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Fig. 25 Left panel: L/LEdd distributions for radio, IR, and X-ray selected AGN. Adapted from Hickox et al. (2009), where one can find details on
the area and depth of each survey. Right panel: A schematic picture for evolution of galaxies and their observed AGN classes, based on observations
of AGN populations to z ⇠ 1. All galaxies appear to begin as star-forming blue-cloud systems and end as passive red-sequence sources, once their
dark matter halos have grown su�ciently. However, we show that those galaxies hosting IR, X-ray, and/or radio AGN appear to follow a similar
evolutionary path: radiatively e�cient rapid BH growth (IR/X-ray AGN) appears to be linked with those galaxies with large supplies of cool gas,
while mechanically dominated (radio) accretion is associated with passive galaxies, which may also be responsible for preventing late SF. The red
and green stars represent schematically the subset of galaxies that are observed as IR- and X-ray bright AGN, respectively, in the di↵erent phases
of evolution. c� AAS. Figure reproduced from Goulding et al. (2014), Fig. 7, with permission.

(some of which are discussed throughout this review), will
enable the study of AGN phenomena with high sensitivity
and spectral and/or spatial resolution.

Large sky survey data sets.– All areas of astronomy are
being revolutionized by increasingly larger and deeper sky
surveys at all wavelengths, and this flood of data has the
potential for major breakthroughs in our understanding of
AGN. As shown in Fig. 21, X-ray surveys are the most ef-
ficient for detecting a high surface density of AGN with
minimal host galaxy contamination. The next major X-ray
survey will be the eRosita All Sky Survey (eRASS) by the
eROSITA instrument (Sect. 5.4), which will detect ⇡ 3 mil-
lion AGN over most of the sky, with ground-based opti-
cal spectroscopic follow-up from multiple planned surveys.
Further deep, wide surveys with Athena, Lynx, and other
future X-ray missions would probe large numbers of AGN
over a wider parameter space in redshift and luminosity.

In the optical and NIR, the Euclid and WFIRST satellite
missions will perform wide-area surveys characterizing mil-
lions of AGN (Sect. 3.5 and 4.6), while dedicated ground-
based surveys (for example from the LSST, the Subaru Prime
Focus Spectrograph53, and the Multi Object Optical and Near-
infrared Spectrograph for the VLT [MOONS]54) will build

53 pfs.ipmu.jp/
54 www.eso.org/sci/facilities/develop/instruments/
MOONS.html

on the legacy of ongoing surveys (for example DES and
SDSS-IV). At longer wavelengths, the growing number of
sensitive, wide-area radio telescopes (leading ultimately to-
ward the SKA) will provide increasing numbers (in the tens
of millions: Sect. 2.4) of radio-selected AGN across most of
the sky. Together, these surveys will produce massive data
sets with huge statistical samples of images, spectra, and
time variability of AGN over a wide range in redshift and
luminosity, and will enable statistical analyses of AGN with
precision comparable to what is currently possible for “nor-
mal” galaxies. Harnessing these large data sets represents a
major challenge and opportunity for the future of AGN sci-
ence.

Hydrodynamic simulations.– Major theoretical challenges
in understanding the AGN arise from the complexity of the
physical processes involved and the enormous dynamic range
in the relevant physical scales. With continual advances in
computing power and improvements in astrophysical codes,
theorists will continue to approach the ultimate goal of re-
solving the physics of AGN on all the scales described in
Sect. 8.1, the structure and kinematics of the torus and cen-
tral engine (e.g. Chan & Krolik, 2016; Namekata & Umemura,
2016; Wada, Schartmann, & Meijerink, 2016), the physics
of the inner accretion flow and the launching of winds and
relativistic jets (e.g. Tchekhovskoy, 2015; Waters & Proga,
2016), and the impact of this feedback on host galaxies and
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• Super-Eddington AGN are rare and not well understood

• Radio AGN typically have low Eddington ratios

• Radio loud implies jetted AGN

• Jets are hard to resolve at high z
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session were held at the end of the workshop3. The work-
shop was very well attended, with 165 participants, cover-
ing five continents and thirty-one di↵erent countries; sixty
of the participants were students. This review was inspired
by the workshop.

In this paper we review our progress in addressing these
key issues by discussing radio-, IR-, optical-, X-ray-, �-ray-,
and variability-selected AGN (Sect. 2 – 7). Section 8 sum-
marizes our understanding of AGN and examines some open
issues. Throughout this paper, spectral indices are defined by
S ⌫ / ⌫�↵ and the values H0 = 70 km s�1 Mpc�1, ⌦m = 0.27,
and ⌦⇤ = 0.73 have been used. The acronyms of the AGN
classes mentioned in this paper are defined in Tab. 1.

2 Radio-selected AGN

In this section we describe radio-selected AGN. The types
of, and physical mechanisms powering, radio-AGN are out-
lined in Sect. 2.1. Selection e↵ects are discussed in Sect. 2.2,
while the evolution of radio-AGN and future prospects are
addressed in Sect. 2.3 and 2.4, respectively. Typical observ-
ing frequencies in the radio regime range from about 10 MHz
(� ⇠ 30 m) up to a few tens of GHz (e.g. 30 GHz, � =
1 cm). For other recent reviews of radio-selected AGN we
refer to Heckman & Best (2014); Padovani (2016); Tad-
hunter (2016); Smolčić (2016).

2.1 Physical mechanism(s) and types of AGN selected in
the radio

The dominant emission process in the radio band is syn-
chrotron emission, i.e. radiation by charged particles gyrat-
ing at relativistic velocities through magnetic fields4. Being
non-thermal in origin, this emission is usually parametrized
by a power law of the form S ⌫ / ⌫�↵ where S ⌫ is the flux
density [expressed in Jy, mJy, etc.] at frequency ⌫, and ↵
is the spectral index. Supernova remnants and processes re-
lated to the central SMBH are the main sources of synchrotron
radiation in galaxies, resulting in two dominant galaxy pop-
ulations identified in extragalactic radio continuum surveys,
namely star forming galaxies (SFGs) and AGN (e.g. Miley
1980; Condon 1992). The former, being intrinsically weaker
radio sources, become more prominent at the faintest radio
flux densities (e.g. Wilman et al. 2008; Padovani et al. 2015;

3 Most presentations and posters can be found at www.eso.org/
sci/meetings/2016/AGN2016.html.

4 Free-free emission originating in H II regions may substantially
contribute to the overall radio spectrum of SFGs. This, however, is ex-
pected to occur at rest-frame frequencies higher than ⇠ 20 GHz (e.g.
Fig. 1 in Condon 1992). The contribution of this emission process to
the overall radio spectrum is taken to be negligible for galaxies domi-
nated in the radio regime by an AGN.

Padovani 2016; Smolčić et al. 2017a). We outline here the
main classes of radio emitting AGN.

Fig. 2 Examples of FR I (panel ’a’; 3C 449; Perley, Willis, & Scott
1979), FR II (panel ’b’; 3C 175; Bridle et al. 1994), wide-angle tail
(panel ’c’; 3C83.1B; Owen, Burns, & Rudnick 1978), and X-shaped
(panel ’d’; 3C 223.1; Dennett-Thorpe et al. 2002) RGs.

2.1.1 Radio galaxies

Fanaro↵ & Riley (1974) di↵erentiated radio galaxies (RGs)
into type I and II based on the ratio of the separation of the
highest surface brightness regions on opposite sides of the
central galaxy, and the extent of the source measured from
the lowest surface brightness contour5 (see Fig. 2). These
classes are commonly referred to in the literature as FR I
(ratio < 0.5) and FR II (ratio > 0.5) RGs, where the first
(second) are often described as core- (edge-) brightened.
They also separate in the radio luminosity vs. optical host
galaxy luminosity plane (Ledlow & Owen 1996; see also
Fig. 11 in Buttiglione et al. 2010). Recently a third class,
FR 0, was suggested by Baldi, Capetti, & Giovannini (2015,
see also Baldi & Capetti 2010), which includes RGs sharing
the properties of FR Is but lacking prominent extended radio
emission, being a factor of ⇠ 30 more core-dominated. Fur-
ther morphological classes often found in the literature refer
to bent or warped appearances of the RGs (e.g. wide-angle
tail, narrow-angle tail, X-shaped RGs; see Fig. 2; see also
Miley 1980 for a review, and Figs. 6 and 7 therein).

5 Any compact component coincident with the central galaxy was
not taken into account.
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• eROSITA X-ray eFEDs survey x VLA/FIRST 1.4 GHz radio survey 
(Ichikawa et al. 2023)

• Identified X-ray luminous radio AGN

• Spectroscopic z’s from SDSS spectra

(v=1.4 GHz, fv,lim=1 mJy, >104 deg2)

VLA/FIRST wide-area radio survey eROSITA eFEDS wide-area X-ray survey
(0.5-2 keV band, 140 deg2)

(Brunner+22)(Helfand+15)



The Galaxy (ID830)

4

• eROSITA X-ray eFEDs survey x VLA/FIRST 1.4 GHz radio survey (Ichikawa 
et al. 2023)

• eFEDS J084222.9+001000, z = 3.4351 (ID830)

• Highly X-ray luminous: Log(L0.5-2.0keV) = 46.2 erg/s, (Lbol ~ few x 1047 erg/s) 

• Radio bright: S1.4GHz = 16.7 mJy, Log(Robs) = 3.02

• Previous CIV mass estimates suggest super-Eddington accretion
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catalog, and classiMed into three luminosity bins:
L46 log 47< < , L47 log 48< < , and L48 log 49< < .

Based on the radio luminosities, the SED of ID830 is most
consistent with the L46 log 47< < bin. Thus, although
ID830 is unlikely to be a blazar, it nevertheless exhibits a
higher X-ray luminosity than those in the blazar sequence.

3.5. αOX versus L2500Å

Our results show that, while ID830 is a radio-loud quasar
reaching super-Eddington accretion, its X-ray emission shows
two interesting signatures: one its signiMcant X-ray excess
compared to other quasars, and the other its X-ray spectrum
exhibiting a steep photon index with Γ = 2.43.
A popular method for investigating the X-ray properties of

AGNs is to compare them with their UV luminosities. The
ratio of UV to X-ray luminosities is known as the αOX
parameter (H. Tananbaum et al. 1979), deMned as

L
L

0.384 log , 6OX

2keV

2500

( )= ¥

where L2keV and L2500Å are the rest-frame monochromatic
luminosities in units of erg s−1 Hz−1 at 2 keV and 2500 Å,
respectively. αOX can be a clear tracer of the balance between
accretion disk and hot corona emissions. We interpolate L2500Å
from the observed Auxes in each VISTA band, and L2keV is
calculated from the 0.5–2 keV rest-frame luminosity, follow-
ing J. Wolf et al. (2021). L2keV can be converted from L0.5–2keV

Figure 7. The broadband SED of ID830, along with the SED templates of radio-loud and radio-quiet quasars (Z. Shang et al. 2011) and the blazar sequence
(G. Ghisellini et al. 2017). The blue, green, and orange shaded regions represent the individual bins of the blazar sequence. The light red plots are the observed X-ray
spectrum of ID830. The dark red plots are the jet-subtracted X-ray spectrum, after removing the jet contamination. The upper limits are indicated by arrows.

Figure 8. αOX vs. UV monochromatic luminosity L2500Å for ID830. The open
star represents the observed αOX of ID830. The Mlled star represents the jet-
subtracted αOX, after removing the jet contamination. Both αOX points are
higher than the best-Mt relation of E. Lusso et al. (2010, blue line) and
R. Nanni et al. (2017, brown line). The dotted lines are the 1σ upper and lower
bounds of the two best-Mt relations. The square plot is a eROSITA-detected
quasar (J. Wolf et al. 2021), and black plots are PHL 1811 and its analogs
(K. M. Leighly et al. 2007; J. Wu et al. 2011; B. Luo et al. 2015). Other X-ray-
weak sources are also shown as purple inverted triangles (L. Zappacosta
et al. 2020), bold cross markers (M. Laurenti et al. 2022), and plus markers
(E. Nardini et al. 2019). Radio-loud quasars with X-ray excesses detected by
Chandra, XMM-Newton, and ROSAT (B. P. Miller et al. 2011) are shown as
green circles. The orange shaded region shows the eFEDS-sensitive area.
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(v=1.4 GHz, fv,lim=1 mJy, >104 
VLA/FIRST wide-area radio eROSITA eFEDS wide-area X-ray 

(0.5-2 keV band, 140 deg2)

(Brunner+22)(Helfand+15)
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• Subaru/MOIRCS J band spectrum

• MBH = (4.40 ± 0.72) x 108 M⊙

•  = 1.44 ± 0.72 (UV), 12.8 ± 3.9 (X-ray)λEdd
squared, r

2, to determine the amount of dust extinction AV. As
a result, we found R 3.27V 0.77

1.00= + and AV = 0.385 ± 0.082
mag with 0.391r

2 = . This indicates that ID830 is a red quasar
(e.g., E(B − V ) > 0.1 or corresponding to AV > 0.33 mag;
R. L. Webster et al. 1995; E. Glikman et al. 2007; T. Urrutia
et al. 2009). The light green line in Figure 3 shows the dust-
reddened quasar template with AV = 0.385 mag.

3.2.3. SDSS and MOIRCS Spectral Fit

We then perform a simultaneous spectral Mt of the SDSS
and MOIRCS spectra using PyQSOfit (H. Guo et al. 2018)
to probe the properties of the SMBH accretions. PyQSOfit is
a Python code developed to investigate the spectral properties
of SDSS quasars. It takes input parameters such as observed
wavelengths, Aux densities, errors, and redshifts from catalogs,
and performs a χ2-based spectral Mtting routine in the rest-
frame wavelength. This code also corrects the Galactic
extinction automatically based on the dust map from
D. J. Schlegel et al. (1998) and dust extinction value of
AV = 0.39 mag obtained in Section 3.2.2. We Mxed z = 3.4351
and AV = 0.39 mag.

We Mrst obtain the continuum Mt results as a combination of
the power-law and Balmer continuum models. In the
PyQSOfit Mtting code, we use the Balmer continuum
template of M. Dietrich et al. (2002). Although Fe II emission
is a signiMcant feature of quasar spectra, forming a pseudo-
continuum through blended multiplets in the rest-frame UV
range of ∼2000–4000 Å, we do not include the component in
our Mts. This is because the available spectral coverage from
SDSS and MOIRCS (1000–2300 Å and 2600–3000 Å,
respectively) lacks the continuous wavelength range necessary
for a reliable Fe II continuum Mt.

After subtracting the best-Mt continuum model, we analyze
the broad-line proMles of the three emission lines Lyα λ1216,
C IV λ1549, and Mg II λ2798 using a Gaussian Mt. The broad-
line components of these emission lines are deMned as having a
full width at half-maximum (FWHM) � 1200 km s−1, and the
peak wavelength range around the broad emission lines is set
to 1150–1300 Å for Lyα, 1530–1550 Å for C IV, and
2600–3000 Å for Mg II.
The C IV line is often blueshifted as it is emitted from the

outAowing gas driven by an AGN (e.g., L. Coatman et al.
2017). To account for this, we Mt the C IV emission with two
line proMles to represent the systematic and outAow compo-
nents. The uncertainties on both the C IV velocity dispersion
and the outAow velocity are conservatively set to 20%. We
simultaneously Mt the N IV]λλ1486 Å emission line, which is
detected in only ∼5% of the quasar population (the so-called
nitrogen-loud quasars; P. S. Osmer & M. G. Smith 1980;
J. A. Baldwin et al. 2003). Its detection in ID830 is reasonable,
given that more than 50% of nitrogen-loud quasars are radio-
loud (L. Jiang et al. 2008).
For the Mt, the peak wavelength range is set to 1515–1540 Å

for the C IV outAow component and 1450–1500 Å for N IV],
with an upper limit on the velocity dispersion corresponding to
σ� 15 Å for the C IV outAow component and σ� 5 Å
for N IV]. Figure 4 shows the results of the spectral Mtting
procedure. We Mnd clear broad emission lines of Lyα
(FWHMLyα = 9642 ± 915 km s−1), C IV (FWHMC IV =
3624 ± 729 km s−1), and Mg II (FWHMMgII = 2174 ±
301 km s−1). The outAow velocity of C IV is voutAow =
4645 ± 929 km s−1.
Based on the Mt results, we can estimate the BH mass and

the Eddington ratio of ID830. We use the single-epoch virial

Figure 4. The optical spectra in the rest frame of ID830 Mtted by PyQSOfit. The spectra have been smoothed by binning the data every Mve bins for SDSS and
every three bins for MOIRCS. The top panel shows the entire SDSS and MOIRCS spectra, and the bottom panels show the decomposed Lyα, N IV]+C IV, and Mg II
emission lines from left to right, respectively. In each panel, the total Mtted Gaussian lines are shown in red, and the best-Mt continuum is shown in blue. The green
lines represent each component of the Gaussian Mt, and the brown line represents the best-Mt Balmer continuum. We also note the reduced chi-squared r

2 in each
bottom panel.
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•Need higher spatial resolution!

FIRST 1.4 GHz, 6.5 arcsec (1998)
< 37.5 kpc

VLASS 3GHz, 2 arcsec (2020)
< 18.8 kpc

16.7 mJy 24.4 mJy



VLBA Observations
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• L band (1.4 GHz): 15 mas (~112.5 pc)

• C band (5 GHz): 5 mas (~37.5 pc)

• X-band (8 GHz): 2.5 mas (20 pc)

• Sensitive to different size scales

• Accurate spectral index
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Gaussian model using the modelfit task in DIFMAP. The
resulting core pux densities are 13.42 ± 1.94 mJy at 1.6 GHz,
10.23 ± 1.22 mJy at 4.9 GHz, and 6.86 ± 0.98 mJy at
8.2 GHz, respectively. For the jet components, we estimate the
pux densities directly from the CLEAN images using the same
region across the three bands after matching the pixel size and
resolution to those of the 1.6 GHz image, to ensure a consistent
comparison. The region is deDned based on the jet morphology
of the J1 component at 4.9 GHz, which has the highest S/N.
At 8.2 GHz, the jet pux density is reported as a 3σ upper limit,
estimated over the jet region deDned from the lower-frequency
image, because no extended jet emission is detected above the
3σ level. The uncertainties of the model-Dt parameters are
estimated following the widely used method of E. B. Fomalont
(1999) and S.-S. Lee et al. (2008). Since the minor axis
FWHMs of the Gaussian Dtting at 1.6 and 4.9 GHz are
comparable to the minimum resolvable size estimated by the
formula provided by S.-S. Lee et al. (2008) and A. P. Lobanov
(2005), the component is considered unresolved and the
minimum resolvable size is used as an upper limit in the
subsequence analysis. Additionally, we adopt a typical 10%
uncertainty, dominated by the VLBA amplitude calibration
based on the antenna system temperatures and gain curves
(e.g., T. An et al. 2012; H.-M. Cao et al. 2017; K. Hada et al.
2018). For the core pux densities, the uncertainties are
estimated by adding 10% errors in quadrature to the formal

Dtting errors. The model-Dt parameters and best-Dt results are
summarized in Table 2.

3.2. Radio Spectral Properties

Based on the estimated pux densities, we plot the radio
spectral energy distribution (SED) of ID830 for both the core
and jet components in Figure 2. The spectra of ID830 are well
described by a power-law function Sν ∝ να, consistent with
the nonthermal radio continuum emission. The core comp-
onent typically shows an optically thick or self-absorbed pat
spectrum with α ≳ −0.5, and the jet component shows an
optically thin steep spectrum with α ≲ − 0.5 (e.g., P. Padovani
et al. 2017; R. Blandford et al. 2019). In this study, the spectral
indices of the core and jet (J1) are measured to be

0.39 0.14core = ± (between all three bands) and
αjet = −0.74 ± 0.13 (between 1.6 and 4.9 GHz), respectively,
indicating that ID830 exhibits a pat-spectrum core and a steep-
spectrum jet. Since the upper limit on the jet pux density at
8.2 GHz does not provide a strong constraint because of the
relatively high rms noise level, the jet spectral index is derived
using only two lower-frequency measurements. Figure 2 also
presents the spectrum derived from the total pux densities,
including both the core and jet (J1) components (red dashed
line). The moderately pat total spectral index of αtotal ≈ −0.40
and the much brighter core emission relative to the jet
emission suggest that the radio emission of ID830 is core-
dominant.
The total (core+jet) radio spectrum shown in Figure 2 is

consistent with the FIRST 1.4 GHz pux density (16.7 mJy;
S. Obuchi et al. 2026), obtained with an angular resolution of
5″ (R. H. Becker et al. 1994; D. J. Helfand et al. 2015), within
a factor of ∼1.1. This suggests that any radio component on
scales larger than the ≈745 pc VLBA-resolved structure does
not contribute substantially to the total 1.4 GHz pux. In other
words, the current data do not require a signiDcantly more
extended, pux-dominant jet component beyond the VLBA-
resolved structure shown in Figure 1. In contrast, the Very
Large Array Sky Survey (VLASS; M. Lacy et al. 2020) 3 GHz
pux density (24.4 mJy; S. Obuchi et al. 2026), obtained with
an angular resolution of 2.5, is brighter than the VLBA radio

Figure 1. The VLBA images of ID830 at 1.6 GHz (left), 4.9 GHz (middle), and 8.2 GHz (right) with natural weighting. The negative and positive contours are
shown as the red dashed and solid white lines, respectively. The contour levels are at −1, 1, 2, 3, 4, 8, ..., 2n times the 3σ rms noise level. The white ellipse in each
panel represents the beam size. The core and jet components (J1–J3) are also labeled in the Dgure.

Table 1
Summary of VLBA Observations

Freq. Bmaj Bmin Bp.a. Speak rms
(GHz) (mas) (mas) (deg) (mJy bm−1) (mJy bm−1)
(1) (2) (3) (4) (5) (6)
1.63 12.2 5.41 −0.01 12.6 0.073
4.88 3.85 1.65 0.47 9.26 0.022
8.17 2.29 0.98 −0.40 5.69 0.035

Note. Columns: (1) central frequencies; (2) major axis FWHM of the
synthesized beam; (3) minor axis FWHM of the synthesized beam;
(4) position angle of the major axis of the synthesized beam; (5) peak pux
density; (6) 1σ rms image noise level.

3

The Astrophysical Journal Letters, 1005:L80 (8pp), 2026 July 10 Obuchi et al.

SED by a factor of ∼2.1. Given the consistency between the
FIRST and VLBA pux densities, this discrepancy likely
repects intrinsic variability of the core pux, which can strongly
affect the observed radio pux in such core-dominant jets.

3.3. Relativistic Beaming and Jet Properties

The brightness temperature is a key diagnosis of radio
emission, repecting the source intensity and providing
constraints on the relativistic beaming factor. We calculate
the core brightness temperature Tb in the rest-frame following
the equation given by Y. Y. Kovalev et al. (2005):

T
S z

1.22 10
1

K , 1b
12 int,core

maj min
2

( ) [ ] ( )= ¥
+

where Sint,core is the integrated core pux density in Jy, θmaj and
min are the Dtted FWHM of the elliptical Gaussian model in
mas, and ν is the observing frequency in GHz. The estimated
brightness temperatures of ID830 at all frequencies listed in
Table 2 exceed Tb = 1010 K, which is well above the upper
limit expected for radio emission from normal star formation
(Tb ≲ 105 K), and are consistent with nonthermal emission

from AGN jets (Tb≳ 106 K; K. I. Kellermann & I. I. K. Pauliny-
Toth 1969; J. J. Condon 1992; Y. Y. Kovalev et al. 2005). Such
high brightness temperatures have a physical upper limit at
Tb∼ 1012 K due to the inverse Compton catastrophe, and a more
realistic limit is given by the equipartition brightness temper-
ature, Tb,eq ≈ 5 × 1010 K (A. C. S. Readhead 1994). When the
observed brightness temperature exceeds the intrinsic value, the
radio emission can be interpreted as being strongly enhanced by
relativistic beaming, with the Doppler factor δ = Tb/Tb,int.
Although the intrinsic brightness temperature Tb,int is often
assumed as Tb,eq, we conservatively adopt a somewhat smaller
value of Tb,int ≈ 4.1 × 1010 K (D. C. Homan et al. 2021),
measured from the large sample of parsec-scale core bright jets.
The observed core brightness temperatures listed in Table 2 are
well below Tb,int at the highest frequency, and the lower limits at
the other two frequencies are also comparable to Tb,int,
suggesting little or no signiDcant Doppler boosting (δ ∼ 1) in
the radio emission of ID830.9 This is consistent with the
nonblazar nature of ID830 (S. Obuchi et al. 2026), as evidenced
by a steep X-ray photon index (Γ = 2.43) and moderate dust
extinction (AV = 0.39 mag).
We can further constrain the jet speed and viewing angle

using the observed jet morphology and the inferred Doppler
factor. Relativistic beaming affects the jet morphology,
particularly the appearance of the counter jet, because Doppler
boosting enhances the pux of the approaching jet, making the
counter jet appear fainter in comparison. Following G. Ghise-
llini et al. (1993), the ratio of the jet pux to the counter jet pux,
J, can be expressed as

J
1 cos
1 cos

, 2
2

( )= +

where β = v/c is the intrinsic jet speed, f is the jet viewing
angle to the line-of-sight, and α is the jet spectral index. Based
on the 4.9 GHz image, we estimate a lower limit on the jet–
counter jet pux ratio of J ≳ 2.92. Since the counter jet is
undetected in ID830, we measure its counter jet pux in a
region symmetric to the detected jet across the core, adopting a
1σ upper limit. By substituting the lower limit J ≳ 2.92 and the

Table 2
Summary of Model-Dt Parameters and Results

Freq. θmaj min θp.a. Sint,core Sint,jet Tb
(GHz) (mas) (mas) (deg) (mJy) (mJy) (1010 K)
(1) (2) (3) (4) (5) (6) (7)
1.63 3.27 ± 0.25 < 0.58 −23.0 13.42 ± 1.94 0.82 ± 0.08 > 1.44
4.88 1.26 ± 0.06 < 0.12 −27.1 10.23 ± 1.22 0.37 ± 0.04 > 1.60
8.17 1.12 ± 0.09 0.30 ± 0.02 −14.7 6.86 ± 0.98 < 0.40 0.17 ± 0.03

Note. Columns: (1) central frequencies; (2) major axis FWHM of the elliptical Gaussian model; (3) minor axis FWHM of the elliptical Gaussian model; (4) position
angle of the major axis of the elliptical Gaussian model; (5) integrated pux density of the core; (6) integrated pux density of the jet (J1); (7) core brightness
temperature at the rest-frame frequency.

Figure 2. The observed-frame radio SED of ID830. The circles and squares
indicate the pux densities of the core and jet (J1) components at 1.6 GHz
(purple), 4.9 GHz (blue), and 8.2 GHz (green), respectively. The black dotted
lines represent the best-Dt spectral slopes of the core and jet components,
respectively. The red dashed line represents the best-Dt slope of the total
(core+jet) component.

9 Note that the intrinsic brightness temperature may be lower at high rest-
frame frequencies, which could lead to an underestimation of the Doppler
factor (S.-S. Lee 2014); however, our conclusions remain unchanged even in
such a case.
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Gaussian model using the modelfit task in DIFMAP. The
resulting core pux densities are 13.42 ± 1.94 mJy at 1.6 GHz,
10.23 ± 1.22 mJy at 4.9 GHz, and 6.86 ± 0.98 mJy at
8.2 GHz, respectively. For the jet components, we estimate the
pux densities directly from the CLEAN images using the same
region across the three bands after matching the pixel size and
resolution to those of the 1.6 GHz image, to ensure a consistent
comparison. The region is deDned based on the jet morphology
of the J1 component at 4.9 GHz, which has the highest S/N.
At 8.2 GHz, the jet pux density is reported as a 3σ upper limit,
estimated over the jet region deDned from the lower-frequency
image, because no extended jet emission is detected above the
3σ level. The uncertainties of the model-Dt parameters are
estimated following the widely used method of E. B. Fomalont
(1999) and S.-S. Lee et al. (2008). Since the minor axis
FWHMs of the Gaussian Dtting at 1.6 and 4.9 GHz are
comparable to the minimum resolvable size estimated by the
formula provided by S.-S. Lee et al. (2008) and A. P. Lobanov
(2005), the component is considered unresolved and the
minimum resolvable size is used as an upper limit in the
subsequence analysis. Additionally, we adopt a typical 10%
uncertainty, dominated by the VLBA amplitude calibration
based on the antenna system temperatures and gain curves
(e.g., T. An et al. 2012; H.-M. Cao et al. 2017; K. Hada et al.
2018). For the core pux densities, the uncertainties are
estimated by adding 10% errors in quadrature to the formal

Dtting errors. The model-Dt parameters and best-Dt results are
summarized in Table 2.

3.2. Radio Spectral Properties

Based on the estimated pux densities, we plot the radio
spectral energy distribution (SED) of ID830 for both the core
and jet components in Figure 2. The spectra of ID830 are well
described by a power-law function Sν ∝ να, consistent with
the nonthermal radio continuum emission. The core comp-
onent typically shows an optically thick or self-absorbed pat
spectrum with α ≳ −0.5, and the jet component shows an
optically thin steep spectrum with α ≲ − 0.5 (e.g., P. Padovani
et al. 2017; R. Blandford et al. 2019). In this study, the spectral
indices of the core and jet (J1) are measured to be

0.39 0.14core = ± (between all three bands) and
αjet = −0.74 ± 0.13 (between 1.6 and 4.9 GHz), respectively,
indicating that ID830 exhibits a pat-spectrum core and a steep-
spectrum jet. Since the upper limit on the jet pux density at
8.2 GHz does not provide a strong constraint because of the
relatively high rms noise level, the jet spectral index is derived
using only two lower-frequency measurements. Figure 2 also
presents the spectrum derived from the total pux densities,
including both the core and jet (J1) components (red dashed
line). The moderately pat total spectral index of αtotal ≈ −0.40
and the much brighter core emission relative to the jet
emission suggest that the radio emission of ID830 is core-
dominant.
The total (core+jet) radio spectrum shown in Figure 2 is

consistent with the FIRST 1.4 GHz pux density (16.7 mJy;
S. Obuchi et al. 2026), obtained with an angular resolution of
5″ (R. H. Becker et al. 1994; D. J. Helfand et al. 2015), within
a factor of ∼1.1. This suggests that any radio component on
scales larger than the ≈745 pc VLBA-resolved structure does
not contribute substantially to the total 1.4 GHz pux. In other
words, the current data do not require a signiDcantly more
extended, pux-dominant jet component beyond the VLBA-
resolved structure shown in Figure 1. In contrast, the Very
Large Array Sky Survey (VLASS; M. Lacy et al. 2020) 3 GHz
pux density (24.4 mJy; S. Obuchi et al. 2026), obtained with
an angular resolution of 2.5, is brighter than the VLBA radio

Figure 1. The VLBA images of ID830 at 1.6 GHz (left), 4.9 GHz (middle), and 8.2 GHz (right) with natural weighting. The negative and positive contours are
shown as the red dashed and solid white lines, respectively. The contour levels are at −1, 1, 2, 3, 4, 8, ..., 2n times the 3σ rms noise level. The white ellipse in each
panel represents the beam size. The core and jet components (J1–J3) are also labeled in the Dgure.

Table 1
Summary of VLBA Observations

Freq. Bmaj Bmin Bp.a. Speak rms
(GHz) (mas) (mas) (deg) (mJy bm−1) (mJy bm−1)
(1) (2) (3) (4) (5) (6)
1.63 12.2 5.41 −0.01 12.6 0.073
4.88 3.85 1.65 0.47 9.26 0.022
8.17 2.29 0.98 −0.40 5.69 0.035

Note. Columns: (1) central frequencies; (2) major axis FWHM of the
synthesized beam; (3) minor axis FWHM of the synthesized beam;
(4) position angle of the major axis of the synthesized beam; (5) peak pux
density; (6) 1σ rms image noise level.
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SED by a factor of ∼2.1. Given the consistency between the
FIRST and VLBA pux densities, this discrepancy likely
repects intrinsic variability of the core pux, which can strongly
affect the observed radio pux in such core-dominant jets.

3.3. Relativistic Beaming and Jet Properties

The brightness temperature is a key diagnosis of radio
emission, repecting the source intensity and providing
constraints on the relativistic beaming factor. We calculate
the core brightness temperature Tb in the rest-frame following
the equation given by Y. Y. Kovalev et al. (2005):

T
S z

1.22 10
1

K , 1b
12 int,core

maj min
2

( ) [ ] ( )= ¥
+

where Sint,core is the integrated core pux density in Jy, θmaj and
min are the Dtted FWHM of the elliptical Gaussian model in
mas, and ν is the observing frequency in GHz. The estimated
brightness temperatures of ID830 at all frequencies listed in
Table 2 exceed Tb = 1010 K, which is well above the upper
limit expected for radio emission from normal star formation
(Tb ≲ 105 K), and are consistent with nonthermal emission

from AGN jets (Tb≳ 106 K; K. I. Kellermann & I. I. K. Pauliny-
Toth 1969; J. J. Condon 1992; Y. Y. Kovalev et al. 2005). Such
high brightness temperatures have a physical upper limit at
Tb∼ 1012 K due to the inverse Compton catastrophe, and a more
realistic limit is given by the equipartition brightness temper-
ature, Tb,eq ≈ 5 × 1010 K (A. C. S. Readhead 1994). When the
observed brightness temperature exceeds the intrinsic value, the
radio emission can be interpreted as being strongly enhanced by
relativistic beaming, with the Doppler factor δ = Tb/Tb,int.
Although the intrinsic brightness temperature Tb,int is often
assumed as Tb,eq, we conservatively adopt a somewhat smaller
value of Tb,int ≈ 4.1 × 1010 K (D. C. Homan et al. 2021),
measured from the large sample of parsec-scale core bright jets.
The observed core brightness temperatures listed in Table 2 are
well below Tb,int at the highest frequency, and the lower limits at
the other two frequencies are also comparable to Tb,int,
suggesting little or no signiDcant Doppler boosting (δ ∼ 1) in
the radio emission of ID830.9 This is consistent with the
nonblazar nature of ID830 (S. Obuchi et al. 2026), as evidenced
by a steep X-ray photon index (Γ = 2.43) and moderate dust
extinction (AV = 0.39 mag).
We can further constrain the jet speed and viewing angle

using the observed jet morphology and the inferred Doppler
factor. Relativistic beaming affects the jet morphology,
particularly the appearance of the counter jet, because Doppler
boosting enhances the pux of the approaching jet, making the
counter jet appear fainter in comparison. Following G. Ghise-
llini et al. (1993), the ratio of the jet pux to the counter jet pux,
J, can be expressed as

J
1 cos
1 cos

, 2
2

( )= +

where β = v/c is the intrinsic jet speed, f is the jet viewing
angle to the line-of-sight, and α is the jet spectral index. Based
on the 4.9 GHz image, we estimate a lower limit on the jet–
counter jet pux ratio of J ≳ 2.92. Since the counter jet is
undetected in ID830, we measure its counter jet pux in a
region symmetric to the detected jet across the core, adopting a
1σ upper limit. By substituting the lower limit J ≳ 2.92 and the

Table 2
Summary of Model-Dt Parameters and Results

Freq. θmaj min θp.a. Sint,core Sint,jet Tb
(GHz) (mas) (mas) (deg) (mJy) (mJy) (1010 K)
(1) (2) (3) (4) (5) (6) (7)
1.63 3.27 ± 0.25 < 0.58 −23.0 13.42 ± 1.94 0.82 ± 0.08 > 1.44
4.88 1.26 ± 0.06 < 0.12 −27.1 10.23 ± 1.22 0.37 ± 0.04 > 1.60
8.17 1.12 ± 0.09 0.30 ± 0.02 −14.7 6.86 ± 0.98 < 0.40 0.17 ± 0.03

Note. Columns: (1) central frequencies; (2) major axis FWHM of the elliptical Gaussian model; (3) minor axis FWHM of the elliptical Gaussian model; (4) position
angle of the major axis of the elliptical Gaussian model; (5) integrated pux density of the core; (6) integrated pux density of the jet (J1); (7) core brightness
temperature at the rest-frame frequency.

Figure 2. The observed-frame radio SED of ID830. The circles and squares
indicate the pux densities of the core and jet (J1) components at 1.6 GHz
(purple), 4.9 GHz (blue), and 8.2 GHz (green), respectively. The black dotted
lines represent the best-Dt spectral slopes of the core and jet components,
respectively. The red dashed line represents the best-Dt slope of the total
(core+jet) component.

9 Note that the intrinsic brightness temperature may be lower at high rest-
frame frequencies, which could lead to an underestimation of the Doppler
factor (S.-S. Lee 2014); however, our conclusions remain unchanged even in
such a case.
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• Clear one-sided kpc scale jet

• Core dominates over jet

• Not much emission beyond kpc scales

SED by a factor of ∼2.1. Given the consistency between the
FIRST and VLBA pux densities, this discrepancy likely
repects intrinsic variability of the core pux, which can strongly
affect the observed radio pux in such core-dominant jets.

3.3. Relativistic Beaming and Jet Properties

The brightness temperature is a key diagnosis of radio
emission, repecting the source intensity and providing
constraints on the relativistic beaming factor. We calculate
the core brightness temperature Tb in the rest-frame following
the equation given by Y. Y. Kovalev et al. (2005):
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where Sint,core is the integrated core pux density in Jy, θmaj and
min are the Dtted FWHM of the elliptical Gaussian model in
mas, and ν is the observing frequency in GHz. The estimated
brightness temperatures of ID830 at all frequencies listed in
Table 2 exceed Tb = 1010 K, which is well above the upper
limit expected for radio emission from normal star formation
(Tb ≲ 105 K), and are consistent with nonthermal emission

from AGN jets (Tb≳ 106 K; K. I. Kellermann & I. I. K. Pauliny-
Toth 1969; J. J. Condon 1992; Y. Y. Kovalev et al. 2005). Such
high brightness temperatures have a physical upper limit at
Tb∼ 1012 K due to the inverse Compton catastrophe, and a more
realistic limit is given by the equipartition brightness temper-
ature, Tb,eq ≈ 5 × 1010 K (A. C. S. Readhead 1994). When the
observed brightness temperature exceeds the intrinsic value, the
radio emission can be interpreted as being strongly enhanced by
relativistic beaming, with the Doppler factor δ = Tb/Tb,int.
Although the intrinsic brightness temperature Tb,int is often
assumed as Tb,eq, we conservatively adopt a somewhat smaller
value of Tb,int ≈ 4.1 × 1010 K (D. C. Homan et al. 2021),
measured from the large sample of parsec-scale core bright jets.
The observed core brightness temperatures listed in Table 2 are
well below Tb,int at the highest frequency, and the lower limits at
the other two frequencies are also comparable to Tb,int,
suggesting little or no signiDcant Doppler boosting (δ ∼ 1) in
the radio emission of ID830.9 This is consistent with the
nonblazar nature of ID830 (S. Obuchi et al. 2026), as evidenced
by a steep X-ray photon index (Γ = 2.43) and moderate dust
extinction (AV = 0.39 mag).
We can further constrain the jet speed and viewing angle

using the observed jet morphology and the inferred Doppler
factor. Relativistic beaming affects the jet morphology,
particularly the appearance of the counter jet, because Doppler
boosting enhances the pux of the approaching jet, making the
counter jet appear fainter in comparison. Following G. Ghise-
llini et al. (1993), the ratio of the jet pux to the counter jet pux,
J, can be expressed as

J
1 cos
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where β = v/c is the intrinsic jet speed, f is the jet viewing
angle to the line-of-sight, and α is the jet spectral index. Based
on the 4.9 GHz image, we estimate a lower limit on the jet–
counter jet pux ratio of J ≳ 2.92. Since the counter jet is
undetected in ID830, we measure its counter jet pux in a
region symmetric to the detected jet across the core, adopting a
1σ upper limit. By substituting the lower limit J ≳ 2.92 and the

Table 2
Summary of Model-Dt Parameters and Results

Freq. θmaj min θp.a. Sint,core Sint,jet Tb
(GHz) (mas) (mas) (deg) (mJy) (mJy) (1010 K)
(1) (2) (3) (4) (5) (6) (7)
1.63 3.27 ± 0.25 < 0.58 −23.0 13.42 ± 1.94 0.82 ± 0.08 > 1.44
4.88 1.26 ± 0.06 < 0.12 −27.1 10.23 ± 1.22 0.37 ± 0.04 > 1.60
8.17 1.12 ± 0.09 0.30 ± 0.02 −14.7 6.86 ± 0.98 < 0.40 0.17 ± 0.03

Note. Columns: (1) central frequencies; (2) major axis FWHM of the elliptical Gaussian model; (3) minor axis FWHM of the elliptical Gaussian model; (4) position
angle of the major axis of the elliptical Gaussian model; (5) integrated pux density of the core; (6) integrated pux density of the jet (J1); (7) core brightness
temperature at the rest-frame frequency.

Figure 2. The observed-frame radio SED of ID830. The circles and squares
indicate the pux densities of the core and jet (J1) components at 1.6 GHz
(purple), 4.9 GHz (blue), and 8.2 GHz (green), respectively. The black dotted
lines represent the best-Dt spectral slopes of the core and jet components,
respectively. The red dashed line represents the best-Dt slope of the total
(core+jet) component.

9 Note that the intrinsic brightness temperature may be lower at high rest-
frame frequencies, which could lead to an underestimation of the Doppler
factor (S.-S. Lee 2014); however, our conclusions remain unchanged even in
such a case.
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δ =
Tb

Tb,int

Tb : target brightness temperature
Tb,int : intrinsic brightness temperature (Kovalev+05, Homan+21)

J : jet–counter jet flux ratio

J =
Fjet

Fcounter jet
= (1 + β cos ϕ

1 + β cos ϕ )2−α

(Ghisellini+1993)

Our target

J > 2.92 (lower limit)

Our target

Edge-on case / Wind-like outflow case

δ = 1

δ = 10
δ = 5

δ = 3
δ = 2
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• Collimated, relativistic jet

• No significant Doppler boosting

• Jet: ~745 pc, v > 0.19c. 

• Implies103-4 yr super-Eddington phase

jet spectral index α = −0.74 into Equation (2), we obtain the
expected region in the β–f plane, yielding constraints of
f ≲ 79° and β ≳ 0.19, as shown in Figure 3. Figure 3 also
repects the constraints on the Doppler factor, excluding the
region with δ� 2 where Doppler boosting may be signiDcant,
since ID830 has a Doppler factor of δ ∼ 1 (δ < 2). Our results
imply that the outpow is not a simple wind-like component but
a collimated relativistic jet, with a bulk speed of at least 0.1c–
0.2c. At the same time, we argue that ID830 is unlikely to be a
strongly Doppler-boosted blazar, but rather a misaligned AGN
viewed at a relatively large angle, although ID830 shows some
blazar-like properties such as a one-sided jet and a core-
dominated spectrum.

3.4. Most Distant Radio Quasar in Super-Eddington Phase
with Resolved Core–Jet

Figure 4 summarizes the location of ID830 in the plane of
Eddington ratio and z, as well as other radio sources with
resolved parsec-scale core–jet structures observed with VLBI
from the literature. The sample includes various classes of
AGN, such as radio-loud quasars, radio galaxies, and NLS1s.
Blazars are excluded from the sample because their optical/
UV luminosities can be signiDcantly affected by relativistic
beaming and variability, making reliable and accurate
estimates of the Eddington ratio difDcult. As shown in
Figure 4, some nearby NLS1s are reported to exhibit jet
activities associated with high- or super-Eddington accretion
(e.g., A. Doi et al. 2015; K. Hada et al. 2018; X. Yang et al.
2020; A. Wang et al. 2023a, 2023b). In comparison with these
sources, ID830 (red star) is the highest-redshift and currently
the only known super-Eddington high-z radio-loud quasar with
an associated resolved jet. This suggests that super-Eddington
accretion capable of launching jets, similar to radio-luminous
NLS1s, can exist even in the early Universe. Our results also
provide the Drst evidence that such a super-Eddington
accretion phase can produce collimated jets extending over
several hundred parsecs.

Although Figure 4 suggests that jetted NLS1s may be regarded
as low-z analogues of ID830 in terms of their high Eddington
accretion rates, ID830 deviates signiDcantly from this population
in several physical properties. In NLS1s, high accretion rates close
to or even exceeding the Eddington limit are generally associated
with relatively low-mass black holes (∼105–107.5M⊙; e.g.,
H. Zhou et al. 2006; X. Yang et al. 2020), whereas ID830 hosts
a much more massive black hole of MBH = 108.64M⊙, despite its
extreme accretion rate of λEdd,UV = 1.44 and λEdd,X = 12.8
(S. Obuchi et al. 2026). These high-z and high-mass properties
imply that the evolutionary track of ID830, indicating a history of
remarkably rapid black hole growth, is substantially different from
that of nearby NLS1s. ID830 also exhibits the 5 GHz radio
luminosity of L5GHz > 1043.3 erg s−1, which is much brighter than
those of NLS1s (≲1041 erg s−1; e.g., X. Yang et al. 2020;
A. Wang et al. 2023a, 2023b). This suggests that super-Eddington
accretion in ID830 can produce a more powerful radio jet, in
contrast to the relatively weak jets typically observed in NLS1s.
Overall, ID830 may reveal a new class or evolutionary stage that
is not well captured by existing samples of either sub-Eddington
radio-loud quasars and super-Eddington NLS1s.

4. Discussion

Our observation indicates that ID830 hosts the relativistic,
collimated jet extending up to 100–750 pc scale, and it is
associated with the super-Eddington accretion phase. The
well-collimated jet of ID830 extends over ≈745 pc at least at
1.6 GHz band, with the relativistic jet speed of ≳0.19c.
Assuming a jet speed in the range of 0.19c–1c, the jet
launching timescale is estimated to be 103.4–104.1 yr. This
timescale is consistent with the typical episodic lifetime of
quasar (103–105 yr; K. Schawinski et al. 2015; Y. Shen 2021;
J. Ppugradt et al. 2022). If this jet is associated with the current
super-Eddington phase, the jet activity in ID830 does not
originate from a short-lived burst driven by external factors
lasting for only a few years (e.g., TDEs; J. S. Bloom et al.
2011; D. N. Burrows et al. 2011; S. Wu et al. 2018), but with a
sustained super-Eddington accretion phase lasting for at least
103−4 yr. Additionally, such a high radio luminosity of ID830
implies a jet kinetic power of Pjet > 1045.4 erg s−1, which may
be sufDcient for effective AGN feedback in the host galaxy
(B. R. McNamara & P. E. J. Nulsen 2007).10 We note that
further direct evidence of jet–interstellar medium (ISM)
coupling or star formation suppression is required to assess
the impact of AGN feedback.
Magnetohydrodynamic simulations have shown that strong

outpows can be launched in super-Eddington accretion pows
on scales of a few gravitational radii (rg) (e.g., K. Ohsuga
et al. 2009; K. Ohsuga & S. Mineshige 2011; A. Sadowski &
R. Narayan 2015; Y.-F. Jiang et al. 2019). These outpows are
produced with velocities of ∼0.1c–0.4c and are subsequently
collimated by optically thick gas up to scales of ∼100–200rg
(Y.-F. Jiang et al. 2019). However, our observational results
require a collimated, coherent jet or outpow extending to
scales of hundreds of parsecs, or even kiloparsecs. This

Figure 3. Jet viewing angle f versus intrinsic jet speed β. The blue solid curve
shows the lower limit of the β–f relation derived from the constraint J ≳ 2.92,
and the other solid curves (red, orange, green, purple, and black) correspond to
Doppler factors ranging from 1 to 10. The shaded region represents the
allowed parameter space satisfying the constraints on f and β, i.e., J ≳ 2.92
and δ ∼ 1 (δ < 2).

10 The jet kinetic power is estimated using the relation between Pjet
and L1.4GHz (K. W. Cavagnolo et al. 2010): P 1.05 10jet

44= ¥
L 10 W Hz erg s1.4 GHz

24 1 0.75 1( )/ . We note, however, that the Pjet and
L1.4 GHz relation comes with several caveats, including the time evolution of
L1.4 GHz, large scatter in the slopes, and dependence on additional parameters.
Therefore, the discussion above is based on an approximate estimator (see also
Z. Igo et al. 2024).
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Radio-loud NLSy1 

• ID830 unlike low-z radio galaxies: high , not jet dominated

• Maybe comparable to NLS1’s?

λEdd
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Radio-loud NLS1 

Radio-loud NLS1 (z<0.5) 
• MBH ∼ 105–107.5 Msun 

• Lradio ≲ 1041 erg s-1

• ID830 unlike low-z radio galaxies: high , not jet dominated

• ID830 unlike low-z NLS1s: much higher SMBH mass, 5 GHz luminosity

• Need VLBI observations of more high-z, high-Eddington, high X-ray, high radio AGN

λEdd
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Black hole mass measurements of extremely X-ray luminous radio quasars
Background: Searching rapidly growing SMBHs exceeding the Eddington limit is crucial
The supermassive black holes (SMBHs), the engines of the most distant quasars, are crucial for understanding the
formation mechanism of the first generation black hole (BH) seeds (e.g., Inayoshi et al. 2020). Recent discoveries of
z ≈ 7.5 quasars whose SMBH masses of " 109M!, and already poses the challenges to the BH formation, requesting the
Eddington limit accretion which requires the rapid gas rich environment around the central engine at least for 650 Myr.

On the other hand, searching quasars achieving super-Eddington accretion is difficult. The current quasar search
is heavily biased to the optically bright quasars, which show the blue color continuum in the rest-frame UV+optical.
However, the existence of massive SMBHs at z ∼ 7.5 indicates that their younger phase had grown in the environment
surrounded by copious amount of gas. Quasars might be highly obscured for most of the time in such a dusty environ-
ment, making the quasar color redder and resembling the brown dwarf-like SED. Therefore, such high-z “dust-reddened”
quasars are easily dropped by a color-color pre-selection because of its high contamination possibility.

Figure 1: (Left) Unique location of our target of X-ray luminous AGN with LX(0.5 − 2 keV) > 1046 erg s−1. We highlight
the case for ID830. The targets are selected from the eROSITA X-ray and FIRST 1.4 GHz bright AGN, and they are the spec-z
confirmed quasar by SDSS survey (Right). Three showsno Blazar feature, their X-ray spectral photon index is Γ = 1.8–2.2 while
Blazars show shallower value with 〈Γ〉 = 1.4. The radio slope is α = 0.6–0.8 for fν = ν−α, NOT showing the flat feature that is
ubiquitous for blazars.

Table 1: Key physical parameters of our targets
ID Redshift log(MBH/M!) log(L0.5−2keV) log(Lbol)

eFEDS-ID86 3.27746 8.8 46.06 47.92
eFEDS-ID833 3.41291 8.7 46.43 47.26
eFEDS-ID1032 2.71890 8.0 45.64 47.07

Targets: X-ray and radio bright AGN; VLASS detection gives unique super-Eddington quasar candidates
Recently, Ichikawa et al. (2023) discovered several X-ray luminous radio AGN from the combination of eROSITA X-
ray eFEDS survey + VLA/FIRST 1.4 GHz survey. Their absorption corrected X-ray luminosity reaches L0.5−2keV >
1045.5 erg s−1 and their expected bolometric AGN luminosity is Lbol ≈ 1048 erg s−1, one of the most luminous AGN
in the Universe (see Figure 1, left panel). Their luminosity might be boosted by the Blazar beaming, so a team carefully
investigated the Blazar features. Among them, three sources show non-Blazar features, steep X-ray and radio slopes,
indicating their over-all spectra is that of non-beamed, radio-loud AGN. It indicates that X-ray luminosity can be used
as secured AGN luminosity. This discovery gives two important information. One is that Lbol ≈ 1048 erg s−1 already
reaches the Eddington limit of currently known most massive SMBHs of MBH = 1010M!. Thus, if the estimated BH
mass is MBH < 1010M!, their Eddington ratio should be higher than the Eddington limit of λEdd > 1. On the other

1

From Ichikawa et al., 2023

Name RA Dec z S1.4 ↵ log(L0.5�2keV)
· · · [J2000] [J2000] · · · [mJy] · · · · · ·

eFEDS-ID86 09 09 15.90 +03 54 43.5 3.28 134.5 ⇠ �0.41 46.1
eFEDS-ID830 08 42 23.02 +00 10 02.6 3.40 16.0 ⇠ �0.66 46.4
eFEDS-ID1032 08 42 59.89 +00 13 18.4 2.68 65.1 ⇠ �0.06 45.6

Table 1: Properties of the Targets in this Proposal

Proposed Observations: We request 2 hours (1 hour
on-source) each at L, C, and X bands for a total of
6 hours per source. For 1 hour on-source with dual
polarization, 8 channels, 128 MHz, 2 bits, and 4 IFs,
we will achieve 1� sensitivities of 25.67 µJy/beam,
16.48 µJy/beam, and 32.08 µJy/beam for X, C, and
L bands, respectively. The L band fluxes and spectral
indices for the three sources are listed in Table 1.
The lowest previously detected emission is 16.0 mJy
at L-band for source 830. The same source also has
the steepest spectral index of �0.66. This gives an
estimated flux of 4.8 mJy at X band. This means
that the sources are likely to be detected at > 10�
in each band even if the emission is relatively di↵use.
The detailed calculations are given in the Techinical
Justification section of the proposal.

The redshifts for the sources are listed in Table 1.
Taking the furthest source at z = 3.4 gives an angu-
lar scale of ⇠7.5 pc/mas. The VLBA resolutions are
roughly 15 mas (112.5 pc) at L band, 5 mas (37.5 pc)
at C band and 2.5 mas (20 pc) at X-band. The largest
radio jets are of order 10 kpc. However, such large
jets have steep spectra (↵ ⇡ �1) where as the galax-
ies in our sample have spectral indices of 0.057, 0.41,
and 0.66 which indicates that they are unlikely to
be large, lobe dominated jets. The emission is likely
to be of kpc scale or smaller but unlikely to be pc
scale since such small structures are unlikely to be as
bright as our sources. The spacial resolution of our
requested observations span a large range that can
probe scales of order 10 pc to kpc. We can further
use di↵erent weightings of long and short baselines
to stretch the size scales probed (e.g., Alhosani et al.
2022). This means that each source is likely to be de-
tected and resolved at one or more bands and we can
measure the extent, morphology, and contribution to
X-ray energy for the source. The previous spectral
indices were measured with observations spread out
over a decade. We will measure the simultaneous
spectral indices for these sources. If a sources is com-
pact at all scales, it would mean that it is corona
dominated and truly near or super-Eddington. If a
source is not detected at any scale, it would indicate

a large synchrotron jet which is incompatible with
the current known spectral index.
A challenge in these observations is that the sources

(RAs and Decs listed in Table 1) are near the equator
so the uv points will be slower to accrue. To achieve
the best uv-coverage and, consequently, image qual-
ity possible, we request that the sources be observed
for the full 6 hours in a single session, alternating
between L, C, and X at 30 minute intervals. This
means that each frequency will be observed 4 times
over the track. We request weather conditions suit-
able for X-band and when the sources are transiting
through zenith over center of the array.
The sources are not bright enough for self calibra-

tion so we will use phase-referencing. The phase cal-
ibrator for each source in each band is listed in the
Technical Justification section of the proposal. No
extra time will be required to find the calibrators.
We expect to generate 3 x 85.44 MB FITS files.
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Gaussian model using the modelfit task in DIFMAP. The
resulting core pux densities are 13.42 ± 1.94 mJy at 1.6 GHz,
10.23 ± 1.22 mJy at 4.9 GHz, and 6.86 ± 0.98 mJy at
8.2 GHz, respectively. For the jet components, we estimate the
pux densities directly from the CLEAN images using the same
region across the three bands after matching the pixel size and
resolution to those of the 1.6 GHz image, to ensure a consistent
comparison. The region is deDned based on the jet morphology
of the J1 component at 4.9 GHz, which has the highest S/N.
At 8.2 GHz, the jet pux density is reported as a 3σ upper limit,
estimated over the jet region deDned from the lower-frequency
image, because no extended jet emission is detected above the
3σ level. The uncertainties of the model-Dt parameters are
estimated following the widely used method of E. B. Fomalont
(1999) and S.-S. Lee et al. (2008). Since the minor axis
FWHMs of the Gaussian Dtting at 1.6 and 4.9 GHz are
comparable to the minimum resolvable size estimated by the
formula provided by S.-S. Lee et al. (2008) and A. P. Lobanov
(2005), the component is considered unresolved and the
minimum resolvable size is used as an upper limit in the
subsequence analysis. Additionally, we adopt a typical 10%
uncertainty, dominated by the VLBA amplitude calibration
based on the antenna system temperatures and gain curves
(e.g., T. An et al. 2012; H.-M. Cao et al. 2017; K. Hada et al.
2018). For the core pux densities, the uncertainties are
estimated by adding 10% errors in quadrature to the formal

Dtting errors. The model-Dt parameters and best-Dt results are
summarized in Table 2.

3.2. Radio Spectral Properties

Based on the estimated pux densities, we plot the radio
spectral energy distribution (SED) of ID830 for both the core
and jet components in Figure 2. The spectra of ID830 are well
described by a power-law function Sν ∝ να, consistent with
the nonthermal radio continuum emission. The core comp-
onent typically shows an optically thick or self-absorbed pat
spectrum with α ≳ −0.5, and the jet component shows an
optically thin steep spectrum with α ≲ − 0.5 (e.g., P. Padovani
et al. 2017; R. Blandford et al. 2019). In this study, the spectral
indices of the core and jet (J1) are measured to be

0.39 0.14core = ± (between all three bands) and
αjet = −0.74 ± 0.13 (between 1.6 and 4.9 GHz), respectively,
indicating that ID830 exhibits a pat-spectrum core and a steep-
spectrum jet. Since the upper limit on the jet pux density at
8.2 GHz does not provide a strong constraint because of the
relatively high rms noise level, the jet spectral index is derived
using only two lower-frequency measurements. Figure 2 also
presents the spectrum derived from the total pux densities,
including both the core and jet (J1) components (red dashed
line). The moderately pat total spectral index of αtotal ≈ −0.40
and the much brighter core emission relative to the jet
emission suggest that the radio emission of ID830 is core-
dominant.
The total (core+jet) radio spectrum shown in Figure 2 is

consistent with the FIRST 1.4 GHz pux density (16.7 mJy;
S. Obuchi et al. 2026), obtained with an angular resolution of
5″ (R. H. Becker et al. 1994; D. J. Helfand et al. 2015), within
a factor of ∼1.1. This suggests that any radio component on
scales larger than the ≈745 pc VLBA-resolved structure does
not contribute substantially to the total 1.4 GHz pux. In other
words, the current data do not require a signiDcantly more
extended, pux-dominant jet component beyond the VLBA-
resolved structure shown in Figure 1. In contrast, the Very
Large Array Sky Survey (VLASS; M. Lacy et al. 2020) 3 GHz
pux density (24.4 mJy; S. Obuchi et al. 2026), obtained with
an angular resolution of 2.5, is brighter than the VLBA radio

Figure 1. The VLBA images of ID830 at 1.6 GHz (left), 4.9 GHz (middle), and 8.2 GHz (right) with natural weighting. The negative and positive contours are
shown as the red dashed and solid white lines, respectively. The contour levels are at −1, 1, 2, 3, 4, 8, ..., 2n times the 3σ rms noise level. The white ellipse in each
panel represents the beam size. The core and jet components (J1–J3) are also labeled in the Dgure.

Table 1
Summary of VLBA Observations

Freq. Bmaj Bmin Bp.a. Speak rms
(GHz) (mas) (mas) (deg) (mJy bm−1) (mJy bm−1)
(1) (2) (3) (4) (5) (6)
1.63 12.2 5.41 −0.01 12.6 0.073
4.88 3.85 1.65 0.47 9.26 0.022
8.17 2.29 0.98 −0.40 5.69 0.035

Note. Columns: (1) central frequencies; (2) major axis FWHM of the
synthesized beam; (3) minor axis FWHM of the synthesized beam;
(4) position angle of the major axis of the synthesized beam; (5) peak pux
density; (6) 1σ rms image noise level.
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SED by a factor of ∼2.1. Given the consistency between the
FIRST and VLBA pux densities, this discrepancy likely
repects intrinsic variability of the core pux, which can strongly
affect the observed radio pux in such core-dominant jets.

3.3. Relativistic Beaming and Jet Properties

The brightness temperature is a key diagnosis of radio
emission, repecting the source intensity and providing
constraints on the relativistic beaming factor. We calculate
the core brightness temperature Tb in the rest-frame following
the equation given by Y. Y. Kovalev et al. (2005):

T
S z

1.22 10
1

K , 1b
12 int,core

maj min
2

( ) [ ] ( )= ¥
+

where Sint,core is the integrated core pux density in Jy, θmaj and
min are the Dtted FWHM of the elliptical Gaussian model in
mas, and ν is the observing frequency in GHz. The estimated
brightness temperatures of ID830 at all frequencies listed in
Table 2 exceed Tb = 1010 K, which is well above the upper
limit expected for radio emission from normal star formation
(Tb ≲ 105 K), and are consistent with nonthermal emission

from AGN jets (Tb≳ 106 K; K. I. Kellermann & I. I. K. Pauliny-
Toth 1969; J. J. Condon 1992; Y. Y. Kovalev et al. 2005). Such
high brightness temperatures have a physical upper limit at
Tb∼ 1012 K due to the inverse Compton catastrophe, and a more
realistic limit is given by the equipartition brightness temper-
ature, Tb,eq ≈ 5 × 1010 K (A. C. S. Readhead 1994). When the
observed brightness temperature exceeds the intrinsic value, the
radio emission can be interpreted as being strongly enhanced by
relativistic beaming, with the Doppler factor δ = Tb/Tb,int.
Although the intrinsic brightness temperature Tb,int is often
assumed as Tb,eq, we conservatively adopt a somewhat smaller
value of Tb,int ≈ 4.1 × 1010 K (D. C. Homan et al. 2021),
measured from the large sample of parsec-scale core bright jets.
The observed core brightness temperatures listed in Table 2 are
well below Tb,int at the highest frequency, and the lower limits at
the other two frequencies are also comparable to Tb,int,
suggesting little or no signiDcant Doppler boosting (δ ∼ 1) in
the radio emission of ID830.9 This is consistent with the
nonblazar nature of ID830 (S. Obuchi et al. 2026), as evidenced
by a steep X-ray photon index (Γ = 2.43) and moderate dust
extinction (AV = 0.39 mag).
We can further constrain the jet speed and viewing angle

using the observed jet morphology and the inferred Doppler
factor. Relativistic beaming affects the jet morphology,
particularly the appearance of the counter jet, because Doppler
boosting enhances the pux of the approaching jet, making the
counter jet appear fainter in comparison. Following G. Ghise-
llini et al. (1993), the ratio of the jet pux to the counter jet pux,
J, can be expressed as

J
1 cos
1 cos

, 2
2

( )= +

where β = v/c is the intrinsic jet speed, f is the jet viewing
angle to the line-of-sight, and α is the jet spectral index. Based
on the 4.9 GHz image, we estimate a lower limit on the jet–
counter jet pux ratio of J ≳ 2.92. Since the counter jet is
undetected in ID830, we measure its counter jet pux in a
region symmetric to the detected jet across the core, adopting a
1σ upper limit. By substituting the lower limit J ≳ 2.92 and the

Table 2
Summary of Model-Dt Parameters and Results

Freq. θmaj min θp.a. Sint,core Sint,jet Tb
(GHz) (mas) (mas) (deg) (mJy) (mJy) (1010 K)
(1) (2) (3) (4) (5) (6) (7)
1.63 3.27 ± 0.25 < 0.58 −23.0 13.42 ± 1.94 0.82 ± 0.08 > 1.44
4.88 1.26 ± 0.06 < 0.12 −27.1 10.23 ± 1.22 0.37 ± 0.04 > 1.60
8.17 1.12 ± 0.09 0.30 ± 0.02 −14.7 6.86 ± 0.98 < 0.40 0.17 ± 0.03

Note. Columns: (1) central frequencies; (2) major axis FWHM of the elliptical Gaussian model; (3) minor axis FWHM of the elliptical Gaussian model; (4) position
angle of the major axis of the elliptical Gaussian model; (5) integrated pux density of the core; (6) integrated pux density of the jet (J1); (7) core brightness
temperature at the rest-frame frequency.

Figure 2. The observed-frame radio SED of ID830. The circles and squares
indicate the pux densities of the core and jet (J1) components at 1.6 GHz
(purple), 4.9 GHz (blue), and 8.2 GHz (green), respectively. The black dotted
lines represent the best-Dt spectral slopes of the core and jet components,
respectively. The red dashed line represents the best-Dt slope of the total
(core+jet) component.

9 Note that the intrinsic brightness temperature may be lower at high rest-
frame frequencies, which could lead to an underestimation of the Doppler
factor (S.-S. Lee 2014); however, our conclusions remain unchanged even in
such a case.
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jet spectral index α = −0.74 into Equation (2), we obtain the
expected region in the β–f plane, yielding constraints of
f ≲ 79° and β ≳ 0.19, as shown in Figure 3. Figure 3 also
repects the constraints on the Doppler factor, excluding the
region with δ� 2 where Doppler boosting may be signiDcant,
since ID830 has a Doppler factor of δ ∼ 1 (δ < 2). Our results
imply that the outpow is not a simple wind-like component but
a collimated relativistic jet, with a bulk speed of at least 0.1c–
0.2c. At the same time, we argue that ID830 is unlikely to be a
strongly Doppler-boosted blazar, but rather a misaligned AGN
viewed at a relatively large angle, although ID830 shows some
blazar-like properties such as a one-sided jet and a core-
dominated spectrum.

3.4. Most Distant Radio Quasar in Super-Eddington Phase
with Resolved Core–Jet

Figure 4 summarizes the location of ID830 in the plane of
Eddington ratio and z, as well as other radio sources with
resolved parsec-scale core–jet structures observed with VLBI
from the literature. The sample includes various classes of
AGN, such as radio-loud quasars, radio galaxies, and NLS1s.
Blazars are excluded from the sample because their optical/
UV luminosities can be signiDcantly affected by relativistic
beaming and variability, making reliable and accurate
estimates of the Eddington ratio difDcult. As shown in
Figure 4, some nearby NLS1s are reported to exhibit jet
activities associated with high- or super-Eddington accretion
(e.g., A. Doi et al. 2015; K. Hada et al. 2018; X. Yang et al.
2020; A. Wang et al. 2023a, 2023b). In comparison with these
sources, ID830 (red star) is the highest-redshift and currently
the only known super-Eddington high-z radio-loud quasar with
an associated resolved jet. This suggests that super-Eddington
accretion capable of launching jets, similar to radio-luminous
NLS1s, can exist even in the early Universe. Our results also
provide the Drst evidence that such a super-Eddington
accretion phase can produce collimated jets extending over
several hundred parsecs.

Although Figure 4 suggests that jetted NLS1s may be regarded
as low-z analogues of ID830 in terms of their high Eddington
accretion rates, ID830 deviates signiDcantly from this population
in several physical properties. In NLS1s, high accretion rates close
to or even exceeding the Eddington limit are generally associated
with relatively low-mass black holes (∼105–107.5M⊙; e.g.,
H. Zhou et al. 2006; X. Yang et al. 2020), whereas ID830 hosts
a much more massive black hole of MBH = 108.64M⊙, despite its
extreme accretion rate of λEdd,UV = 1.44 and λEdd,X = 12.8
(S. Obuchi et al. 2026). These high-z and high-mass properties
imply that the evolutionary track of ID830, indicating a history of
remarkably rapid black hole growth, is substantially different from
that of nearby NLS1s. ID830 also exhibits the 5 GHz radio
luminosity of L5GHz > 1043.3 erg s−1, which is much brighter than
those of NLS1s (≲1041 erg s−1; e.g., X. Yang et al. 2020;
A. Wang et al. 2023a, 2023b). This suggests that super-Eddington
accretion in ID830 can produce a more powerful radio jet, in
contrast to the relatively weak jets typically observed in NLS1s.
Overall, ID830 may reveal a new class or evolutionary stage that
is not well captured by existing samples of either sub-Eddington
radio-loud quasars and super-Eddington NLS1s.

4. Discussion

Our observation indicates that ID830 hosts the relativistic,
collimated jet extending up to 100–750 pc scale, and it is
associated with the super-Eddington accretion phase. The
well-collimated jet of ID830 extends over ≈745 pc at least at
1.6 GHz band, with the relativistic jet speed of ≳0.19c.
Assuming a jet speed in the range of 0.19c–1c, the jet
launching timescale is estimated to be 103.4–104.1 yr. This
timescale is consistent with the typical episodic lifetime of
quasar (103–105 yr; K. Schawinski et al. 2015; Y. Shen 2021;
J. Ppugradt et al. 2022). If this jet is associated with the current
super-Eddington phase, the jet activity in ID830 does not
originate from a short-lived burst driven by external factors
lasting for only a few years (e.g., TDEs; J. S. Bloom et al.
2011; D. N. Burrows et al. 2011; S. Wu et al. 2018), but with a
sustained super-Eddington accretion phase lasting for at least
103−4 yr. Additionally, such a high radio luminosity of ID830
implies a jet kinetic power of Pjet > 1045.4 erg s−1, which may
be sufDcient for effective AGN feedback in the host galaxy
(B. R. McNamara & P. E. J. Nulsen 2007).10 We note that
further direct evidence of jet–interstellar medium (ISM)
coupling or star formation suppression is required to assess
the impact of AGN feedback.
Magnetohydrodynamic simulations have shown that strong

outpows can be launched in super-Eddington accretion pows
on scales of a few gravitational radii (rg) (e.g., K. Ohsuga
et al. 2009; K. Ohsuga & S. Mineshige 2011; A. Sadowski &
R. Narayan 2015; Y.-F. Jiang et al. 2019). These outpows are
produced with velocities of ∼0.1c–0.4c and are subsequently
collimated by optically thick gas up to scales of ∼100–200rg
(Y.-F. Jiang et al. 2019). However, our observational results
require a collimated, coherent jet or outpow extending to
scales of hundreds of parsecs, or even kiloparsecs. This

Figure 3. Jet viewing angle f versus intrinsic jet speed β. The blue solid curve
shows the lower limit of the β–f relation derived from the constraint J ≳ 2.92,
and the other solid curves (red, orange, green, purple, and black) correspond to
Doppler factors ranging from 1 to 10. The shaded region represents the
allowed parameter space satisfying the constraints on f and β, i.e., J ≳ 2.92
and δ ∼ 1 (δ < 2).

10 The jet kinetic power is estimated using the relation between Pjet
and L1.4GHz (K. W. Cavagnolo et al. 2010): P 1.05 10jet

44= ¥
L 10 W Hz erg s1.4 GHz

24 1 0.75 1( )/ . We note, however, that the Pjet and
L1.4 GHz relation comes with several caveats, including the time evolution of
L1.4 GHz, large scatter in the slopes, and dependence on additional parameters.
Therefore, the discussion above is based on an approximate estimator (see also
Z. Igo et al. 2024).
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Gaussian model using the modelfit task in DIFMAP. The
resulting core pux densities are 13.42 ± 1.94 mJy at 1.6 GHz,
10.23 ± 1.22 mJy at 4.9 GHz, and 6.86 ± 0.98 mJy at
8.2 GHz, respectively. For the jet components, we estimate the
pux densities directly from the CLEAN images using the same
region across the three bands after matching the pixel size and
resolution to those of the 1.6 GHz image, to ensure a consistent
comparison. The region is deDned based on the jet morphology
of the J1 component at 4.9 GHz, which has the highest S/N.
At 8.2 GHz, the jet pux density is reported as a 3σ upper limit,
estimated over the jet region deDned from the lower-frequency
image, because no extended jet emission is detected above the
3σ level. The uncertainties of the model-Dt parameters are
estimated following the widely used method of E. B. Fomalont
(1999) and S.-S. Lee et al. (2008). Since the minor axis
FWHMs of the Gaussian Dtting at 1.6 and 4.9 GHz are
comparable to the minimum resolvable size estimated by the
formula provided by S.-S. Lee et al. (2008) and A. P. Lobanov
(2005), the component is considered unresolved and the
minimum resolvable size is used as an upper limit in the
subsequence analysis. Additionally, we adopt a typical 10%
uncertainty, dominated by the VLBA amplitude calibration
based on the antenna system temperatures and gain curves
(e.g., T. An et al. 2012; H.-M. Cao et al. 2017; K. Hada et al.
2018). For the core pux densities, the uncertainties are
estimated by adding 10% errors in quadrature to the formal

Dtting errors. The model-Dt parameters and best-Dt results are
summarized in Table 2.

3.2. Radio Spectral Properties

Based on the estimated pux densities, we plot the radio
spectral energy distribution (SED) of ID830 for both the core
and jet components in Figure 2. The spectra of ID830 are well
described by a power-law function Sν ∝ να, consistent with
the nonthermal radio continuum emission. The core comp-
onent typically shows an optically thick or self-absorbed pat
spectrum with α ≳ −0.5, and the jet component shows an
optically thin steep spectrum with α ≲ − 0.5 (e.g., P. Padovani
et al. 2017; R. Blandford et al. 2019). In this study, the spectral
indices of the core and jet (J1) are measured to be

0.39 0.14core = ± (between all three bands) and
αjet = −0.74 ± 0.13 (between 1.6 and 4.9 GHz), respectively,
indicating that ID830 exhibits a pat-spectrum core and a steep-
spectrum jet. Since the upper limit on the jet pux density at
8.2 GHz does not provide a strong constraint because of the
relatively high rms noise level, the jet spectral index is derived
using only two lower-frequency measurements. Figure 2 also
presents the spectrum derived from the total pux densities,
including both the core and jet (J1) components (red dashed
line). The moderately pat total spectral index of αtotal ≈ −0.40
and the much brighter core emission relative to the jet
emission suggest that the radio emission of ID830 is core-
dominant.
The total (core+jet) radio spectrum shown in Figure 2 is

consistent with the FIRST 1.4 GHz pux density (16.7 mJy;
S. Obuchi et al. 2026), obtained with an angular resolution of
5″ (R. H. Becker et al. 1994; D. J. Helfand et al. 2015), within
a factor of ∼1.1. This suggests that any radio component on
scales larger than the ≈745 pc VLBA-resolved structure does
not contribute substantially to the total 1.4 GHz pux. In other
words, the current data do not require a signiDcantly more
extended, pux-dominant jet component beyond the VLBA-
resolved structure shown in Figure 1. In contrast, the Very
Large Array Sky Survey (VLASS; M. Lacy et al. 2020) 3 GHz
pux density (24.4 mJy; S. Obuchi et al. 2026), obtained with
an angular resolution of 2.5, is brighter than the VLBA radio

Figure 1. The VLBA images of ID830 at 1.6 GHz (left), 4.9 GHz (middle), and 8.2 GHz (right) with natural weighting. The negative and positive contours are
shown as the red dashed and solid white lines, respectively. The contour levels are at −1, 1, 2, 3, 4, 8, ..., 2n times the 3σ rms noise level. The white ellipse in each
panel represents the beam size. The core and jet components (J1–J3) are also labeled in the Dgure.

Table 1
Summary of VLBA Observations

Freq. Bmaj Bmin Bp.a. Speak rms
(GHz) (mas) (mas) (deg) (mJy bm−1) (mJy bm−1)
(1) (2) (3) (4) (5) (6)
1.63 12.2 5.41 −0.01 12.6 0.073
4.88 3.85 1.65 0.47 9.26 0.022
8.17 2.29 0.98 −0.40 5.69 0.035

Note. Columns: (1) central frequencies; (2) major axis FWHM of the
synthesized beam; (3) minor axis FWHM of the synthesized beam;
(4) position angle of the major axis of the synthesized beam; (5) peak pux
density; (6) 1σ rms image noise level.
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SED by a factor of ∼2.1. Given the consistency between the
FIRST and VLBA pux densities, this discrepancy likely
repects intrinsic variability of the core pux, which can strongly
affect the observed radio pux in such core-dominant jets.

3.3. Relativistic Beaming and Jet Properties

The brightness temperature is a key diagnosis of radio
emission, repecting the source intensity and providing
constraints on the relativistic beaming factor. We calculate
the core brightness temperature Tb in the rest-frame following
the equation given by Y. Y. Kovalev et al. (2005):
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where Sint,core is the integrated core pux density in Jy, θmaj and
min are the Dtted FWHM of the elliptical Gaussian model in
mas, and ν is the observing frequency in GHz. The estimated
brightness temperatures of ID830 at all frequencies listed in
Table 2 exceed Tb = 1010 K, which is well above the upper
limit expected for radio emission from normal star formation
(Tb ≲ 105 K), and are consistent with nonthermal emission

from AGN jets (Tb≳ 106 K; K. I. Kellermann & I. I. K. Pauliny-
Toth 1969; J. J. Condon 1992; Y. Y. Kovalev et al. 2005). Such
high brightness temperatures have a physical upper limit at
Tb∼ 1012 K due to the inverse Compton catastrophe, and a more
realistic limit is given by the equipartition brightness temper-
ature, Tb,eq ≈ 5 × 1010 K (A. C. S. Readhead 1994). When the
observed brightness temperature exceeds the intrinsic value, the
radio emission can be interpreted as being strongly enhanced by
relativistic beaming, with the Doppler factor δ = Tb/Tb,int.
Although the intrinsic brightness temperature Tb,int is often
assumed as Tb,eq, we conservatively adopt a somewhat smaller
value of Tb,int ≈ 4.1 × 1010 K (D. C. Homan et al. 2021),
measured from the large sample of parsec-scale core bright jets.
The observed core brightness temperatures listed in Table 2 are
well below Tb,int at the highest frequency, and the lower limits at
the other two frequencies are also comparable to Tb,int,
suggesting little or no signiDcant Doppler boosting (δ ∼ 1) in
the radio emission of ID830.9 This is consistent with the
nonblazar nature of ID830 (S. Obuchi et al. 2026), as evidenced
by a steep X-ray photon index (Γ = 2.43) and moderate dust
extinction (AV = 0.39 mag).
We can further constrain the jet speed and viewing angle

using the observed jet morphology and the inferred Doppler
factor. Relativistic beaming affects the jet morphology,
particularly the appearance of the counter jet, because Doppler
boosting enhances the pux of the approaching jet, making the
counter jet appear fainter in comparison. Following G. Ghise-
llini et al. (1993), the ratio of the jet pux to the counter jet pux,
J, can be expressed as

J
1 cos
1 cos

, 2
2
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where β = v/c is the intrinsic jet speed, f is the jet viewing
angle to the line-of-sight, and α is the jet spectral index. Based
on the 4.9 GHz image, we estimate a lower limit on the jet–
counter jet pux ratio of J ≳ 2.92. Since the counter jet is
undetected in ID830, we measure its counter jet pux in a
region symmetric to the detected jet across the core, adopting a
1σ upper limit. By substituting the lower limit J ≳ 2.92 and the

Table 2
Summary of Model-Dt Parameters and Results

Freq. θmaj min θp.a. Sint,core Sint,jet Tb
(GHz) (mas) (mas) (deg) (mJy) (mJy) (1010 K)
(1) (2) (3) (4) (5) (6) (7)
1.63 3.27 ± 0.25 < 0.58 −23.0 13.42 ± 1.94 0.82 ± 0.08 > 1.44
4.88 1.26 ± 0.06 < 0.12 −27.1 10.23 ± 1.22 0.37 ± 0.04 > 1.60
8.17 1.12 ± 0.09 0.30 ± 0.02 −14.7 6.86 ± 0.98 < 0.40 0.17 ± 0.03

Note. Columns: (1) central frequencies; (2) major axis FWHM of the elliptical Gaussian model; (3) minor axis FWHM of the elliptical Gaussian model; (4) position
angle of the major axis of the elliptical Gaussian model; (5) integrated pux density of the core; (6) integrated pux density of the jet (J1); (7) core brightness
temperature at the rest-frame frequency.

Figure 2. The observed-frame radio SED of ID830. The circles and squares
indicate the pux densities of the core and jet (J1) components at 1.6 GHz
(purple), 4.9 GHz (blue), and 8.2 GHz (green), respectively. The black dotted
lines represent the best-Dt spectral slopes of the core and jet components,
respectively. The red dashed line represents the best-Dt slope of the total
(core+jet) component.

9 Note that the intrinsic brightness temperature may be lower at high rest-
frame frequencies, which could lead to an underestimation of the Doppler
factor (S.-S. Lee 2014); however, our conclusions remain unchanged even in
such a case.
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jet spectral index α = −0.74 into Equation (2), we obtain the
expected region in the β–f plane, yielding constraints of
f ≲ 79° and β ≳ 0.19, as shown in Figure 3. Figure 3 also
repects the constraints on the Doppler factor, excluding the
region with δ� 2 where Doppler boosting may be signiDcant,
since ID830 has a Doppler factor of δ ∼ 1 (δ < 2). Our results
imply that the outpow is not a simple wind-like component but
a collimated relativistic jet, with a bulk speed of at least 0.1c–
0.2c. At the same time, we argue that ID830 is unlikely to be a
strongly Doppler-boosted blazar, but rather a misaligned AGN
viewed at a relatively large angle, although ID830 shows some
blazar-like properties such as a one-sided jet and a core-
dominated spectrum.

3.4. Most Distant Radio Quasar in Super-Eddington Phase
with Resolved Core–Jet

Figure 4 summarizes the location of ID830 in the plane of
Eddington ratio and z, as well as other radio sources with
resolved parsec-scale core–jet structures observed with VLBI
from the literature. The sample includes various classes of
AGN, such as radio-loud quasars, radio galaxies, and NLS1s.
Blazars are excluded from the sample because their optical/
UV luminosities can be signiDcantly affected by relativistic
beaming and variability, making reliable and accurate
estimates of the Eddington ratio difDcult. As shown in
Figure 4, some nearby NLS1s are reported to exhibit jet
activities associated with high- or super-Eddington accretion
(e.g., A. Doi et al. 2015; K. Hada et al. 2018; X. Yang et al.
2020; A. Wang et al. 2023a, 2023b). In comparison with these
sources, ID830 (red star) is the highest-redshift and currently
the only known super-Eddington high-z radio-loud quasar with
an associated resolved jet. This suggests that super-Eddington
accretion capable of launching jets, similar to radio-luminous
NLS1s, can exist even in the early Universe. Our results also
provide the Drst evidence that such a super-Eddington
accretion phase can produce collimated jets extending over
several hundred parsecs.

Although Figure 4 suggests that jetted NLS1s may be regarded
as low-z analogues of ID830 in terms of their high Eddington
accretion rates, ID830 deviates signiDcantly from this population
in several physical properties. In NLS1s, high accretion rates close
to or even exceeding the Eddington limit are generally associated
with relatively low-mass black holes (∼105–107.5M⊙; e.g.,
H. Zhou et al. 2006; X. Yang et al. 2020), whereas ID830 hosts
a much more massive black hole of MBH = 108.64M⊙, despite its
extreme accretion rate of λEdd,UV = 1.44 and λEdd,X = 12.8
(S. Obuchi et al. 2026). These high-z and high-mass properties
imply that the evolutionary track of ID830, indicating a history of
remarkably rapid black hole growth, is substantially different from
that of nearby NLS1s. ID830 also exhibits the 5 GHz radio
luminosity of L5GHz > 1043.3 erg s−1, which is much brighter than
those of NLS1s (≲1041 erg s−1; e.g., X. Yang et al. 2020;
A. Wang et al. 2023a, 2023b). This suggests that super-Eddington
accretion in ID830 can produce a more powerful radio jet, in
contrast to the relatively weak jets typically observed in NLS1s.
Overall, ID830 may reveal a new class or evolutionary stage that
is not well captured by existing samples of either sub-Eddington
radio-loud quasars and super-Eddington NLS1s.

4. Discussion

Our observation indicates that ID830 hosts the relativistic,
collimated jet extending up to 100–750 pc scale, and it is
associated with the super-Eddington accretion phase. The
well-collimated jet of ID830 extends over ≈745 pc at least at
1.6 GHz band, with the relativistic jet speed of ≳0.19c.
Assuming a jet speed in the range of 0.19c–1c, the jet
launching timescale is estimated to be 103.4–104.1 yr. This
timescale is consistent with the typical episodic lifetime of
quasar (103–105 yr; K. Schawinski et al. 2015; Y. Shen 2021;
J. Ppugradt et al. 2022). If this jet is associated with the current
super-Eddington phase, the jet activity in ID830 does not
originate from a short-lived burst driven by external factors
lasting for only a few years (e.g., TDEs; J. S. Bloom et al.
2011; D. N. Burrows et al. 2011; S. Wu et al. 2018), but with a
sustained super-Eddington accretion phase lasting for at least
103−4 yr. Additionally, such a high radio luminosity of ID830
implies a jet kinetic power of Pjet > 1045.4 erg s−1, which may
be sufDcient for effective AGN feedback in the host galaxy
(B. R. McNamara & P. E. J. Nulsen 2007).10 We note that
further direct evidence of jet–interstellar medium (ISM)
coupling or star formation suppression is required to assess
the impact of AGN feedback.
Magnetohydrodynamic simulations have shown that strong

outpows can be launched in super-Eddington accretion pows
on scales of a few gravitational radii (rg) (e.g., K. Ohsuga
et al. 2009; K. Ohsuga & S. Mineshige 2011; A. Sadowski &
R. Narayan 2015; Y.-F. Jiang et al. 2019). These outpows are
produced with velocities of ∼0.1c–0.4c and are subsequently
collimated by optically thick gas up to scales of ∼100–200rg
(Y.-F. Jiang et al. 2019). However, our observational results
require a collimated, coherent jet or outpow extending to
scales of hundreds of parsecs, or even kiloparsecs. This

Figure 3. Jet viewing angle f versus intrinsic jet speed β. The blue solid curve
shows the lower limit of the β–f relation derived from the constraint J ≳ 2.92,
and the other solid curves (red, orange, green, purple, and black) correspond to
Doppler factors ranging from 1 to 10. The shaded region represents the
allowed parameter space satisfying the constraints on f and β, i.e., J ≳ 2.92
and δ ∼ 1 (δ < 2).

10 The jet kinetic power is estimated using the relation between Pjet
and L1.4GHz (K. W. Cavagnolo et al. 2010): P 1.05 10jet

44= ¥
L 10 W Hz erg s1.4 GHz

24 1 0.75 1( )/ . We note, however, that the Pjet and
L1.4 GHz relation comes with several caveats, including the time evolution of
L1.4 GHz, large scatter in the slopes, and dependence on additional parameters.
Therefore, the discussion above is based on an approximate estimator (see also
Z. Igo et al. 2024).
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Thank you!


