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ABSTRACT

We present three outliers on the quasar main sequence at z > 6, as revealed by JWST/NIRSpec IFU

observations from theAether survey, a program targeting ∼200 quasars at cosmic dawn. The quasars,

J0216−5226, J0320−3521, and J1429+5447, exhibit exceptionally strong Fe II emission and weak Hβ

and [O III] lines, indicating rapid chemical enrichment within the first Gyr of cosmic history. Their Fe II

strengths (RFe II,λ4570 ≡ EWFe II/EWHβ) range between ∼ 2.5−3.6, placing them among the top ∼ 3%

of SDSS quasars at (0 ≲ z ≲ 1). The Hα emission lines of J0216−5226 and J1429+5447 imply black

hole masses of ∼ 1−7×109 M⊙ with λEdd ∼ 0.1−0.6, comparable to typical high-z quasars, although

virial black hole masses may be systematically overestimated in strong Fe II emitters. In contrast,

J0320−3521 hosts a lower mass black hole of ∼ 0.2− 2× 109 M⊙, suggesting possible super-Eddington

rate accretion with λEdd ∼ 0.5−6.0. The IFU data of J0320−3521 reveal a distinct emission-line region

at a projected distance of ∼ 1.5 kpc, consistent with either an interacting companion or ionized gas

associated to the quasar. We further identify a complex environment around J1429+5447, including

two candidate companion galaxies or extended ionized gas structures. These quasars with bright

emission-line regions, J0320−3521 and J1429+5447, are radio-loud sources, while J0216−5226 remains

undetected in radio (R5GHz, 3σ ≲ 4). Together, these results confirm previous findings that highly

enriched, rapidly growing black holes were already in place at cosmic dawn. Despite the small sample

size, our results further highlight the diversity in environment and radio-jet properties among quasars

that otherwise share the same extreme region of the quasar fundamental plane.
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1. INTRODUCTION

Quasars are supermassive black holes (SMBHs) under-

going rapid accretion at the centers of massive galax-

ies. Due to variations in their physical conditions,

they exhibit a wide diversity of observational proper-

ties across the electromagnetic spectrum (see reviews

by R. Antonucci 1993; C. M. Urry & P. Padovani 1995;

P. Padovani et al. 2017; K. Inayoshi et al. 2020). Pre-

vious studies have found well-defined trends that unify

the diversity of quasars onto a quasar main sequence.

One important trend, known as “Eigenvector 1” (or

EV1), shows an anti-correlation between the strength

of broad Fe II emission and the average [O III]λ5007
strength (equivalent width, EW), and full-width-at-half-

maximum (FHWM) of Hβ (T. A. Boroson & R. F. Green

1992). The primary driver of this relation is thought

to be the level of accretion of matter onto the BH, i.e.

the Eddington ratio, with higher Eddington ratios as-

sociated with weaker [O III]λ5007 emission and stronger

Fe II emission (e.g., T. A. Boroson & R. F. Green 1992;

J. W. Sulentic et al. 2000b; P. Marziani et al. 2001; X.-B.

Dong et al. 2011; Y. Shen & L. C. Ho 2014). In addi-

tion, other factors, such as quasar orientation, have been

proposed to influence the observed gas kinematics and

emission line widths (e.g., P. Marziani et al. 2001; G.

Risaliti et al. 2011; Y. Shen & L. C. Ho 2014; S. Bisogni

et al. 2017; G. Vietri et al. 2018). The quasar main

sequence is therefore an empirical trend where quasars,

when placed on a plot of Hβ line width versus Fe II

strength (RFe II,λ4570 ≡ EWFe II/EWHβ), fall along a

continuous, roughly triangular sequence rather than be-

ing randomly scattered.

The relative Fe II strength has been proposed as a

proxy for broad-line region (BLR) metallicity (H. Netzer

& B. Trakhtenbrot 2007), with photoionization models

showing that RFe II increases with metallicity, although

the response is sub-linear and degenerate with gas den-

sity and microturbulence (e.g., E. Verner et al. 2003;

S. Panda et al. 2018). In the rest-frame UV, the line

ratio of Fe IIλ2200−3090 and Mg IIλ2800 can be used to

study the chemical enrichment of the BLR, since there

is an evolutionary time delay between the formation of

Mg II by core-collapse supernovae and Fe II from type

Ia supernovae within the galaxy. Even up to the highest

redshift there has been no evidence for the evolution of

Fe II/Mg II ratio (e.g., G. De Rosa et al. 2011, 2014; C.

Mazzucchelli et al. 2017; J.-T. Schindler et al. 2020; J.

Yang et al. 2021; S. Lai et al. 2022), which suggests that

BLR are already chemically enriched within the first few

hundred million years of star formation.

Within the quasar main sequence framework,

quasars are traditionally divided into Population A

(FWHMHβ ≤ 4000 km s−1) and B (FWHMHβ > 4000

km s−1), roughly separating high- and low-accretors, re-

spectively (J. W. Sulentic et al. 2000b,a). The strongest

RFe II emitters (RFe II > 1) are classified as extreme

Population A (called “xA”), and are characterized by

high metallicity and high accretion rates (e.g. C. A. Ne-

grete et al. 2012; P. Marziani & J. W. Sulentic 2014; S.

Panda et al. 2019). The four dimensional (4D) Eigen-

vector 1 framework adds two more independent diagnos-

tics including the centroid shift of the high ionization

C IVλ1549 line and the soft X-ray photon index (Γsoft;

e.g., J. W. Sulentic et al. 2000b,a; P. Marziani et al.

2001).

Luminous quasars can have a dramatic impact on their

surrounding gas through winds, outflows, heating, and

jets. Their high-ionization emission lines often exhibit

systematic blueshifts of up to several thousands of km

s−1, providing strong evidence for powerful ionized out-

flows (e.g., G. T. Richards et al. 2002; W. Liu et al.

2026). The powerful release of energy from the quasar

can also induce outflows at kpc scales, which can influ-

ence the star formation activity in the host galaxy via

active galactic nuclei (AGN) feedback, while also con-

tributing to the self-regulation of SMBH accretion (e.g.,

T. Di Matteo et al. 2005; P. F. Hopkins et al. 2016; P.

Barai et al. 2018). About ∼ 10 − 15% of the quasars

furthermore launch powerful radio jets (e.g., R. Bland-

ford et al. 2019), which does not seem to evolve signif-

icantly up to z ∼ 6 (e.g., E. Bañados et al. 2015; Y.

Liu et al. 2021; A. J. Gloudemans et al. 2021; A. Diana

et al. 2022; P. M. Keller et al. 2024). Generally, quasars

are classified as radio-loud if R = F5GHz/F4400Å > 10 in

rest-frame (K. I. Kellermann et al. 1989). These quasar

jets interact with the interstellar medium (ISM) and can

both suppress and trigger star formation in their galax-

ies by heating the circumgalactic gas and compressing

dense clouds, thereby directly influencing the growth

rate of the galaxy (e.g., J. Silk & M. J. Rees 1998; R. G.

Bower et al. 2006; G. Cresci et al. 2015; M. Bischetti

et al. 2024; F. Walter et al. 2025). Within Population

B, the fraction of radio-loud quasars has been found to

be higher than in Population A at low-z (J. W. Sulentic

et al. 2003; S. Zamfir et al. 2008), which has been at-

tributed to orientation effects of the BLR and jet (influ-

http://astrothesaurus.org/uat/1319
http://astrothesaurus.org/uat/1349
http://astrothesaurus.org/uat/734
http://astrothesaurus.org/uat/2029
http://astrothesaurus.org/uat/2029
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encing the observed FWHMHβ and radio emission) and

potentially the absence of highly-accreting, very mas-

sive black holes (see e.g., D. Fraix-Burnet et al. 2017; V.

Ganci et al. 2019; P. Marziani et al. 2018).

In recent years, the James Webb Space Telescope

(JWST) has opened up a new window to study the

high-z Universe in unprecedented detail, including the

physical conditions and environments of the first quasars

through programs such as ASPIRE (e.g., J. Yang et al.

2023; F. Wang et al. 2023), EIGER (e.g., D. Kashino

et al. 2023), GA-NIFS (e.g., H. Übler et al. 2023) and

SHELLQs-JWST (e.g., X. Ding et al. 2025). These stud-

ies confirmed that their black holes masses are indeed

∼ 107−10 M⊙ using the Hβ tracer, making use of rela-

tions derived from low-z reverberation mapping experi-

ments. The initial samples of high-z quasars also seem to

follow the EV1 relations defined by low-z quasars and

show a chemically enriched BLR (e.g., J. Yang et al.

2023; F. Loiacono et al. 2024; W. Liu et al. 2025; D.

Ďurovč́ıková et al. 2025). Furthermore, many quasars

exhibit ionized [O III] outflows (e.g., M. A. Marshall

et al. 2023; W. Liu et al. 2024; C. L. Phillips et al. 2025)

and several show evidence of companion galaxies under-

going mergers with the quasar host (e.g., M. A. Marshall

et al. 2023; R. Decarli et al. 2024; W. Liu et al. 2025), as

expected from cosmological simulations of z ∼ 6 quasars

(e.g., F. Di Mascia et al. 2021; T. Zana et al. 2022). In

addition, studies of the SMBH mass–stellar mass rela-

tion at high redshift have yielded mixed results: some

studies suggest possible redshift evolution (e.g., A. Pens-

abene et al. 2020; M. Yue et al. 2024), while other stud-

ies argue that the observed offset may instead be driven

by larger intrinsic scatter and/or observational biases at

high redshift (e.g., J. D. Silverman et al. 2025; J. Li et al.

2025; F. Ziparo et al. 2026). In general, these findings

are based on relatively small samples of ≲ 25 quasars,

most of which contain fewer than 10 objects.

A recent JWST survey program called Aether ob-

tained Near-InfraRed Spectrograph integral field unit

(NIRSpec IFU) observations of ∼200 quasars at z ≥ 5.7

(see E. P. Farina et al. 2024, Farina et al. in prep.),

providing the ideal statistical sample to study the most

massive and highly accreting black holes in the early

Universe. The sensitivity and wavelength range of the

NIRSpec IFU instrument provides the ability to ob-

serve the rest-frame optical properties of quasars that

were only accessible below z ≲ 3 pre-JWST. The newly

obtained quasar properties can therefore be directly

compared to the well-established low-z quasar popula-

tion from large-scale ground-based spectroscopic surveys

such as Sloan Digital Sky Survey (SDSS; e.g., Y. Shen

et al. 2011) and the Dark Energy Spectroscopic Instru-

ment survey (DESI; e.g., E. Chaussidon et al. 2023).

The scale of the Aether survey not only enables a sys-

tematic characterisation of the average properties of the

high-z quasar population, but also the identification of

the most extreme outliers, which can be used to test

the limits of our current theoretical understanding. In-

spection of the spectra revealed several such remark-

able cases: quasars exhibiting exceptionally strong Fe II

emission alongside virtually absent [O III] emission, in-

dicative of very high metal enrichment and accretion

rates in the early Universe. Objects exhibiting similar,

albeit less extreme, Fe II emission features have recently

been reported by J. Yang et al. 2023 at 6.5 < z < 6.8

and J. Wolf et al. 2026 at z = 7.64.

This paper reports on three such quasars from the

Aether sample, identified as extreme outliers on

the quasar main sequence. Two of these quasars,

J0320−3521 and J1429+5447, discovered by L. Ighina

et al. (2023) (and independently by D.-M. Yang et al.

2024) and C. J. Willott et al. (2010) respectively, are

radio-loud quasars at z > 6 with high radio-loudness of

R ∼ 100− 200 (e.g., R. Wang et al. 2011; S. Frey et al.

2011; Y. Shao et al. 2020; Y. Khusanova et al. 2022; L.

Ighina et al. 2023). In contrast, J0216−5226, discov-

ered by J. Yang et al. (2019), remains undetected in the

radio.

This paper is structured as follows. In Section 2, we

describe the JWST/NIRSpec, HST/WFC3, and rest-

frame UV ground-based observations. The subsequent

spectral analysis and derived properties of the three

quasars are presented in Section 3. In Section 4, we

discuss the companion and outflow signatures seen in

the NIRSpec IFU cubes within ∼10 kpc of the quasars.

In Section 5, we discuss the radio properties of our

sources and repeat the modelling of the radio spectrum

of J1429+5447 with new data at an ultra-low frequency

of 54 MHz. Finally, our results are summarized in Sec-

tion 6. All magnitudes presented throughout the paper

are in the AB magnitude system, and we assume a Λ

CDM cosmology with H0= 70 km s−1 Mpc−1, ΩM =

0.3, and ΩΛ = 0.7. At z = 6, assuming this cosmology,

an arcsec corresponds to a proper distance of ∼5.7 kpc.

2. OBSERVATIONS & DATA REDUCTION

2.1. JWST/NIRSpec

The JWST/NIRSpec spectra of the three high-z

quasars discussed in this work are part of the cycle 3

JWST survey program (#5645) called Aether, which

is a snapshot NIRSpec/IFU survey of high-redshift

quasars using the G395H high-resolution grating in com-

bination with the F290LP filter. The Aether survey

comprises 204 quasar fields spanning the redshift range
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z = 5.7–7.0, selected such that both the Hα and the

Hβ+O III emission-line complex fall within the wave-

length coverage of the NIRSpec IFU G395H/F290LP

disperser–filter configuration. The targets span nearly

three orders of magnitude in luminosity, with monochro-

matic absolute magnitudes ranging from M1450 ∼ −28

mag to ∼ −22 mag. The parent sample consists of all

quasars known at z > 5.7 at the time the proposal

was prepared (i.e., in 2024; see X. Fan et al. 2022).

As Aether was designed as a JWST survey program,

targets were selected from this parent sample primarily

based on availability within gaps in the Long Range Plan

scheduling. Consequently, the observed sample is not

expected to be subject to additional selection biases be-

yond those inherent to the currently known high-redshift

quasar population.

The NIRSpec IFU observations provide 3′′×3′′ spec-

tral cubes (0.1′′×0.1′′ spatial elements) ranging from

2.87-5.27 µm with R ∼ 2700, covering the prominent

Hβ (4862.68 Å), [O III] doublet (4960.3 & 5008.24 Å),

and Hα (6564.61 Å) emission lines. There is a gap in

the spectra between ∼ 4.0− 4.2 µm caused by the sep-

aration between the NRS1 and NRS2 detectors. The

quasars were observed with an on-source exposure time

of 45 minutes, using theNRSIRS2 readout pattern with

9 Groups, 1 Integration, and 4 SMALL CYCLING

dither. The data were reduced using the standard STScI

JWST pipeline22 with the addition of customized steps,

following the procedure outlined in F. Loiacono et al.

(2024) and R. Decarli et al. (2024). More detailed data

reduction steps and survey details are outlined in Farina

et al. in prep and Decarli et al. in prep.

From the cleaned data cubes, we extract the 1D quasar

spectra using a circular aperture of 0.3′′ (3 pixels) cen-

tered on the peak quasar emission. This aperture ra-

dius ensures proper sampling of the NIRSpec PSF, while

minimizing the contamination from the background. A

local background subtraction is applied in each wave-

length channel using the median signal measured within

a 1–2.5′′ annulus. To correct for aperture flux losses,

we apply the wavelength-dependent corrections as deter-

mined by F. Loiacono et al. (2024) from a high-z quasar

with the same observational setup. The flux correction

fractions applied range from 0.9085 at 2.90 µm to 0.874

at 5.20 µm (see Fig. A.1 in F. Loiacono et al. 2024).

The resulting extracted spectra are shown in Fig. 1. All

three quasars discussed in this work show remarkably

weak Hβ and [O III] emission lines, and strong iron con-

tinuum features. Initially, these have been identified in

22 https://jwst-pipeline.readthedocs.io/en/stable/

the survey data by visual inspection, and subsequently,

confirmed as > 2σ outliers in rest-frame optical Fe II

strength compared to the full Aether population (see

Sect. 3.2 for more details).

2.2. Rest-frame UV spectroscopy

J0216−5226 was originally discovered by J. Yang et al.

(2019) at z = 6.41 ± 0.05 using Magellan/LDSS3, and

has later been observed by L. Bigwood et al. (2024) using

a fixed slit on Magellan/FIRE covering ∼ 8200− 24000

Å. As noted in L. Bigwood et al. (2024), the Magel-

lan/FIRE observation of J0216−5226 has a low signal-

to-noise ratio (S/N) with a lack of strong emission lines.

However, they do report a detection of the Mg II line.

J0320−3521 at z = 6.13±0.05 was originally discovered

by L. Ighina et al. (2023) using Gemini-South/GMOS,

and initially selected by combining the Dark Energy Sur-

vey and Rapid ASKAP Continuum Survey (RACS; D.

McConnell et al. 2020). This quasar was independently

selected as a quasar candidate by D.-M. Yang et al.

(2024). J0320−3521 has not yet been followed up in the

observed-frame NIR. Finally, J1429+5447 was first iden-

tified by C. J. Willott et al. (2010) in the Canada-France

High-z Quasar Survey (CFHQS) with an estimated red-

shift of z = 6.21. Since then, it has been followed up

by Y. Shen et al. (2019) with Gemini/GNIRS to obtain

its near-infrared spectrum covering the Civ and Mg II

emission lines.

In this work, we reanalyse the rest-frame UV spec-

tra of J0216−5226 and J1429+5447 to investigate

their chemical enrichment and BLR conditions via the

Fe II/Mg II ratio. With their NIRSpec data avail-

able, we estimated the intrinsic dust reddening of each

quasar in three steps. First, we corrected the ground-

based spectra for Galactic foreground extinction us-

ing the D. J. Schlegel et al. (1998) dust map value at

each source’s coordinates and the J. A. Cardelli et al.

(1989) extinction law (RV = 3.1), and rebinned the

Galactic-corrected spectra onto a common grid of con-

stant velocity width (200 km s−1). Second, we placed

the ground-based spectra on the same absolute flux

scale as the JWST/NIRSpec data by anchoring the J.

Selsing et al. (2016) quasar composite template to the

JWST spectrum at rest-frame 7000 Å and to the red-

dest ground-based spectral region (3000–3250 Å). Fi-

nally, we fitted for the intrinsic E(B − V ) by reddening

the (rescaled) composite template using the SMC bar ex-

tinction curve of K. D. Gordon et al. (2003) and compar-

ing it to the observed spectrum blueward of rest-frame

3000 Å, minimizing χ2 while excluding windows contam-

inated by strong emission lines. This yielded a modest

E(B−V ) = 0.005 for J1429+5447 and E(B−V ) = 0.021
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for J0216−5226. The dereddened rest-frame UV spectra

are shown in Fig. 2.

2.3. HST WFC3 Imaging

J1429+5447 has also been imaged using the Wide-

Field Camera 3 (WFC3) on HST (program ID: 12184,

PI: Xiaohui Fan), including the F105W and F140W fil-

ter. The quasar was observed on 2011-08-11, with an

on-source exposure time of ∼ 20 minutes. In this work,

we use the calibrated data products delivered through

MAST and make use of the standard data reduction

pipeline for WFC323. The resulting astrometry can be

accurate to a level of 0.1′′. Since the JWST/NIRSpec

IFU data of the Aether program have been obtained

without target acquistion, its astrometry is not reli-

able. We therefore aligned the NIRSpec IFU cube of

J1429+5447 with the HST images, using a translational

shift, which led to a correction of ∼ 0.25′′ in both RA

and Dec.

3. SPECTRAL ANALYSIS

We model their spectra using the python package

Sculptor24 (J.-T. Schindler 2022), which has been

specifically developed for fitting high-z quasar spectra.

We fit both the quasar continuum and broad emission

lines, and follow the general method used in numerous

previous quasar studies (e.g., G. De Rosa et al. 2014; Y.

Shen et al. 2019; J.-T. Schindler et al. 2020; E. Bañados

et al. 2021; E. P. Farina et al. 2022; S. Belladitta et al.

2025). The JWST/NIRSpec and Gemini/GNIRS and

Magellan/FIRE spectra are fitted separately (while be-

ing similar in scale) to ensure an optimal continuum fit

that is not affected by absolute flux calibration.

The detailed fitting procedure of the JWST/NIRSpec

Aether spectra is described in Protušová et al. in prep.

In short, the quasar continuum is modeled by a power

law component with slope αλ. This continuum model

is fitted to the following rest-frame wavelength regions

least contaminated by Fe II and other emission lines,

given by: 4140-4160 Å, 4200-4230 Å, 5450-5480 Å, 5580-

5630 Å, 5730-5770 Å, and 6900-7375 Å. The iron pseudo-

continuum is modeled using two different empirical Fe II

templates derived from narrow line Seyfert 1 galaxies:

the I Zwicky-1 template from T. A. Boroson & R. F.

Green (1992), which spans 3700-7480 Å , and the Mrk

493 template from D. Park et al. (2022), which cov-

ers 4000-5600 Å. The I Zw 1 template has been widely

adopted in previous studies, enabling direct comparison

with the literature, while the higher spectral precision of

23 The data have been retrieved on 21 Nov 2025.
24 https://sculptor.readthedocs.io/en/latest/index.html

the Mrk 493 template generally provides improved fits

to the data. Because the Mrk 493 template is limited

to the rest-frame wavelength range 4000-5600 Å, we use

the I Zw 1 template for the remaining wavelength cover-

age. The Fe II templates are fitted to rest-frame wave-

length regions of 4435-4700 Å and 5100-5550 Å, and

the broadening of the FWHM of the iron templates is

allowed to vary up from 1000 to 5000 km s−1. The con-

tinuum is modeled in two stages. In the first stage, the

power-law continuum and the Fe II template are each fit

independently within the quoted spectral windows. The

best-fit parameters from this stage serve as initial values

for the second stage, in which the power-law continuum

and Fe II template are fit simultaneously. The resulting

best-fit continuum model is then subtracted from the

spectrum before fitting the emission lines.

The emission lines are fitted using multiple Gaus-

sian components. In particular, the Hβλ4862.68 line

is modeled using 2 or 3 broad components (1000 <

FWHM < 15000 km s−1) and 1 narrow component

(250 < FWHM < 1000 km s−1). The redshifts of the

narrow components are tied together during the fit. The

[O III] doublet is modeled with a single broad and nar-

row component, with the flux ratio of both narrow and

broad line components of [O III]λ5008 and [O III]λ4960
fixed to 2.98. The FWHM of the [O III] broad compo-

nent is only allowed to vary between 1000-5000 km s−1.

Furthermore, Hαλ6564 is fitted using 2 or 3 broad compo-

nents and one narrow component as well, including the

[N II] doublet, which is modeled using 2 single Gaussians

with a fixed ratio of [N II]λ6548 and [N II]λ6584 of 3. Ad-

ditionally, the detected [O III]λ4363.21 and [O I]λ6302.046
emission lines are modeled with single Gaussians. The

number of broad components used for Hα and Hβ in

the final fit is determined by selecting the model with

the lowest Bayesian Information Criterion (BIC) value

given by

BIC = χ2 − df log(N) (1)

with χ2 the chi-square statistic, df the degrees of free-

dom, and N the sample size. For both Fe II tem-

plates, only J0320−3521 requires 3 broad components,

while 2 broad components suffice for J0216−5226 and

J1429+5447.

In addition, the spectrum of J0216−5226 shows the

presence of broad He I emission lines at 4923Å and

5017Å, which can mimic an asymmetrical redshifted

broad wing in Hβ (P. Véron et al. 2002). This excess

emission in the Hβ broad wing has been named the “red

shelf” or the “shelf” feature (K. A. Meyers & B. M. Pe-

terson 1985). Therefore, to accurately model the Hβ and

[O III] complex, we included a Gaussian model for both

https://sculptor.readthedocs.io/en/latest/index.html
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Figure 1. Extracted JWST/NIRSpec IFU spectra (F290LP filter/G395H grating) of J0216−5226 (top), J0320−3521 (middle),
J1429+5447 (bottom). The best fit model is shown in red, consisting of a power law (dark blue), Fe II continuum (yellow;
combination of Mrk 493 and I Zw 1), and narrow (purple) and broad (light blue) emission lines. The residual spectrum after
subtracting the model is shown in the panel below each spectrum. A zoom in of the Hβ+[O III] complex using the two different
Fe II templates is shown in Appendix Fig. 9.
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He I lines. The inclusion of these He I emission lines

did not improve the fit of J0320−3521 and J1429+5447,

and were therefore only included for J0216−5226.

The best Sculptor fits are shown in Fig. 1, and their

derived physical parameters are summarized in Table 1.

From the Hβ, [O III], and Hα narrow line components,

we derive redshifts of z = 6.393±0.001 for J0216−5226,

z = 6.161±0.002 for J0320−3521, and z = 6.158±0.001

for J1429+5447. The reported FWHM of Hα and Hβ

are derived from the sum of their broad line components.

The [O III] and Hβ emission lines of all three quasars

are weak with rest-frame equivalent widths (EW0) be-

tween 0.7-6.0 Å in rest-frame for [O III] and 15-23 Å for

Hβ. The Balmer decrement, defined as the flux ratio of

Hα/Hβ, is 6.2±0.2 (8.4±0.3) for J0216−5226, 3.2±0.2

(3.6±0.1) for J0320−3521, and 4.8±0.2 (7.1±0.2) for

J1429+5447, with the values obtained from using purely

the T. A. Boroson & R. F. Green (1992) iron template

in brackets. These values are slightly higher than the

typical ratio of ∼3 (X. Dong et al. 2008) for 2 out of 3

quasars, suggesting possible dust attenuation. However,

the best fitting power law slopes of −2.3 ≲ αλ ≲ −1.7

are quite blue and similar to the unobscured type I

quasar population of −2 ≲ αλ ≲ −1 (D. E. Vanden

Berk et al. 2001), which suggests these are not affected

by dust extinction. The blue continuum slopes suggest

that the weak Hβ is unlikely to be caused solely from

foreground dust extinction. This is not entirely unex-

pected, as the Balmer decrement does not necessarily

provide a direct measure of the line-of-sight dust extinc-

tion, given that the observed Balmer emission originates

in the BLR, where radiative transfer and optical depth

effects can also influence the line ratios (e.g., X. Dong

et al. 2008; C. Z. P. Heard & C. M. Gaskell 2016; J. Wu

et al. 2023). The BLR may also be partially obscured

by complex or patchy dust geometries (e.g., J. A. Hodge

et al. 2015; C. M. Gaskell & P. Z. Harrington 2018).

Furthermore, we note that only J1429+5447 shows a

prominent broad [O I]λ6302 line in its spectrum, which

suggests the presence of an extended partially ionized

gas region, and is often associated with radiative shocks

(e.g., M. G. Allen et al. 2008).

3.1. Rest-frame UV

Furthermore, we repeat a similar fitting procedure

for the rest-frame UV spectra of J0216−5226 and

J1429+5447, using continuum regions adopted from M.

Onoue et al. (2020) ranging from 1275-1285 Å, 1310-

1325 Å, 1425-1470 Å, 1680-1710 Å, 1975-2050 Å in rest-

frame. In addition, we add the wavelength region 3000-

3100 Å to better constrain the power-law slope redward

of the Mg II line. We utilize the empirical iron template

from M. Vestergaard & B. J. Wilkes (2001) ranging from

2200-3500 Å, and fix the FWHM value to 2500 km s−1.

The UV iron continuum is fitted and evaluated between

2200 and 3090 Å rest-frame, and its redshift is fixed to

the Mg II line. The Mg II emission line (at 2799.117 Å)

is modeled using a single Gaussian. The resulting best

model fits are shown in Fig. 2 and their derived pa-

rameters again summarized in Table 1. The rest-frame

wavelength is calculated from the measured rest-frame

optical redshifts, with the expected wavelengths of the

Lyα, C IV, and Mg II lines indicated. The right pan-

els of Fig. 2 show a zoom in on the Mg II line and the

best model fit. The rest-frame UV power-law slopes

of −1.70 ± 0.02 for J1429+5447 and −1.41 ± 0.04 for

J0216−5226 are similar to the rest-frame optical power-

law slopes of −1.93±0.02 and −1.77±0.02, respectively.

Any residual discrepancy is likely due to imperfect dust

correction, compounded for J0216−5226 by the large

flux errors in its Magellan/FIRE spectrum. This analy-

sis could not be performed for J0320−3521, since there

is no publicly available NIR data.

The Mg II line models resulted in redshifts of zMg II =

6.307±0.010 for J0216−5226 and zMg II = 6.110±0.005

for J1429+5447, which indicates a blueshift (compared

to the Hα narrow components) of −3480 ± 400 and

−2010± 200 km s−1. These offsets are quite high com-

pared to the average blueshift of −480 km s−1 for z ≳ 6

quasars found by B. P. Venemans et al. (2016) and R.

Decarli et al. (2018) using [C II]. However, the standard

deviations of these distributions are large (e.g., 630 km

s−1 in B. P. Venemans et al. 2016), and similar outliers

are reported in those works.

3.2. Measurement of the Fe II strength and Fe II/Mg II

ratio

The quasar fundamental plane relation EV1 estab-

lished by T. A. Boroson & R. F. Green (1992) demon-

strates that a high Fe II strength usually goes together

with weak Hβ and likely signifies a heavily accreting

black hole. The rest-frame optical Fe II strength is gen-

erally defined as RFe II,λ4570 ≡ EWFe II/EWHβ , with the

Fe II EW measured in the wavelength range of 4434-

4684 Å. We determine both of these equivalent widths

from our Sculptor fit (see Fig. 1), which results in

Fe II strengths of 3.58+0.09
−0.08 for J0216−5226, 2.81+0.07

−0.04

for J0320−3521, and 3.47+0.12
−0.07 for J1429+5447 in the

case of using the I Zw 1 iron template from T. A. Boro-

son & R. F. Green (1992), which allows for direct com-

parison with literature values. These parameters are

summarized in Table 1 for both the I Zw 1 and Mrk 493

templates, while Appendix Fig. 9 compares the resulting
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Table 1. Spectral fitting results and derived physical parameters

J0216−5226 J0320−3521 J1429+5447 Unit

P+22 & BG92 BG92 P+22 & BG92 BG92 P+22 & BG92 BG92

Redshift 6.393± 0.001 6.392± 0.001 6.161± 0.002 6.154± 0.001 6.158± 0.001 6.159± 0.001 —

FWHMHα 6074+103
−102 6274+108

−94 2219+324
−345 3597+162

−161 5207+148
−152 5303+130

−131 km s−1

LHα 2.76± 0.08 2.96+0.06
−0.07 1.29+0.07

−0.06 1.54± 0.02 2.25+0.05
−0.06 2.48+0.04

−0.05 1044 erg s−1

FWHMHβ 5260+227
−189 4939+200

−172 1738+367
−208 2009+91

−81 5716+502
−585 4820+235

−255 km s−1

EW
(1)
0,Hβ 23± 1 19± 1 15± 1 17± 1 23± 1 17± 1 Å

EW
(2)

0,Fe II 63± 1 69± 1 39± 1 47± 1 56± 1 59± 1 Å

RFe II 2.72+0.08
−0.07 3.58+0.09

−0.08 2.56+0.15
−0.17 2.81+0.07

−0.04 2.50± 0.10 3.47+0.12
−0.07 —

EW
(1)
0,[OIII]

1.6± 0.2 1.1± 0.1 1.6± 0.2 0.7± 0.1 6.0± 0.4 1.9± 0.2 Å

L5100Å 1.73± 0.01 1.68± 0.01 2.40± 0.01 2.32± 0.01 1.87± 0.01 1.82± 0.01 1042 erg s−1

L
(3)
bol 8.15± 0.01 7.92± 0.01 11.34± 0.01 10.96± 0.01 8.82± 0.02 8.60± 0.02 1046 erg s−1

MBH,Hα,GH05 1.81+0.61
−0.45 2.01+0.68

−0.49 0.15+0.09
−0.06 0.45+0.16

−0.11 1.18+0.41
−0.30 1.29+0.44

−0.32 109 M⊙

MBH,Hα,DB+25 6.6±0.2 7.2±0.2 0.68±0.17 1.7±0.1 4.3±0.2 4.8±0.2 109 M⊙

MBH,Hβ,Shen+24 1.8+0.2
−0.1 1.6± 0.1 0.24± 0.06 0.31± 0.02 2.3± 0.5 1.6± 0.2 109 M⊙

λEdd,GH05 0.36± 0.01 0.31± 0.01 6.0± 1.9 2.0± 0.2 0.60± 0.04 0.53± 0.03 —

λEdd,DB+25 0.10±0.01 0.09±0.01 1.3±0.3 0.50±0.04 0.16±0.01 0.14±0.01 —

λEdd,Shen+24 0.35± 0.01 0.39± 0.01 3.8± 0.9 2.80± 0.2 0.31± 0.06 0.43± 0.04 —

zMg II 6.307+0.005
−0.010 — 6.110± 0.005 —

FWHMMg II 4414+459
−460 — 4125+1106

−594 km s−1

FMg II 20± 2× 10−17 — 17± 4× 10−17 erg s−1 cm−2

FFe II,2200-3090Å 127± 18× 10−17 — 106± 7× 10−17 erg s−1 cm−2

FFe II/FMg II 6.3+0.8
−0.8 — 6.2+0.9

−1.2 —

MBH,MgII 4.3+1.5
−1.2 × 109 — 3.2+3.3

−1.2 × 109 M⊙

Note—The quoted values in the left hand columns of each quasar have been derived using the combined Fe II template from D. Park
et al. (2022) (at < 5600 Å) and T. A. Boroson & R. F. Green (1992) (at > 5600 Å), and the values in the right hand columns using
solely the Fe II template from T. A. Boroson & R. F. Green (1992). The errors on the black hole masses and Eddington ratios only
reflect the statistical errors, however, the systematic errors typically dominate with ∼ 0.5 dex. The rest-frame UV quantities (below
the second horizontal line) do not depend on the choice of optical Fe II template and are therefore listed spanning both columns for
each source. (1) Rest-frame equivalent width (2) The Fe II equivalent width obtained in wavelength range 4434–4684 Å (3) Using the
bolometric correction from G. T. Richards et al. (2006)

fits and illustrates the differences between the template

shapes.

Fig. 3 compares the Fe II strengths and FWHMHβ of

our quasars with the general quasar population from

SDSS at 0 ≲ z ≲ 1 by Y. Shen et al. (2011) and

at 1.5 < z < 3.5 by Y. Shen (2016). The grey con-

tours indicate the density of low-z quasars in this plane,

with a median RFe II of 0.6. All three of our quasars

have extremely high values of RFe II and are in the top

∼ 3% of the low-z quasar distribution, while being at

z ≥ 6. The black square shows the median of the full

Aether population (of RFe II ∼ 0.66), with the error

bars indicating the central 95% (±2σ equivalent) per-

centile of the distribution. The three quasars discussed

in this work are > 2σ outliers of the Aether popula-

tion and the only quasars with reliable measurements

of RFe II ≳ 3.0. Measurements from other recent high-

z quasar studies are also indicated in Fig. 3, including

the 8 quasars at 6.5 < z < 6.8 from J. Yang et al.

(2023), and J0313−1806 at z = 7.64 from J. Wolf et al.

(2026), again highlighting the exceptional RFe II mea-

surements of our three quasars. We note that J. Wolf

et al. (2026) used the Mrk 493 iron template from D.

Park et al. (2022) to calculate RFe II, which generally re-

sults in lower values (∼ 30% in the most extreme cases)

as also apparent in Table 1.

Quasar orientation and Eddington accretion ratio are

believed to be the main physical drivers of the EV1 plane

(e.g., T. A. Boroson & R. F. Green 1992; J. W. Su-

lentic et al. 2000b; P. Marziani et al. 2001; Y. Shen &

L. C. Ho 2014; P. Marziani et al. 2018). For example,

Y. Shen & L. C. Ho (2014) demonstrated that with in-

creasing RFe II, the average BH mass decreases and Ed-

dington ratio increases, while the spread in FWHMHβ

at fixed RFe II is likely due to orientation (see also re-

view by P. Marziani et al. 2018). The high RFe II val-

ues of our quasar imply these are in the extreme EV1

regime, which are generally associated with high Ed-
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Figure 2. The dereddenend rest-frame UV spectra of J1429+5447 at z = 6.16 (top panel) and J0216−5226 at z = 6.39 (bottom
panel) including best model fits. Top: The Gemini/GNIRS (Y. Shen et al. 2019) of J1429+5447 showing the best model fit to the
rest-frame UV and zoom-in on the Mg II line (right panel). The error spectrum is given in grey. Bottom: The Magellan/FIRE
spectra of J0216−5226 with best model fit. The errors on the UV spectrum (grey) are large, and therefore these fitting results
are uncertain.

dington accreters, making these excellent candidates for

super-Eddington sources at z > 6. As expected from

the trend observed at low-z, the [O III] emission of our

quasars is weak (see WLQ discussion in Sect. 3.4).

Within the quasar main sequence framework,

J0320−3521 is a typical extreme Population A source

with RFe II > 1 and FWHMHβ < 4000 km s−1 (e.g.

C. A. Negrete et al. 2012; P. Marziani & J. W. Sulen-

tic 2014; S. Panda et al. 2019), however, J0216−5226

and J1429+5447 both exhibit a FWHMHβ > 4000 km

s−1. This region of the EV1 plane of high RFe II and

FWHMHβ is scarcely populated at low-z as shown in

Fig. 3, and does not fall into a distinct sub-category. It

is even unclear whether these RFe II values at low-z are

accurate: M. Śniegowska et al. (2018) performed more

detailed modeling and found that the quasars classified

by Y. Shen et al. (2011) as having RFe II > 1.3 gener-

ally dropped below this value once remeasured. These

quasars are therefore extreme outliers in the EV1 plane.

The Fe II properties and fundamental plane relation of

the full Aether sample will be published by Protušová

et al. (in prep.), which will provide a benchmark sample

at high redshift.

Furthermore, with the rest-frame UV spectra of Gem-

ini/GNIRS and Magellan/FIRE (see Fig. 2), we can

examine the Fe II/Mg II ratio for J0216−5226 and

J1429+5447. We derive the Fe II flux from 2200-3090 Å

in rest-frame using the M. Vestergaard & B. J. Wilkes

(2001) iron template (see Sect. 3) and the Mg II flux

from the emission line fit (see Fig. 2). This resulted in

a Fe II/Mg II ratio of 6.3+0.8
−0.8 for J0216−5226 and 6.2+0.9

−1.2

for J1429+5447. These are within the same range (al-

beit on the high end) of the SDSS QSO sample from

G. Calderone et al. (2017) at z ∼ 1 − 2 and similar to

higher-z samples from G. De Rosa et al. (2011), C. Maz-

zucchelli et al. (2017), and J.-T. Schindler et al. (2020),

which all suggest a non-evolving Fe II/Mg II ratio in

rapidly accreting quasars.

Finally, the velocity broadening and shift of Fe II can

be used to constrain the location of the Fe II emitting

region. Low-z studies of SDSS quasars showed that the

line width of Fe II is significantly narrower than the
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Figure 3. Eigenvector 1 plane of quasars with the Fe II

strength on the x-axis and FWHM of broad Hβ line on the
y-axis. J0216−5226, J0320−3521, and J1429+5447, are com-
pared to lower redshift samples of Y. Shen et al. (2011) and
Y. Shen (2016), and other high-z quasars from J. Yang et al.
(2023) and J. Wolf et al. (2026). The median of the full
Aether sample is shown in the black square with the er-
ror bars indicating the 2σ sample distribution. The Fe II

strengths of our quasars are within the top 3% of low-z SDSS
quasars and the highest amongst high-z quasars observed so
far.

broad component of Hβ, suggesting that Fe II is pro-

duced further away from the central source than Hβ

(e.g., C. Hu et al. 2008b,a). This picture is further

supported by direct reverberation mapping, which finds

longer time lags for Fe II than for Hβ (e.g., A. J. Barth

et al. 2013), implying Fe II originates from the outer

BLR. Our fitting routine resulted in FWHMFeII val-

ues of 5000 km s−1 for J0216−5226, 1421 km s−1 for

J0320−3521, and 4247 km s−1 for J1429+5447 using

the P22+BG92 Fe II template. For J0320−3521 and

J1429+5447, the FWHMFeII/FWHMHβ ratios of 0.82

and 0.74, respectively, are in agreement with the me-

dian value of ∼0.74 found by C. Hu et al. (2008b). For

J0216−5226, we cannot constrain this ratio since the

FWHMFeII maxes out at 5000 km s−1. Further increas-

ing the allowed FWHM only causes additional smooth-

ing and blending of the Fe II features, without improving

the fit.

3.3. Black hole mass and Eddington ratio

We derive the black hole masses and Eddington ratios

from both the Hα and Hβ emission lines using single

epoch calibrations based on low-z samples (e.g., J. E.

Greene & L. C. Ho 2005; M. Vestergaard & B. M. Pe-

terson 2006; Y. Shen et al. 2011, 2024; E. Dalla Bontà

et al. 2025). The Hβ line typically provides the most re-

liable correlations (M. C. Bentz et al. 2013), however, for

the quasars in this work, the Hβ emission line is weak,

making the line fit less reliable than Hα. We therefore

calculate both in this work for comparison. For the Hα-

based BH masses, we adopt the scaling relations from

both J. E. Greene & L. C. Ho (2005) and E. Dalla Bontà

et al. (2025) based on the Hα line luminosity (LHα in

erg s−1) and FWHM of the broad Hα component given

by

log10

(MBH,Hα

M⊙

)
= a+ b(log10 LHα − 42)

+ c(log10 FWHMHα − 3.5)

(2)

with a = 7.371, b = 0.812, and c = 1.634 for E. Dalla

Bontà et al. (2025) and a = 7.331, b = 0.55, and c = 2.06

for J. E. Greene & L. C. Ho (2005). While the latter

has been rederived from the relationship between Hβ

lag and 5100Å continuum, it is often used in literature

and therefore useful for comparison to previous work.

The typical systematic uncertainty for these relations is

∼ 0.4− 0.5 dex. For the Hβ derived BH masses we use

the relation from Y. Shen et al. (2024) for Hβ, given by

log10

(MBH,Hβ

M⊙

)
= 0.85 + 0.5 log10

( Lλ,5100

1044 erg s−1

)
+ 2.0 log10

(FWHMHβ

km s−1

) (3)

with Lλ,5100, the monochromatic luminosity at 5100 Å

in rest-frame. These relations result in a wide range of

BH mass estimates between ∼ 2×108 M⊙ and ∼ 7×109

M⊙ as shown in Table 1. Specifically, the Hα-based BH

masses derived from E. Dalla Bontà et al. (2025) are

∼ 1− 7× 109 M⊙, similar to the general high-z quasar

population. It is important to note that the reported

errors are calculated by propagating uncertainties, how-

ever, in reality these are dominated by systematic un-

certainties from the derived empirical relations, which

are typically ∼ 0.5 dex. The derived BH mass values

depend on the scaling relations and the Fe II templates

used, and therefore all values are quoted in Table 1.

For comparison, we also derive BH mass estimates

from the Mg II lines, using the empirical relation from

Y. Shen et al. (2024) given by

log10

(MBH,MgII

M⊙

)
= −2.05 + 0.6 log10

( L3000

1045erg s−1

)
+ 3.0 log10

(FWHMMgII

km s−1

)
(4)
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with L3000 the local continuum luminosity at 3000 Å in

rest-frame. This yields BH masses of 4.3+1.5
−1.2 × 109 M⊙

for J0216−5226, and 3.2+3.3
−1.2 × 109 M⊙ for J1429+5447.

These values are similar to the BH mass estimates de-

rived from Hα using the relation from E. Dalla Bontà

et al. (2025) (see Table 1), and to the BH masses de-

rived from Mg II in previous work, such as 2.08± 0.92×
109 M⊙ for J0216−5226 by L. Bigwood et al. (2024) and

2.35 ± 0.36 × 109 M⊙ by Y. Shen et al. (2019). How-

ever, the high blueshift of Mg II with respect to Hα

found of ∼ −3000 and −2000 km s−1 for J0216−5226

and J1429+5447, respectively, suggests that non-virial

motions, such as radiation-driven winds or outflows,

might have impacted the measured line width, making

the Mg II based BH mass estimations less reliable (P.

Marziani et al. 2013).

The bolometric luminosity Lbol is derived from Lλ,5100

using the bolometric correction factor from G. T.

Richards et al. (2006), resulting in Lbol = 9.26 ×
λLλ,5100. Finally, the Eddington luminosity LEdd is de-

rived using

LEdd =
4πGmpcMBH

σT
= 1.257× 1038 ×

(MBH

M⊙

)
erg s−1

(5)

with G the gravitational constant, mp the proton mass,

and σT the Thomson cross-section of an electron. The

resulting Eddington ratios (λEdd = Lbol/LEdd) are

highly dependent on the BH mass estimate used, sug-

gesting values between ∼ 0.09 − 0.39 for J0216−5226,

∼ 0.5 − 6.0 for J0320−3521, and ∼ 0.14 − 0.60 for

J1429+5447. These inferred Eddington ratios indi-

cate that the quasars are efficiently accreting, with

potentially super-Eddington accretion in the case of

J0320−3521. However, at face value, these Edding-

ton ratios are not exceptional in the context of z ≳ 6

quasars, which often have λEdd ∼ 1 (e.g., E. P. Fa-

rina et al. 2022). Given their extreme Feii strength

on the EV1 plane, these are expected to be among the

highest accreting quasars. However, RFe II does not di-

rectly translate to accretion rate, as additional parame-

ters such as BLR structure, orientation, and jet-related

physics may also influence the observed spectral prop-

erties (see e.g., S. Zamfir et al. 2008; P. Marziani et al.

2009; W. Kollatschny & M. Zetzl 2011; Y. Shen & L. C.

Ho 2014). On the other hand, applying standard single-

epoch virial calibrations to extreme Feii-strong quasars

remains uncertain and introduces systematic biases in

the inferred black hole masses and Eddington ratios.

Reverberation mapping observations show that highly

accreting systems exhibit a relatively shorter time lag

relative to the canonical R − L relation, resulting in

overestimated BH masses and underestimated accretion

rates (e.g., P. Du et al. 2014; P. Du & J.-M. Wang 2019;

J. Maithil et al. 2022). Using a high-z quasar sample, J.

Maithil et al. (2022) found this difference to be a factor

∼ 2 on average. The derived BH masses and accretion

rates should therefore be interpreted with caution.

The possible super-Eddington nature of J0320−3521

has been previously presented in L. Ighina et al. (2025),

who observed remarkably high soft X-ray emission that

is consistent with super-Eddington accretion and cannot

be produced by relativistic jets. The JWST/NIRSpec

observations presented here provide additional support

for this interpretation, consistent with the efficient ac-

cretion expected for extreme sources on the fundamental

plane.

One of the open questions in the field is how these

massive BHs form and evolve into present-day systems.

The extremely high BH masses of high-z quasars pro-

vide strong constraints on BH formation models, since

they must be assembled within the ≤ 1 Gyr available

at z ≳ 6 (see reviews by e.g., M. Volonteri 2012; K. In-

ayoshi et al. 2020; B. Trakhtenbrot 2021; X. Fan et al.

2023). The BH masses and Eddington ratios derived for

J0216−5226, J0320 −3521, and J1429+5447 span a wide

range, from ∼ 108−10 M⊙ and 0.1− 6.0, reflecting both

the intrinsic diversity of the sample and the systematic

uncertainties inherent to single-epoch virial mass esti-

mates. The subsequent growth of these BHs depends

on the accretion rate, the radiative efficiency, and the

fraction of cosmic time spent actively accreting, i.e. the

quasar duty cycle. The latter is poorly constrained but

likely small: proximity-zone and quasar-lifetime mea-

surements at z ∼ 6 favor short episodes of luminous, un-

obscured accretion (e.g., A.-C. Eilers et al. 2020; K. A.

Morey et al. 2021; A.-C. Eilers et al. 2024), implying

that the near-Eddington rates observed here cannot be

sustained over the age of the Universe. Nonetheless,

given plausible duty cycles and episodic accretion histo-

ries, the BHs studied in this work could feasibly grow

into the most massive ∼ 1010−11 M⊙ BHs known locally

(e.g., N. J. McConnell et al. 2011; J. Thomas et al. 2016;

K. Mehrgan et al. 2019).

3.4. Weak-line quasar phenomenon

All three of the quasars discussed in this work have

been previously identified as weak-line quasars (WLQ;

A. M. Diamond-Stanic et al. 2009) in their respective

discovery papers and follow-up work (J0216−5226; L.

Bigwood et al. 2024, J0320−3521; L. Ighina et al. 2023,

J1429+5447; Y. Shen et al. 2019), based on their weak

Lyα and C IV emission lines in the rest-frame UV. The

physical origin of WLQs remains debated, with possi-
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ble explanations including a gas-deficient or underde-

veloped BLR (e.g., K. Hryniewicz et al. 2010; R. M.

Plotkin et al. 2015) and a soft ionizing continuum pos-

sibly driven by super-Eddington accretion, which sup-

presses the strength of high-ionization emission lines

(e.g., O. Shemmer et al. 2008; K. M. Leighly et al. 2007;

H. Meusinger & N. Balafkan 2014; A. Laor & S. W.

Davis 2011).

The JWST/NIRSpec data presented in this work en-

able a comparison with their rest-frame optical emission-

line properties. Previous work suggests that generally

the low-ionization lines of WLQs, such as Hβ, Hα, and

Mg II, are not exceptionally weak compared to typi-

cal quasars (e.g., R. M. Plotkin et al. 2015; Y. Chen

et al. 2024), while their high-ionization lines, such as

[O III]λ5007, are universally weak or absent. Also,

stronger optical Fe II emission appears to be a distinct

feature of WLQs with RFeII ≳ 1 (e.g., O. Shemmer

et al. 2010; R. M. Plotkin et al. 2015; P. Marziani et al.

2016; Y. Chen et al. 2024). Our quasars exhibit both

strong Fe II emission as well as extremely weak [O III]

emission lines, with EW0,[OIII] values of 1.6± 0.2 Å for

J0216−5226, 1.6±0.2 Å for J0320−3521, and 6.0±0.4 Å

for J1429+5447. These findings naturally fit within the

scenario of WLQs being extreme population A sources

with high accretion rates, as suggested by P. Marziani

et al. (2016). This view is supported by observed X-ray

weakness consistent with potential absorption due to a

puffed-up inner disk caused by super-Eddington accre-

tion (e.g., B. Luo et al. 2015). The X-ray properties of

J0320−3521 and J1429+5447 are discussed in Sect. 5.

4. QUASAR COMPANION & OUTFLOW

SIGNATURES

The NIRSpec IFU cubes enable the detection of out-

flows and close companions within ∼ 10 kpc of the

quasar (3′′×3′′ field of view). We therefore investi-

gate integrated intensity maps centered on key rest-

frame emission lines to search for such signatures. In

particular, we construct maps around key rest-frame

optical emission lines: Hα, Hβ, He II, [N II], [O I],

[O II]λλ3726,3729, [O III], [S II]λλ6716,6731. These mo-

ment maps have been created for the full Aether sam-

ple through careful quasar subtraction and are presented

by Decarli et al. (in prep). In short, we model the quasar

point spread function based on the wings of the broad

Hα and Hβ emission, which are dominated by the nu-

clear emission. The PSF model is scaled to match the

quasar spectrum in the central pixels, and subtracted

off the cubes. We create masks for the various emission

lines based on the 3D structure of the [O III], Hα, and

Hβ emission, and inferred moment-0 (integrated inten-

sity), moment-1 (velocity field), and moment-2 (velocity

dispersion) maps by collapsing the masked cubes after

shifting the masks to the observed wavelength of each

transition at the redshift of the quasar. Further details

of the methodology will be presented in Decarli et al. (in

prep). The composite Hα (red), [O III] (green), and Hβ

(blue) integrated intensity maps of the three quasars in

this work are shown in Fig. 4. These three emission lines

are the strongest tracers of these high-z quasar environ-

ments, with [O III] kinematics revealing ionized outflows

and both [O III] and the Balmer lines sensitive to the

presence of companion galaxies (see also e.g., F. Wang

et al. 2023; D. Kashino et al. 2023; R. Decarli et al.

2024). In these maps, all pixels with S/N≤ 1 are masked

for presentation purposes to highlight the detected emis-

sion line regions and reduce random noise. We note that

these emission line maps are constructed from narrow

spectral windows centered on the wavelengths expected

for each line at the quasar’s redshift, and can therefore

include both genuine line emission from sources at (or

near) the quasar’s redshift and continuum flux from un-

related sources at any redshift that happen to fall within

the same wavelength range.

4.1. Companion galaxy or ionized gas region of

J0320−3521

There is a clear detection of a single emission line re-

gion ∼ 1.5 kpc away from J0320−3521 (∼0.269′′ East

and ∼0.0087′′ North, see middle panel of Fig. 4). To

investigate its nature, we extract its spectrum from the

PSF-subtracted IFU cube by placing an aperture of 0.2′′

on the emission line region (at RA 03:20:21.47, Dec -

35:21:04.06), chosen to optimize the S/N. The detected

emission lines are shown in Fig. 5 (pink line) with clear

detections of Hβ, [O III]λ4960, [O III]λ5007, and Hα. All

of these emission lines have narrow widths of ∼200 km

s−1 and are slightly blueshifted by ∼ 60 − 150 km s−1

relative to the Hα emission line of J0320−3521. The

emission lines He II, O IIIλ4363, [N II]λ6583, [O I]λ6300,

and [S IIλλ6716,6731] are not detected in this region. Due

to the non-detection of [N II]λ6583, we place an upper

limit on the [N II]/Hα ratio of 0.27. Combined with

an [O III]/Hβ ratio of 2.5, the location on the BPT di-

agram of L. J. Kewley et al. (2006) does not uniquely

distinguish between excitation from star formation in a

companion galaxy, and ionization from AGN-associated

outflowing or inflowing gas. The small velocity offset

and the narrow line widths are consistent with both

a mild kinematic offset from a companion galaxy and

low-velocity ionized gas. This is also apparent from the

[O III]λ5007 moment maps shown in Fig. 6, with similar



13

Figure 4. Composite Hα (red), [O III] (green), and Hβ (blue) integrated intensity maps of J0216−5226 (left), J0320−3531
(middle), and J1429+5447 (right) after modeling and subtracting the quasar emission (showing only S/N> 1). The quasar
location is indicated with a black cross. The map of J0320−3531 (middle) shows a single clear emission line region to the East of
the quasar, denoted A. The map of J1429+5447 shows three distinct emission line regions, which are highlighted by the circles
and denoted A, B, and C. The pink cross on the J1429+5447 map shows the sky location of a previously observed CO(2-1)
emission by R. Wang et al. (2011). We interpret region C as a foreground galaxy, therefore its apparent emission originates
from the galaxy continuum instead of the specific emission lines.

Figure 5. Optimally extracted emission-line spectra from
region A (pink) in the IFU cube of J0320−3521 and region A
(orange), B (purple), and C (blue) in J1429+5447. Spectra
are vertically offset for visualization purposes. The panels
show zoom-ins on Hβ, [O III]λ5007, and Hα. Grey dashed
lines (at v = 0) mark the expected wavelength based on the
quasar redshifts.

kinematics seen in Hβ and Hα (see Appendix Fig. 10

and 11).

The discovery of this strong emission line region close

to J0320−3521 is especially interesting in combina-

tion with the indications of a high (possibly super-

Eddington) accretion rate. If the emission-line region

originates from an interacting companion galaxy, tidal

interactions between the systems could be driving rapid

gas inflow towards the nucleus (e.g., L. Hernquist 1989;

V. Springel et al. 2005), which can both trigger star-

bursts and feed black hole growth (D. B. Sanders et al.

1988; J. C. Mihos et al. 1992; J. C. Mihos & L. Hern-

quist 1994; T. Di Matteo et al. 2005). Theoretical stud-

ies suggest that massive BH systems with frequent gas

inflows can support long-lasting super-Eddington accre-

tion (e.g., A. Lupi et al. 2024; E. Pezzulli et al. 2016;

A. Trinca et al. 2022, 2024), however, BH feedback pro-

cesses can counteract this by efficiently suppressing gas
accretion and regulating its growth (T. Di Matteo et al.

2005; V. Springel et al. 2005; P. F. Hopkins et al. 2008;

R. Caleno et al. 2026). From the current NIRSpec IFU

data of J0320−3521, we cannot yet distinguish between

an interacting companion galaxy and ionized gas associ-

ated with the quasar. Therefore, deeper data of its en-

vironment and host galaxy are necessary to understand

the exact nature of this system.

4.2. Complex environment of J1429+5447

The resulting composite intensity map of J1429+5447

is shown in the right panel of Fig. 4. We identify the

presence of three distinct emission line regions in the

IFU cube labeled as A, B, and C. The region around

J1429+5447 has also been imaged using the Wide-Field

Camera 3 (WFC3) on HST in F105W and F140W fil-
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Figure 6. [O III]λ5007 maps of J0216−5226 (top), J0320−3521 (middle), J1429+5447 (bottom), showing the integrated
surface brightness (moment 0; first column), velocity offset (moment 1; second column), and velocity dispersion (moment 2;
third column). The fourth column shows the signal-to-noise pixel map, with all maps showing only pixels with S/N> 1 for
presentation purposes. The quasar location is indicated by a black cross.

ters (see Sect. 2.3). The F105W image is shown in the

left panel of Fig. 7, and clearly shows the presence of an

extended source at the location of component C and a

point source close to component B. Both of these sources

are also detected in the F140W image. We create a PSF

model from unresolved stars in the image itself, and then

make use of the GALFIT software (C. Y. Peng et al.

2002) to model the three sources in the image. We de-

fine a flat background component with two point sources

and a sersic profile for the extended source. The GAL-

FIT model and model-subtracted HST image are also

shown in Fig. 7. While there is some marginal resid-

ual flux at the quasar location from the imperfect PSF

subtraction, this model fits the data well. Therefore,

we find no evidence for continuum emission in the HST

image at the locations of A and B, while component C

is clearly detected. We note that the point source west

of J1429+5447 in the HST image (of mF105W ≈ 24.7

mag) is not detected in the collapsed NIRSpec IFU cube.

The nature of this source remains unclear, although it

is plausibly either a foreground star or a faint compact

galaxy.

Previous observations of J1429+5447 with the North-

ern Extended Millimetre Array (NOEMA) and Ex-

panded Very Large Array (EVLA) report the presence

of two components of [C II] emission (Y. Khusanova

et al. 2022) and CO(2-1) emission (R. Wang et al. 2011).

R. Wang et al. (2011) finds two peaks spatially sepa-
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Figure 7. HST F105W image of J1429+5447 confirming the presence of two neighboring sources in the projected plane.
The locations of the three emission line regions found in the NIRSpec cube are indicated by the black ellipses labeled A–C.
Middle: Model created from the HST image using GALFIT, including two point sources and one sersic source profile. Right:
The residual of the model-subtracted HST image. The quasar location is indicated with a red cross.

rated by 1.2′′, which is speculated to indicate a pos-

sible major merging system. The location of this sec-

ond CO(2-1) component (indicated in Fig. 4 by a pink

cross) does not coincide with any obvious feature in our

NIRSpec IFU data. The NOEMA data presented in

Y. Khusanova et al. (2022) shows bright [C II] emission

at z[Cii] = 6.190± 0.004, which is best fit by two Gaus-

sian components, which may indicate a galaxy merger or

AGN-driven outflows. However, due to the beam size of

1.6′′×1.4′′, these were not spatially resolved, and there-

fore they cannot be compared directly to the emission-

line regions in our IFU cube.

Finally, we optimally extract the spectra of the three

emission line regions from the PSF-subtracted IFU cube

at sky locations 14:29:52.17 +54:47:16.81 (region A),

14:29:52.05 +54:47:16.96 (region B), and 14:29:52.08

+54:47:15.87 (region C). Their spectra zoomed in on the

wavelength regions of Hβ, [O III], and Hα at the quasar

redshift are shown in Fig. 5. Our combined findings and

their interpretations are as follows:

• Component A, located at 0.77′′ (4.3 kpc pro-

jected distance) South of the quasar, shows Hβ,

[O III]λ5007, and Hα emission lines with a relative

velocity shift of ∼ 800 km s−1 with respect to the

quasar. The [O III] and Hα line have a FWHM of

290±20 km s−1 and 600±120 km s−1, respectively.

However, we note that the Hα line is detected with

only S/N∼ 5. Again, we place an upper limit on

the [N II]/Hα ratio of < 1.2. Together with an

[O III]/Hβ ratio of 5.9, this does not distinguish

between excitation from star formation and AGN

on the BPT diagram. Furthermore, there is no

clear detection of He II, O IIIλ4363, [O I]λ6300, and

[S IIλλ6716,6731]. Since these emission lines are nar-

row, redshifted, and spatially disconnected from

the quasar, we speculate that this is a companion

galaxy of J1429+5447.

• Component B located at 1.3′′ (7.0 kpc projected

distance) West of the quasar is faint, however, the

extracted spectrum shows a detection of the Hβ

(S/N∼ 6) and [O III] (S/N∼ 9) emission lines

without any continuum. This emission could po-

tentially be related to the point source detected

in the HST F105W image, however, these are

still offset by ∼ 0.5′′(∼2.8 kpc). The emission

lines are narrow with a FWHM of 120±20 and

160±20 km s−1 for Hβ and [O III], respectively.

Again, there is no detection of He II, [O I]λ6300,

and [S IIλλ6716,6731]. We do note a detection of

O IIIλ4363 with a FWHM of 121±15 km s−1 and a

redshift of 1933 km s−1.

• Component C (at 1.9′′ South West of the quasar,

∼ 10 kpc projected distance) is continuum de-

tected throughout the whole data cube without

any clear emission line features. Together with its

extended shape in the HST data, we interpret this

as a foreground galaxy unrelated to the quasar.

The best fit GALFIT model resulted in a mag-

nitude of mF105W = 23.46 mag. The detections

of component C in Fig. 4 and 6 are therefore con-

tinuum detections and do not reflect the specified

emission lines.
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Especially for components A and B, deeper

JWST/NIRSpec observations are necessary to further

investigate their physical origin.

4.3. Faint emission-line region of J0216−5226

The flux map of J0216−5226, including only pixels

with S/N> 1, shows only a single tentatively detected

emission-line structure about ∼ 1′′ North-West from the

quasar (see top panel in Fig. 6). This structure virtually

disappears when the S/N cut is increased to 2 and its

extracted spectrum from the PSF subtracted IFU cube

is dominated by noise without any clear emission lines.

However, it does visually show up in a similar location in

multiple integrated line maps, including Hβ, Heiiλ4686,

[Nii]λ6584, [O III]λ4363,5007, and [Sii]λ6717,6731, suggest-

ing its not an artifact. To confirm and investigate the

nature of this emission region, deeper IFU observations

are necessary.

5. RADIO PROPERTIES

Two out of three quasars in our extreme RFeII outlier

sample, J0320−3521 and J1429+5447, are well-known

radio-loud quasars, while typically only 10% of the

quasar population is radio-loud. This raises the ques-

tion of whether their radio-loudness is connected to their

high accretion rates and metallicities. In general, radio-

loud quasars occupy a similar parameter to radio-quiet

quasars across a range of observational properties, such

as their intrinsic UV to optical SED (e.g., C. M. Gaskell

et al. 2004; G. T. Richards et al. 2006) and spectral

properties (e.g., Y. Shen et al. 2011). While radio-loud

quasars span a broad range of black hole masses and ac-

cretion rates, recent studies by B. H. Yue et al. (2025)

and C. L. Jackson et al. (2026) have demonstrated that

on a population level at low-z, powerful radio jets are

preferentially associated with quasars with high black

hole masses and/or high accretion rates. The rarity of

radio-loud quasars at high-z has prevented a similar sta-

tistical analysis at z ≳ 6. The radio properties of both

J0320−3521 (e.g., L. Ighina et al. 2025) and J1429+5447

(e.g., R. Wang et al. 2011; S. Frey et al. 2011; Y. Shao

et al. 2020) have been studied in previous works. Here

we summarize those findings and remodel the radio spec-

trum of J1429+5447 with new ultra-low frequency data

from the LOFAR LBA Sky Survey (LoLLS) at 54 MHz

(F. de Gasperin et al. 2023).

We note that J0216−5226 is not detected in either

the RACS or the Evolutionary Map of the Universe

survey (EMU; R. P. Norris et al. 2011). Therefore,

we can only place a 3σ limit on its radio luminosity

of L887MHz ≲ 1.9 × 1026 W Hz−1 from RACS and

L944MHz ≲ 2.3 × 1025 W Hz−1 from EMU, assuming

a typical spectral index of α = −0.7 (e.g., M. J. Hard-

castle et al. 2016). Due to its sky location, J0216−5226

is not covered by other large-scale radio surveys. If emit-

ting in radio, its radio luminosity is more than ∼ 25×
lower than J0320−3521 and J1429+5447. Furthermore,

taking the 3σ limit on the radio flux at 944 MHz and

converting this to 5 GHz rest-frame, together with its

previously measured M4400A value from SED fitting of

−25.96±0.13 mag (A. J. Gloudemans et al. 2021), gives

an estimated 3σ upper limit on its radio-loudness of

R ≲ 4. This upper limit suggests that J0216−5226 is

radio-quiet.

5.1. Radio spectrum of J1429+5447

J1429+5447 is one of the radio-loudest quasars at

z > 6 with both its radio and submillimeter emission

extensively studied (e.g., R. Wang et al. 2011; S. Frey

et al. 2011; Y. Shao et al. 2020; Y. Khusanova et al.

2022; J. Li et al. 2024). High-resolution VLBI observa-

tions at GHz frequencies from S. Frey et al. (2011) have

revealed the compact nature of the radio emission with

a tentatively resolved structure of < 100 pc towards the

North-East. This projected jet direction does not align

with any of the detected ionized regions in the NIRSpec

IFU cube (see Sect. 4). Furthermore, its radio spec-

trum has been reported to be steep with α ∼ −0.6 to

−0.8 (S. Frey et al. 2011; Y. Shao et al. 2020)25 and a

suggested radio-loudness of R ∼ 100− 200 (E. Bañados

et al. 2015; Y. Shao et al. 2020). J1429+5447 has also

been extensively studied at X-ray wavelengths, revealing

a high X-ray luminosity (LX = 2.3+0.6
−0.5 × 1046 erg s−1;

G. Migliori et al. 2023, see also P. Medvedev et al. 2020)

and significant variability (L. Marcotulli et al. 2025).

Due to the high redshift of J1429+5447 of z ≈ 6.16,

probing low radio frequencies is crucial to constrain the

rest-frame GHz spectral shape. Therefore, we remodel

its radio spectrum including new low-frequency detec-

tions from LoTSS-DR3 (144 MHz, T. W. Shimwell et al.

2025) and LoLLS-DR1 (54 MHz; F. de Gasperin et al.

2023). We combine these measurements with the multi-

frequency radio flux densities reported in literature, in-

cluding GMRT (323 MHz; Y. Shao et al. 2020), VLA

FIRST (1.4 GHz; R. H. Becker et al. 1994), VLASS (2-

4 GHz, M. Lacy et al. 2020), EVN VLBI (1.6 and 5

GHz, S. Frey et al. 2011), EVLA (32 GHz; R. Wang

et al. 2011). Specifically, the VLASS measurement of

J1429+5447 was obtained from the Epoch 1 QuickLook

catalog version 3.126. Furthermore, J1429+5447 is not

25 We use the definition Sν ∝ να, with ν the frequency and α the
spectral index.

26 https://cirada.ca/vlasscatalogueql0

https://cirada.ca/vlasscatalogueql0
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included in the LoLLS-DR1 catalog, however, clearly de-

tected in the image. Therefore, we obtained its flux den-

sity using the Python Blob Detector and Source Finder

(PyBDSF; N. Mohan & D. Rafferty 2015). The offset

between the optical quasar and LoLLS radio detection is

4.3′′, which is within the expected uncertainty given the

surveys resolution of 15′′ and S/N of ∼ 3. For the other

low-frequency measurement from the LoTSS survey (at

144 MHz), the measured offset is 0.23′′ with a confident

S/N∼ 10 detection. We note that these radio obser-

vations have been taken at wildly different resolutions

(∼mas to arcseconds). The highest resolution observa-

tion at 1.6 GHz from S. Frey et al. (2011) suggests the

jet is compact with < 100 pc, however, extended (lobe)

emission is potentially missed at high frequencies and

high resolution due to low surface brightness. To take

into account any systematics, we add a 10% flux error in

quadrature to all reported flux density errors. All radio

measurements used for SED fitting are summarized in

Table 2.

The radio spectrum is shown in Fig. 8, which indicates

a potential break or low-frequency turnover. Therefore,

we model the radio spectrum using different types of

models: a normal power-law (PL), broken PL, and ab-

sorption models. The two main types of absorption

models that explain the turnover in radio spectra are

Free-Free Absorption (FFA) and Synchrotron Self Ab-

sorption (SSA). We refer to J. R. Callingham et al.

(2015) for details of these models. In short, the FFA

model assumes that non-thermal radio emission is ab-

sorbed by an internal or external ionized screen, which

is either homogeneous or inhomogeneous. In the SSA

model, the same relativistic electrons that emit the syn-

chrotron radiation also absorb photons at low frequency.

The turnover frequency is the transition from the opti-

cally thick (below the turnover) to optically thin regime.

For the fitting procedure, we use an invariant Markov

Chain Monte Carlo (MCMC) approach with 5000 it-

erations. The errors on each parameter are given by

the 16th and 84th percentiles. The different model fits

are compared using the Bayesian Information Criterion

(BIC; see eq. 1). The gray line in Fig. 8 shows the

best fitting simple PL model with a spectral index of

α = −0.68 ± 0.08, which translates to a k-corrected

radio-luminosity of L1.4GHz = 5.5 × 1026 W Hz−1. In

addition, we consider a broken PL model, homogeneous

SSA model, internal FFA model, and homogeneous FFA

model (with and without high-frequency break). The

best fitting model to the radio SED of J1429+5447

is the broken PL with a BIC value of 29. This is

followed by the homogeneous FFA model including a

break, with a BIC value of 33. The broken PL (with
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Figure 8. Radio spectral energy distribution of
J1429+5447, ranging from 54 MHz to 32 GHz in the observed
frame (bottom axis) and rest-frame (top axis). The red
points highlight the flux density measurements from high-
-resolution radio images, while the yellow points are from
low resolution images. The grey dashed line shows the best
fitting power-law with a slope of α = −0.68±0.08. However,
the best fitting model is the broken power-law (purple dot-
ted line), followed by the homogeneous Free-Free Absorption
model with a break (orange line).

αlow = −0.42+0.15
−0.07 and αhigh = −0.83+0.07

−0.08) is therefore

favored by our modeling as |∆BIC| > 4. While hav-

ing the fewest model parameters, the simple PL used in

previous works results in a higher BIC value of 49. Our

three best fitting models are shown in Fig. 8. The break

in the broken PL spectrum is likely caused by radiative

losses (i.e. inverse Compton losses) from an ageing elec-

tron population, causing a steepening of the spectrum

(e.g W. J. Jaffe & G. C. Perola 1973; M. Murgia 2003).

The break frequency of J1429+5447 is estimated to be

νb = 1.4±0.7 GHz in observed frame (10.3±4.8 GHz in

rest-frame), and is expected to move to lower frequencies

as time passes without the injection of fresh particles.

Similarly, a break has been observed in the radio spec-

trum of PSO J352.4034–15.3373 (at z = 5.832±0.001) at

a high frequency of 28.76 GHz in observed frame (196.46

GHz rest-frame; see S. Rojas-Ruiz et al. 2021, 2025)

with an estimated jet spectral ageing from cooling of

tspec ∼ 580 yrs. Furthermore, the radio spectrum of

the z = 6.1 blazar PSO J030947.49+271757.31 shows a

break at a few tens of GHz in the observed frame (C.

Spingola et al. 2020; A. J. Gloudemans et al. 2023).

To summarize, the current radio data of J1429+5447

suggests its radio jet is compact (< 100 pc at 1.6 GHz; S.

Frey et al. 2011) with its radio spectrum showing a po-
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Table 2. Radio measurements of J1429+5447 used for SED fitting

Frequency Total flux density Telescope (Survey) Reference

(GHz) (mJy)

0.54 8.20± 3.08 LOFAR (LoLLS-DR1) F. de Gasperin et al. (2023)

0.144 13.70± 1.52 LOFAR (LoTSS-DR3) T. W. Shimwell et al. (2025)

0.323 5.02± 0.61 GMRT Y. Shao et al. (2020)

1.4 2.95± 0.33 VLA (FIRST) R. H. Becker et al. (1994)

1.6 3.30± 0.34(1) EVN VLBI S. Frey et al. (2011)

2–4 1.82± 0.27 VLA (VLASS) M. Lacy et al. (2020)

5.0 0.99± 0.12 EVN VLBI S. Frey et al. (2011)

32 0.26± 0.03 EVLA R. Wang et al. (2011)

Note—A 10% flux error has been added in quadrature to all reported flux density errors to
account for systematics. (1) This is the sum of the flux densities in the VLBI components
of 3.03± 0.05 mJy and 0.27± 0.04 mJy.

tential spectral turnover at low-frequency, which could

indicate that this is a young gigahertz peaked-spectrum

(GPS; e.g., R. Fanti et al. 1990; C. P. O’Dea et al. 1991)

source. Inferring the orientation of the radio jet is chal-

lenging, as observational evidence both supports and

disfavors a blazar interpretation (i.e., a jet viewed close

to face-on). On the one hand, its high radio loudness,

X-ray brightness, and rapid X-ray variability are con-

sistent with blazar-like properties (L. Marcotulli et al.

2025). On the other hand, blazars typically exhibit flat

radio spectra (α > −0.5; e.g., R. Coppejans et al. 2017),

and P. Medvedev et al. (2020) found no strong evidence

for radio variability in this source, arguing against a

blazar nature. Overall, the current data do not provide

meaningful constraints on the viewing angle.

5.2. Radio and X-ray emission of J0320−3521

J0320−3521 was originally selected by combining

RACS 888 MHz observations with the Dark Energy Sur-

vey (L. Ighina et al. 2023). Its radio and X-ray proper-

ties are presented in L. Ighina et al. (2025), with radio

properties similar to other high-z radio quasars with a

spectral index of α = −0.72± 0.02 and radio luminosity

of L1.4GHz = 5.8 × 1026 W Hz−1, which are both very

similar to J1429+5447. Its known radio spectrum spans

a frequency range of 100 MHz to 9 GHz with no indi-

cation of a break or turnover. The 2.3 GHz observation

of LBA-VLBI shows a marginally resolved jet structure

pointing North-West (see Fig. 5 of L. Ighina et al. 2025),

which is not aligned with the ionized region found in the

NIRSpec IFU cube in Sect. 4. However, this detection is

tentative (∼ 3σ) and likely dominated by noise. There-

fore, follow-up observations are necessary to confirm any

extended jet emission and alignment with the observed

emission-line region.

Interestingly, L. Ighina et al. (2025) find from Chan-

dra observations that J0320−3521 is among the bright-

est X-ray sources at z ≳ 6, similar to J1429+5447, with

L2−10keV = 1.8+2.2
−0.9 × 1046 erg s−1, and with an ultra-

steep X-ray photon index of ΓX = 3.3 ± 0.4. Super-

Eddington accretion is discussed as the most likely

scenario explaining its steep X-ray spectrum and ex-

pected limit on the bolometric luminosity, consistent

with multi-wavelength SED fitting and expectations

from theoretical models (e.g., P. Madau & F. Haardt

2024; K. Inayoshi et al. 2025). However, in the case

of jetted quasars both the jet and corona contribute

to the X-ray emission, complicating identifying the ex-

act origin of the X-ray emission. We refer to L. Ighina

et al. (2025) for more discussion. We highlight that this

work supports the potential super-Eddington nature of

J0320−3521 by its location in the EV1 plane and the

derived Eddington accretion ratios of λEdd = 0.5 − 6.0

(see Sect. 3).

6. SUMMARY

To summarize, we identify three high-z quasars in the

JWST Aether survey as outliers on the quasar main

sequence. Their rest-frame optical spectra exhibit re-

markably strong Fe II features and weak [O III] and

Hβ, suggesting that these chemically enriched and po-

tentially highly accreting quasars in the first Gyr of

our Universe. Their measured rest-frame optical Fe II

strengths (RFe II,λ4570 ≡ EWFe II/EWHβ) of ∼ 2.8− 3.6

are within the top 3% of the SDSS quasar distribu-

tion at 0 ≲ z ≲ 1. However, we find that the D.

Park et al. (2022) Fe II template provides a better fit

to the spectral features at < 5600 Å, which resulted

in RFe II,λ4570 values of ∼ 2.5 − 2.7. Analysis of previ-

ously taken ground-based spectroscopic data with Gem-
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ini/GNIRS (for J1429+5447) and Magellan/FIRE (for

J0216−5226) supports this scenario of quick chemical

enrichment, with high Fe II/Mg II ratios of ∼ 6.

The estimated Hα-based black hole masses are ∼
0.15− 7× 109 M⊙, similar to the general high-z quasar

population, with derived Eddington ratios between ∼
0.09−0.39 for J0216−5226, ∼ 0.5−6.0 for J0320−3521,

and ∼ 0.14−0.60 for J1429+5447. These measurements

suggest possible super-Eddington accretion in the case

of J0320−3521, which is supported by its extreme X-ray

properties as argued by L. Ighina et al. (2025). The BH

mass estimates and Eddington ratios derived from Hβ

are similar with ∼ 0.2 − 3 × 109 M⊙. While Hβ gen-

erally provides more reliable correlations, in these cases

the Hβ lines are weak and difficult to model together

with the strong Fe II pseudocontinuum features. Over-

all, these estimates of the BH masses and Eddington

ratios depend heavily on the scaling relation, and Fe II

template used, and BH masses are known to be overes-

timated in Fe II-strong quasars. These values therefore

remain uncertain and should be used with caution. The

location of these quasars on the fundamental plane sug-

gests these three quasars are promising candidates for

super-Eddington accreters.

The NIRSpec IFU data cubes furthermore allow for in-

vestigating the immediate quasar surroundings (within

∼ 10 kpc in projected distance). The integrated in-

tensity maps of J1429+5447 indicate a complex envi-

ronment with 2 possible companion or outflow features,

and 1 foreground galaxy, as confirmed by HST WFC3

imaging. Also, the IFU data of J0320−3521 shows a dis-

tinct emission line region within ∼2 kpc of the quasar in

projected distance, which could be a companion or ion-

ized gas region. Finally, the IFU cube of J0216−5226

revealed a faint emission line region north-west of the

quasar. However, due to the low S/N, the source caus-

ing the emission could not be identified. Deeper NIR-

Spec/IFU and potentially sub-mm observations are nec-

essary to further examine the nature of these emission

line regions.

Two of our quasars, J0320−3521 and J1429+5447,

are radio-loud, while J0216−5226 remains undetected in

current large-sky radio surveys, with upper limits sug-

gesting J0216−5226 is radio-quiet (R5GHz ≲ 4). The

radio properties of both radio-loud quasars have previ-

ously been studied in literature, however, in this work,

we remodel the radio spectrum of J1429+5447 including

a recently obtained ultra-low frequency measurement at

54 MHz, which hints at a potential turnover in the ra-

dio spectrum. However, the modelling favors a broken

power-law at an observed break frequency of 1.4 GHz

(∼10 GHz in rest-frame), caused by radiative losses from

an ageing electron population. Comparing the ionized

gas regions in our NIRSpec/IFU cubes to previous high-

resolution radio observations, we do not find any evi-

dence for radio jet alignment.

This paper highlights three extreme outliers on the

quasar main sequence already in place at z > 6, as

unveiled by recent JWST observations, which confirms

quick chemical enrichment of quasars in the early Uni-

verse. Despite the small sample size, our results reveal

marked diversity in environment and radio-jet properties

among quasars that display similar optical spectral fea-

tures. The exceptional wealth of data from the Aether

survey will establish a new benchmark sample of quasar

properties at z ≥ 5.7, and can provide necessary statisti-

cal evidence to investigate whether radio jets are prefer-

entially generated by the most highly accreting quasars

in the early Universe, and to disentangle the roles of

black hole physics and environment.
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APPENDIX

A. COMPARISON FEII TEMPLATES OF Hβ+O III COMPLEX

In Fig. 9, we compare the best-fitting Fe II models obtained using the D. Park et al. (2022) Mrk 493 template and

the T. A. Boroson & R. F. Green (1992) I Zw 1 template. The corresponding measurements are listed in Table 1. We

find that the Fe II equivalent widths are generally lower when adopting the P+22 template, resulting in systematically

lower values of RFe II,λ4570.

Table 3 summarizes the FWHM values and central wavelengths of each individual Gaussian component fit of the

Hβ, [O III], and Hα emission lines. For both J0216−5226 and J0320−3521, several narrow- and broad-line components

converge to the imposed upper- and lower bounds of the FWHM allowed in the fitting routine. This reflects a

degeneracy between the narrow and broad velocity components that we cannot break at the spectral resolution and

S/N of our data. These components are generally low in amplitude and do not contribute significantly to the total

line profile.

B. MOMENT MAPS OF Hβ AND Hα

Figure 10 and 11 show the Hβ and Hα moment maps, including surface brightness, velocity, and velocity dispersion,

of the three quasars studied in this work. Pixels below S/N< 1 are masked. The emission line regions identified for

J1429+5447 in Sect. 4 are highlighted in the bottom panel. As apparent from the maps, the tentatively detected

region northwest of J0216−5226 (top panel) is also visible in Hβ, however, no coherent structure is observed in Hα.

The emission line regions identified in the region of J0320−3521 and J1429+5447 are apparent in both maps. We

interpret component C as a foreground galaxy. The moment maps at its location therefore do not trace genuine Hβ

and Hα emission line kinematics, but instead reflect its underlying continuum emission.
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Table 3. Individual emission line components from spectral fitting

Parameter J0216−5226 J0320−3521 J1429+5447

P+22 & BG92 BG92 P+22 & BG92 BG92 P+22 & BG92 BG92

Hβ

FWHM, Comp. A (km s−1) 7167+419
−384 5817+133

−129 7537+304
−284 5147+93

−103 9804+436
−415 6830+222

−237

Center, Comp. A (Å) 35790 35790 34628 34628 34792 34651

FWHM, Comp. B (km s−1) 2507+345
−311 1000(1) 1000(1) 1081+467

−81 1599+161
−171 1963+156

−152

Center, Comp. B (Å) 35897 35824 34918 34918 34784 34816

FWHM, Comp. C (km s−1) — — 1168+97
−137 1157+64

−86 — —

Center, Comp. C (Å) — — 34753 34785 — —

FWHM, NL (km s−1) 1000(1) 1000(1) 1000(1) 1000(1) 717+87
−65 687+41

−47

Center, NL (Å) 35950 35945 34821 34789 34807 34810

[O III]λλ4960, 5008

FWHM, BL (km s−1) 1000(1) 3080+124
−140 5000(1) 5000(1) 3457+374

−323 2485+217
−178

Center, BL (Å) 36612, 36966 36856, 37212 35670, 36015 35670, 36015 35690, 36035 35690, 36035

FWHM, NL (km s−1) 1000(1) 1000(1) 1000(1) 1000(1) 717+87
−65 687+41

−47

Center, NL (Å) 36672, 37026 36666, 37021 35520, 35863 35487, 35830 35506, 35849 35508, 35852

Hα

FWHM, Comp. A (km s−1) 12687+485
−392 13561+542

−453 8517± 131 9257+156
−143 12764+589

−506 14346+606
−585

Center, Comp. A (Å) 48426 48420 46748 46748 46827 46809

FWHM, Comp. B (km s−1) 4268+144
−132 4372+140

−137 1485+74
−64 1985+83

−82 4042+157
−156 4091+121

−119

Center, Comp. B (Å) 48405 48405 46748 46999 46985 46981

FWHM, Comp. C (km s−1) — — 1082+77
−82 1767+121

−101 — —

Center, Comp. C (Å) — — 46924 46748 — —

FWHM, NL (km s−1) 1000(1) 1000(1) 1000(1) 1000(1) 717+87
−65 687+41

−47

Center, NL (Å) 48533 48526 47008 46965 46990 46993

Note—NL = narrow line; BL = broad line; Comp. A/B/C denote the individual broad-line profile components. A value of
‘—’ indicates that a component was not included in the fit (e.g., Comp. C for the two-Gaussian broad-line fits). (1) For these
components, the fit converges to the upper or lower limit allowed for the FWHM, which reflects a degeneracy between the narrow
and broad velocity components that we cannot break at the spectral resolution and S/N of our data. The contribution of these
components to the overall total line profile is generally small as demonstrated in Fig. 9.
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with S/N> 1.

Farina, E. P., Arrigoni Battaia, F., Banados, E., et al. 2024,

A 3D view of the first QSOs: A JWST/NIRSpec survey

program,, JWST Proposal. Cycle 3, ID. #5645

Fraix-Burnet, D., Marziani, P., D’Onofrio, M., & Dultzin,

D. 2017, Frontiers in Astronomy and Space Sciences, 4, 1,

doi: 10.3389/fspas.2017.00001

Frey, S., Paragi, Z., Gurvits, L. I., Gabányi, K. É., & Cseh,
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