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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-𝜇Jy 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 (> 106 M⊙)
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 �rst jets from AGN, but they could o�er direct insights into the
early Universe, particularly in understanding the extreme growth of SMBHs within the �rst 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� 1010 M � 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-I (Saikia, 2022;
Kappes et al., 2022; Gloudemans et al., 2025). AtI �¡ 6, jets propagate through denser and more
gas-rich interstellar medium (ISM)/circumgalactic medium (CGM), while the cosmic microwave
background (CMB) energy density increases as¹1 ¸ I º4, potentially enhancing inverse-Compton
cooling, reducing the lifetime and altering jet/lobe visibility. Systematic di�erences in morphology
and spectral curvature relative to low-I jets are, therefore, expected. Additionally, radio-powerful
jetted AGN atI ¡ 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 �nding 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-�eld surveys, follow-up observations at (much) higher angular resolution will be crucial
to spatially resolve the jet structure at high-I . 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 SMBHs accrete mass so fast at such early epochs? How do
jets in�uence the growth of their host galaxies? How prevalent are jets in high� I AGN, and can
we observe their size evolution? Are high-I AGN jets di�erent from local jets once the denser
early-Universe environment and enhanced CMB losses are accounted for? Each discovery of a new
high-I 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 ofblazars, 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-I population (e.g., Volonteri et al., 2011;
Ghisellini et al., 2014; Sbarrato et al., 2015; Caccianiga et al., 2019; Bañados et al., 2025).

In this White Chapter we give an overview of the remarkable contribution that VLBI has provided
in the �eld 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 and¹D– Eº coverage. SKA-Mid wide-�eld surveys at
unparalleled sensitivity (� 50 nJy o�-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 atI ¡ 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 �eld 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 �delity,
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 �rst
SMBHs and the current proposed theories for their fast accretion. Section 4 is devoted to the
state-of-the-art techniques for �nding jetted AGN up to the largest distances. Sections 5 and 6
discuss the VLBI role in assessing the physical properties of high-I 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� 0 = 67.8 km s� 1 Mpc� 1, 
 " = 0•31, and
 � = 0•69
(Planck Collaboration et al., 2016); the synchrotron spectral index is de�ned as( a / a� U, 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 (¡ 106 M � ) are believed to reside at
the centers of all massive galaxies (stellar mass" � ¡ 1010 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 �nding of SMBHs as massive as� 1010 M � at redshiftsI � 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 of106 � 107 M � at even earlier cosmic times (I = 8.7, Larson et al. 2023;I = 10.3, Bogdán
et al. 2024;I = 10.6, Maiolino et al. 2024). To attain such masses so early likely requires BH
formation as far back asI � 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
M � arising from the collapse of the �rst generation of Population III stars, and heavy seeds of
� 104 � 105 M � 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 atI � 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� 102 � 105 M � (also calledintermediate-massBHs) 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" BH � 104 � 106 M � (Reines et al., 2013;
Moran et al., 2014; Marleau et al., 2017; Chilingarian et al., 2018; Mezcua and Domínguez Sánchez,
2020; Baldi et al., 2021; Salehirad et al., 2022; Mezcua and Domínguez Sánchez, 2024; Dullo et al.,
2024) and out toI � 2 (Mezcua et al., 2016, 2018a, 2019, 2023, 2024). While most of these �ndings
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 signi�cant 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 a�ects 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 signi�cant fraction of the ISM, regulate subsequent
gas in�ow 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 JWSTis 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 �rst 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" BH � 106 M � and �ux density� 100 nJy could be detected with
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the SKA-Mid out toI � 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" BH � 109 M � (Latif et al., 2024).

We estimate the radio �ux density at 6.5 GHz based on the fundamental planes (FPs) of BH
accretion, which are empirical relationships between BH mass," BH, nuclear radio luminosity at 5
GHz, ! R, and nuclear X-ray luminosity at 2 - 10 keV,! X (Merloni et al., 2003). We determine! X

from the bolometric luminosity! bol, with Equation 21 of Marconi et al. (2004):

log
�
! bol

! X

�
= 1•54¸ 0•24L ¸ 0•012L 2 � 0•0015L 3– (1)

where ! bol is in solar luminosity units andL = log ! bol � 12. ! R in the source frame can be
calculated from! X from FP of the form:

log ! R¹erg s� 1º = � log ! X ¹erg s� 1º ¸ � log " BH¹M � º ¸ �– (2)

Figure 1: BH radio �ux densities estimated from the fundamental plane of BH accretion (Merloni et al.
2003, MER03; Körding et al. 2006, KOR06; Gültekin et al. 2009, GUL09; Plotkin et al. 2012, PLT12;
Bonchi et al. 2013, BON13; Gültekin et al. 2019, GUL19) for a spectral indexU = 0.7 (solid) andU = 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 � , � , and� are taken from Merloni et al. (2003), Körding et al. (2006), Gültekin et al.
(2009), Plotkin et al. (2012), and Bonchi et al. (2013).

The radio �ux density from high� I 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 �ux from! R =
a! a, assuming that the spectral luminosity! a / a� U. We considerU = 0.7 and 0.3 to enclose a
reasonable range of spectral pro�les (Condon et al., 2002; Gloudemans et al., 2021). The spectral
�ux at a in the observer frame is then determined from the spectral luminosity ata0 in the rest frame
from

� a =
! a0¹1 ¸ I º

4c3L
2

– (3)

wherea0 = ¹1 ¸ I ºa and3L 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 �rst SMBHs. A key point for this White Chapter
is that the most extreme growth channels have concrete radio-VLBI signatures: high-) b 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 atI �¡ 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 (_ � ! • ! Edd � 5� 20) embedded in longer sub-Eddington
intervals over� 10�30 Myr can reproduce theI �¡ 6 SMBH mass function (Jolley and Kuncic,
2008; Piana et al., 2021; Volonteri et al., 2021).

Recent discoveries o�er direct observational evidence supporting this theoretical framework. For
instance, VLASS J0410� 0139, a blazar atI � 7, is powered by a7 � 108 " � SMBH with _ � 1•2
after accounting for relativistic beaming e�ects (Bañados et al., 2025). Beaming statistics imply
a much higher parent population of misaligned systems, but the inferred space densities remain
sensitive to uncertainties in" BH, _Edd, and selection functions at the highest redshifts. The current
evidence is, therefore, best phrased asconsistent withpotentially widespread jet-assisted growth
during the EoR rather than as a de�nitive proof.

These jets play a crucial role in shaping their environments through lobe expansion that preheats
protogalactic gas, modi�es star formation across kiloparsec scales, and seeds magnetic �elds.
All these consequently in�uence 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 (Vapp � 3•62) emerging from a radio-quiet nucleus, appearing only during high optical and X-
ray states. These observations are consistent with magnetically arrested disk (MAD) con�gurations
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 (U � 0•63) to inverted
(U � � 0•69) as the jet �ux density doubled, with the jet later decelerating to� 1•52at � 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 a�ected by temporal variability, with intermittent jet activity linked
to changing accretion states rather than representing a permanently �xed classi�cation (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 �ares with spectral �attening,
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) b ¡ 108 K, con�rming that relativistic jets can emerge across the BH mass
spectrum, even during super-Eddington phases (Greene et al., 2020). These �ndings support the
theory that seed BHs in the early Universe likely experience rapid, jet-assisted growth.

Despite advances, identifying super-Eddington accretors atI ¡ 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 su�er from systematic uncertainties, while heavy dust obscuration
can mimic signatures of high Eddington ratios. Nevertheless, several diagnostic �ags 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� I . Radio observations, in particular, are becoming
increasingly important. At the bright end of currentI � 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
insu�cient 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_Edd � 1 due to radiative feedback and geometry (Macfarlane et al.,
2021; Yue et al., 2024a). Crucially, we donot advocate inferring_Edd 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-` Jy 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 future1. At
I ' 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 inI ¡ 6 quasars, allowing measurement of Doppler factors and separation of relativistic
beaming from intrinsic luminosity. Multi-epoch constraints on proper motions atI �¡ 6 will
generally require time baselines of at least� 5�10 yr (and often longer, depending on component
identi�cation 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) andJWSTwill 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 �rst SMBHs,
bridging the gap between theoretical models and the observed rapid emergence of¡ 109 " � quasars
at I � 6�10.

4 Finding AGN jets at I �¡ 6

High� I 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 de�nitive con�rmation of their high� I 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 �rst jetted AGN atI ¡ 6 (e.g., McGreer et al., 2006; Frey et al., 2011; Zeimann et al.,
2011; Bañados 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., Bañados 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 path�nder)
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) at0•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� mJy level.

The radio¸ optical/IR techniqueis 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

1Italian National Institute for Astrophysics (INAF) Document "MeerKAT Band 5b Receivers Technical Speci�ca-
tions".
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and observational studies suggest that the majority of high� I 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 o�ers 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 e�ective in detecting obscured radio AGN atI ¡ 6.
By combining radio observations at0•144� 3 GHz with mid- to far-IR and sub-mm (24� 850` m)
data, Endsley et al. (2022) identi�ed a radio AGN candidate, which was later spectroscopically
con�rmed at I = 6•83 through the detection of the [C II]158` m emission line (Endsley et al.
2023).

High� I jetted AGN candidates selection can rely on radio spectral indices (�at, steep, or inverted
spectra) and variability to identify AGN-like behavior. Interpreting spectral-index trends at the
highest redshifts requires care, since selection e�ects and enhanced inverse-Compton losses o�
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 I = 7 (Bañados et al. 2025), discovered partly through rapid multi-frequency radio variability
(see Fig. 2), with only one other known beyondI ¡ 6 (see Belladitta et al. 2020, Fig. 4). Their
existence implies that there must be hundreds of jetted AGN atI ¡ 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� I Radio Galaxies (HzRGs), expected to dominate the population (e.g., Miley
and De Breuck 2008), identi�ed 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 di�erent 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 e�ects (i.e., �ux-density-limited
surveys and spectral index cuts bias samples toward steeper spectrum sources); the K-correction
(i.e., observing at �xed frequency bands probes higher rest-frame frequencies at high� I , where
spectra are intrinsically steeper due to radiative losses); di�erent environments at high� I (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 HzRGs 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 () b), and spectral index (e.g., Lister et al.
2019, but see also Lobanov 2015 for a visibility-based approach for estimating) b). Jet-driven
emission typically shows core/core�jet collimated structures, with high brightness temperatures
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() b ¡ 106 K) and �at-to-steep (U = 0•22 � 1•1) spectral indices (e.g., Kovalev et al. 2005; Hovatta
et al. 2014; Lister et al. 2019). In contrast, AGN winds/out�ows and intense star formation tend
to produce more di�use, low-) b emission with steeper spectra, while coronal emission appears
as compact, low-) b 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 (! 1•4GHz � 1023 W Hz� 1, e.g., Panessa et al. 2019;
Baldi 2023), where the jet emission can be comparable to star formation or out�ows and winds.
However, it is also applicable to powerful jetted objects. The quasar J2242¸ 0334 atI = 5•9 (Liu
et al. 2022, see Fig. 3) exempli�es 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 VLBI'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 identi�cation of jetted AGN during the EoR.
For instance, based on the number of high� I blazars observed at� mJy levels, Caccianiga et al.
(2024) predicts over 1000 Type-I jetted AGN atI ¡ 4 detectable in the SKA-Mid over an area of
� 10000 deg2 down to 100` Jy/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 atI ¡ 6 and� 30 at I ¡ 10 are detectable in the SKA-Mid Wide survey
(over an area of 1000 deg2, Prandoni and Seymour 2015) with a 5` Jy 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 of1000� 5000deg2 at a detection level of 10̀Jy, SKA surveys at 1 GHz can detect
� 50000, 20000, and 5000 jetted AGN atI ¡ 6–8–and10, respectively. These estimates are very
optimistic and di�erent from those reported in Mazzolari et al. (2024). One of the main reasons
is the di�erent 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 atI �¡ 6, requiring e�cient multi-wavelength counterparting and ultimately
spectroscopic con�rmation.

SKA�VLBI (using SKA as asuper stationin 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 at3 � 8 GHz
and sensitivity down to a feẁJy beam� 1 (Paragi et al. 2015; Li et al. 2024), SKA�VLBI will
enable detailed imaging of AGN jets at sub-galactic scales atI ¡ 6, revealing jet bases and structural
evolution in high� I AGN (see also Fig. 4 for an example). It should be noted that studies with SKA�
VLBI will be limited by the small �eld of view, as conducting large-area surveys with SKA�VLBI
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faces signi�cant technical and computational challenges (Paragi et al. 2015). Nonetheless, wide-
�eld surveys with SKA�VLBI remain a key priority for the VLBI community, and considerable
e�ort 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 out�ows and
winds, we have explored the feasibility of detecting such low-power jetted AGN (! a � 1023 W Hz� 1)
at I � 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,
U. The1f image sensitivity of the EVN + SKA AA42 is 3•8 ` Jy hr� 1, hence for a typical steep-
spectrum jet (U = 0•7), a 5f detection atI = 6 (I = 7) would require�¡ 600 (�¡ 1000) hours.
However, for a �at-spectrum source (U = 0•0), the required observing time decreases to� 40
(� 60) hours atI = 6 (I = 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-�eld surveys, the detection and identi�cation 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� I 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-�ux threshold
for calibrators into the sub-mJy�mJy regime for minute-scale solutions, depending on bandwidth
and partner-station sensitivity. At low frequencies, direction-dependent ionospheric e�ects 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 insu�cient 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 identi�cations,
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-�eld surveys such as theEuclid 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 �eld 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 usinghttps://planobs.jive.eu/
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Figure 2: A dropout radio source atI = 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, con�rms the presence of a single radio source in the �eld with clear evidence of variability (also
con�rmed by other radio observations in Bañados 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
Bañados 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 �eld
strength and orientation, and relativistic beaming e�ects, which are essential for constraining
physical parameters such as bulk Lorentz factor (� ), jet power, and particle composition. Typical
values of� for AGN jets range from a few (� 2� 5) up to tens (� 10� 50) for blazars. Determining
� 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 atI ¡ 6), allowing for direct estimates
of apparent velocities and hence constraints on� (especially at higher frequencies, from Band 3 and
above). By combining� with the �ux density measurements, one can break degeneracies between
orientation e�ects and intrinsic jet speed. This is not only important for understanding the nature
of speci�c 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 �rst blazar detected atI ¡ 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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