3 — 2 keV band. While the sensitivity
is not comparable to pointed observations with Chandra and the angular resolution is poorer, it
has been already successfully used to select and study bright blazars at Cosmic Dawn (Wolf et al.,
2023, 2024).

The large-area X-ray observatory "New Advanced Telescope for High-ENergy Astrophysics"”
(NewAthena) is planned for launch in 2034 (Cruise et al., 2025) and would allow us to con-
strain the overall SMBH accretion rate density, reaching AGN around the knee of the luminosity
function (where most black hole mass growth occurs). This would extend to the EoR for unobscured
objects and characterize moderate to intermediate obscuration up to z ~ 6 —7, which may dominate
accretion growth. This critical parameter space is challenging for facilities at other wavelengths
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to explore with sufficient statistics but the synergy with SKA will be important to detect a large
number of high—z AGN.

8.4 Gamma-rays

Searches for y-ray emission from high-z blazars with the Fermi- Large Area Telescope (LAT) have
relied on long-term data accumulation and the monitoring of flaring activity, but, at y-ray energies,
the K-correction strongly disfavors the detection of high-z AGN. In addition, attenuation by the
extragalactic background light (EBL) further suppresses the high-energy flux, leading to a severe
negative K-correction that reduces the observed y-ray brightness and hampers detections at z > 6.

The highest-redshift source in the Fourth Fermi-LAT AGN catalog remains GB 1508+5714 at
z = 4.31 (Gokus et al., 2022). Current strategies to identify high-z y-ray blazars typically begin
with radio-selected samples (e.g., Kreter et al. 2020; z > 2.5). Selecting high-z candidates at radio
wavelengths as a first step is crucial because radio emission from AGN jets is largely unaffected by
dust extinction, providing an efficient and unbiased way to identify distant sources. Moreover, radio
selection (especially with VLBI) isolates the most powerful, beamed jets (i.e., blazar candidates) that
are intrinsically more likely to produce detectable y-ray emission despite strong K-correction and
EBL attenuation, thereby maximizing the chances of successful y-ray follow-up. This anticipates
an important future synergy between SKA-VLBI and the Fermi-LAT.
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