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ABSTRACT

Luminous quasars at the redshift frontier z > 7 serve as stringent probes of super-massive black hole (SMBH) formation and they are
thought to undergo much of their growth obscured by dense gas and dust in their host galaxies. Fully characterizing the symbiotic
evolution of SMBHs and hosts requires rest-frame optical observations that span spatial scales from the broad-line region (BLR)
to the interstellar and circumgalactic medium (ISM/CGM). The James Webb Space Telescope (JWST) now provides the necessary
spatially resolved spectroscopy to do so. But the physical conditions that regulate the interplay between SMBHs and their hosts at
the highest redshifts, especially the nature of early feedback phases, remain unclear. We present JWST/NIRSpec Integral Field Unit
(IFU) observations of J0313—-1806 at z = 7.64, the most distant luminous quasar known. From the restframe optical spectrum of
the unresolved quasar, we derive a black hole mass of Mgy = (1.63 + 0.10) x 10° M, based on HB 14861 (HB) and an Eddington
rate of A = L/Lggg = 0.80 = 0.05, consistent with previous Mg Il 12800-based estimates. J0313—-1806 exhibits no detectable [O
[11]214959, 5007 emission on nuclear scales (30~ upper limit equivalent width of [O III] 15007 < 1.42 A). Most remarkably, we detect
an ionized gas shell extending out to ~ 1.8 kpc traced by Hf emission that also lacks any significant [O I11]114959, 5007, with a
30 upper limit on the [O III]A5007 to HB flux ratio of log,, (F([OIII])/F(HB)) = —1.15. Through photoionization modelling, we
demonstrate that the extended emission is consistent with a thin, clumpy outflowing shell where [O III] is collisionally de-excited by
dense gas. We interpret this structure as a fossil remnant of a recent blowout phase, providing evidence for episodic feedback cycles
in one of the earliest quasars. These findings suggest that dense ISM phases may play a crucial role in shaping the spectral properties
of quasars accross cosmic time.

Key words. Galaxies: high-redshift; quasars: individual: J0313-1806; quasars: supermassive black holes

1. Introduction

In the luminous quasar phase, the powerful panchromatic radi-
ation of active galactic nuclei (AGN) unambiguously traces the
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accretion of a supermassive black hole (SMBH) at the centre
of galaxies. Through dedicated optical and near-infrared (NIR)
surveys, quasars have been discovered at ever increasing red-
shifts, well within the first gigayear of the Universe (z > 5.6,
e.g., [Fan et al.2001; Reed et al|[2015; Wu et al.| 2015} |Banha-
dos et al.|[2016} 2023 Jiang et al.|2016} Matsuoka et al.|2016,
2018alb; Matsuoka et al.|[2019; Matsuoka et al. 2022, 2025}
Wang et al.|[2017; |Gloudemans et al.|[2022; |Wolf et al.|[2024;
Ighina et al.|[2024} Belladitta et al.|[2025). The SMBHs power-
ing these distant quasars populate the extreme end of the black
hole mass scale (108 — 10'° M, e.g., Onoue et al.[2019; |[Yang
et al.|[2021}; [Farina et al.|[2022}; Mazzucchelli et al. [2023) and
thus provide stringent constraints on the formation and evolution
of the very first massive black holes (Inayoshi et al.|[2020; [Fan
et al.|2023). Only a handful of quasars beyond z > 7 have been
identified to date (Mortlock et al. [2011}; |Banados et al.|[2018}
Yang et al.||2020; Wang et al.|2021)). The scarcity of confirmed
sources at the quasar redshift frontier is generally attributed to
two main factors: (/) the intrinsic steep decline in the space den-
sity of luminous quasars with increasing redshift, as captured by
the quasar luminosity function at z > 6 (e.g., [Schindler et al.
2023; Matsuoka et al.[2023); and (2) the fact that quasars at
z ~ 7.1 =7.5 exhibit optical/NIR colours that are nearly indistin-
guishable from those of Galactic L- and T-dwarfs (e.g., [Hewett
et al.[2006; [Lodieu et al.|2007; Mortlock et al.[2009; [Fan et al.
2023 |Banados et al.|2025a).

The recent discovery of reionization-era blazars (Belladitta
et al.|2020; Ighina et al.|2024; [Wolf et al.|2024; Banados et al.
2025b; Marcotulli et al.|[2025)), however, suggests a third pos-
sibility for the rarity of z > 7 quasars: many of these objects
may be systematically missed in restframe UV searches because
they are undergoing obscured growth, enshrouded in dense gas
and/or dust (e.g.,[Maiolino & Rieke|1995; Assef et al.[2015; |Vito
et al.||2019b; N1 et al.|[2020; [Lambrides et al.|[2020; |Gilli et al.
2022). The fraction of obscured quasars has been shown to in-
crease with redshift (e.g., Buchner et al.[|2015; |Liu et al.|[2017}
Glikman et al.|2018; [Lanzuisi et al.|2017; [Vito et al.| 2018} Iwa-
sawa et al.|[2020; |Gilli et al.|2022 |Peca et al.|[2023). Indeed,
from the Lya 41216 absorption profiles of quasars at z > 7,
Davies et al.| (2019) inferred extremely low radiative efficien-
cies (< 0.1%), which may indicate that these quasars remain
obscured over nearly the entirety of their growth phases. They
constrain the obscured fraction at z > 7 to > 82% at 95% credi-
bility.

This opens an exciting perspective, pointing to the exis-
tence of a vast, yet largely unexplored, quasar population at
cosmic dawn. Conversely, the few archetypal dust-unobscured,
broad-line quasars discovered at z > 7 must have already
cleared the line of sight to their nuclei and broad-line regions
(BLR), perhaps through powerful feedback associated with the
so-called “blowout phase” (e.g.,[Hopkins et al.[2006; Zakamska
et al.[2016; [Ishibashi et al.|2018; |[Lansbury et al.|[2020; Vayner|
et al.[[2025). Detecting observational signatures of such a recent
blowout in the immediate environments of the highest-redshift
quasars—for instance, fossil distributions of expelled dense gas
or dust— would offer a robust anchor for embedding these ex-
tremely rare sources within a broader evolutionary sequence.

The James Webb Space Telescope (JWST, |Gardner et al.
2006)/Near-Infrared Camera (NIRCam, Rieke et al.[[2023) has
ushered in a new era by enabling, for the first time, detection of
restframe ultra-violet (UV) and optical emission from the host
galaxies of quasars at z > 6 (Ding et al.|[2022| [2023; |Stone
et al.|2023; [Yue et al.|2024). To overcome the stark contrast be-
tween the unresolved, dominant quasar light and the compact,
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faint stellar continuum emission at these wavelengths and red-
shifts, a detailed model of the instrument’s point-spread func-
tion (PSF) is essential (e.g., Mechtley et al.|2012). With ad-
vanced imaging PSF subtraction techniques, it is now possible
to directly measure the host galaxy’s stellar mass from the ex-
tended continuum emission detected with JWST, and to compare
it with the central SMBH mass to assess whether their growth
was offset with respect to local scaling relations (e.g. [Magor-
rian et al.|1998}; [Ferrarese & Merritt|2000; |(Gebhardt et al.|2000;
Hiring & Rix|2004; [Kormendy & Ho|[2013]; Reines & Volonteri
2015 Habouzit et al.|2021). The JWST Near-Infrared Spectro-
graph Integral Field Unit (NIRSpec IFU, |Boker et al.[[2022) en-
ables integral field spectroscopy over tens of kiloparsecs around
high-redshift quasars and AGN, providing simultaneous access
to the host galaxy’s stellar continuum, the quasar spectrum (e.g.
Loiacono et al.[2024), and gas kinematics in the quasar vicin-
ity—revealing quasar feedback (e.g. Liu et al.|2024) and large-
scale interactions with companion galaxies (e.g., Marshall et al.
2023, [2024; Decarli et al.[2024} [Ubler et al.[2024). Similarly to
NIRCam, detailed PSF modelling techniques are required to dis-
entangle the quasar from underlying gas emission (e.g., Wyleza-
lek et al.|[2022; |Veilleux et al.|[2023} [Perna et al.|[2023} [Vayner
et al.[2024; Marshall et al.[2023] 12024).

At zicm = 7.6423, the quasar J031343.84-180636.4 (here-
after J0313—1806) is currently the most distant system known in
which the properties of a matured > 108 My SMBH, its host and
direct environment can be studied in detail (Wang et al.|2021).
The virial single-epoch estimate of the SMBH mass, Mpy, based
on the broad Mg IT 12800 emission line is (1.6+0.4)x10° M, and
Atacama Large Millimeter Array (ALMA) observations indicate
a high cold dust mass of ~ 7x 107 M. From its [CII] A157.6 um
emission, Wang et al.|(2021) further derive a high star-formation
rate SFR|ci; = 40-240 M, yr~!. In its restframe UV spectrum,
the object shows signatures of strong outflows through broad ab-
sorption lines in CIV 21549, STV A11394,1403 and tentatively
in Mg II 42800 (up to 0.19c¢), as well as a significant blueshift of
its CTV 11549 broad emission line (~3100 kms™!). The imme-
diate environment of this quasar is therefore expected to show
complex kinematics.

We present a study aimed at resolving the kinematic structure
of the extended, restframe optical ionized gas emission within
~15 kpc of J0313—-1806 in both spectral and spatial dimensions
with the JWST/NIRSpec Integral Field Unit (IFU, Cycle 1 GO
1764). In Section 2] we describe the JWST/NIRSpec IFU obser-
vations of J0313-1806 and the associated data reduction. Sec-
tion [3| focuses on the nuclear quasar spectrum, from which we
derive the central SMBH properties. In Section 4] we detail our
PSF subtraction procedure and recover the extended gas emis-
sion in the quasar’s immediate environment. Finally, in Section
[l we synthesize the results from the nuclear spectrum and the
extended emission to place them in a broader physical context.
We present our conclusions in Section [6]

Throughout this paper, we assume a concordance ACDM
cosmology with parameters: Hy = 70kms™!, Q) = 0.3, Q4 =
0.7. With this cosmology, one second of arc corresponds to 4.96
kpc in proper (physical) transverse distance at z = 7.64. All
equivalent widths are restframe measurements. All images are
shown in the north-up, east-left convention.
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2. Observations and data reduction
2.1. JWST/NIRSpec IFU pointings

We observed J0313—1806 and an associated PSF calibration star,
TYC 5875-488-1, with JWST/NIRSpec IFU on Jan 21, 2023, as
part of our JWST Cycle 1 proposal ID 1764. The total expo-
sure times were 9.82 and 0.17 hours, respectively. The grating
and filter combination G395M/F290LP covers wavelength range
2.87-5.10 um with a nominal resolving power of R ~ 1000. The
velocity resolution of our cube is thus roughly 300 kms~!. The
field of view of JWST/NIRSpec IFU is 3” X 3" (correspond-
ing to ~ 15kpc X 15kpc at the redshift of the quasar), with a
native pixel scale of 0.1”. The NIRSpec IFU PSF is undersam-
pled by design. A small cyclic 8-point dithering pattern was
chosen to improve spatial sampling. This observing strategy al-
leviates aliasing effects arising from the undersampled PSF (so-
called wiggles, e.g.|Perna et al|2023). Each dither consists of 3
integrations of 20 groups each. The readout pattern was set to
NRSIRS2. In addition to the cyclic dithers, an additional leakcal
exposure was taken to monitor and correct for light leaks from
the neighbouring micro-shutter-array (MSA) on JWST.

2.2. Data reduction

We reduced the data cubes with the standard three-stage JWST
Science Calibration Pipeline E] version 1.15.0 (CRDS context:
jwst_1322.pmap ). The first stage, calwebb_detectorl, per-
forms group-level corrections on uncalibrated data such as de-
tector bias and dark subtractions, electronic noise, persistence
and linearity corrections. It also detects cosmic rays (jump), con-
verts counts to electrons, and fits a slope to the counts to calcu-
late fluxes (ramp_fitting). We inserted the additional process-
ing step nsclean between the cosmic-ray jump detection and
ramp_fitting stepsﬂ which removes all correlated read noise
from the frames. The output of the first calibration stage is a
set of so-called rate images that form the input to the second
stage calwebb_spec2, which encompasses 2D spectroscopic
processing steps such as flat-fielding, slitlet extraction, back-
ground subtraction, as well as wavelength and flux calibrations.
The output of this stage is a set of 2D spectral images for each
slitlet. The final stage, calwebb_spec3, combines the individual
spectra into a cube, ensuring astrometric coherence. An outlier
rejection step removes residual artefacts by searching for pixels
that display a sharp difference with respect to their neighbours
in the spatial direction. The calibration stage includes three cube
projection algorithms: 3D drizzle, weighting, and the estimated
median signal method. We opted for 3D drizzle, which projects
pixel flux from different dithers onto a common 3D grid, ac-
counting for the relative pixel-to-pixel and pixel-to-voxel over-
lap. The major advantage of 3D drizzle is that it is particularly
adapted to undersampled data by accessing sub-pixel scales,
leveraging the input from multiple dithers. The cyclic dithering
pattern allows us to reproject our data cube to a half-pixel scale
of 0”705 El, thus improving spatial sampling. At the redshift of
the quasar, z = 7.6423, this corresponds to a projected physi-
cal scale of ~ 0.2 kpc/pixel. However, the code assumes a rigid
one-to-one mapping of the illuminated chip x- and y-axis and
the dispersion and spatial dimensions of the instrument. This in-

! https://jwst-docs.stsci.edu/jwst-science-calibration-pipeline

2 https://science.nasa.gov/mission/webby/for-scientists/#NSClean

3 https://jwst-docs.stsci.edu/jwst-near-infrared-spectrograph/nirspec-
observing-strategies/nirspec-dithering-recommended-
strategies#gsc.tab=0

troduces undersampling artefacts that were addressed in the ad-
ditional pre-processing step detailed in Appendix [Al

The red continuum imprinted by the zodiacal and stray light
background was accounted for by sigma-clipping the reduced
cubes in flux, masking three sigma outliers. The unmasked re-
gions are treated as field spaxels. We extract the median 1D con-
tinuum from these spaxels and subtracted it from the cubes.

3. Physical properties of the black hole
3.1. Spectral fitting

To determine the properties of the SMBH powering
JO313-1806, we apply the same methodology as [Liu et al.
(2024). We extracted the quasar spectrum by identifying the
spaxel with the highest integrated flux, which was defined as
the location of the unresolved quasar emission (pixel (49,46),
0-indexed) within an aperture of radius 0735 .

Following [Loiacono et al.| (2024), we determined the opti-
mal extraction radius for the quasar spectrum by testing values
that minimize background and extended emission contamina-
tion. Spectra of the PSF star TYC 5875-488-1 were extracted at
radii from 3 to 14 pixels (0715 to 0”770) in 0”705 steps. We calcu-
late the wavelength-dependent encircled-flux fraction by divid-
ing these extracted spectra by the spectrum extracted in a large
reference aperture of 1”70 (20 pixels). For each radius, the chro-
matic flux loss (CFL) was defined as

CFL(R, 1) = % x 100%,

blue

where fye and fiq are the median enclosed—flux fractions mea-
sured in the blue (2.9-3.5 um) and red (4.5-5.1 um) bands, re-
spectively. Wavelength—dependent flux fractions for all aper-
ture radii are shown in Appendix [B] We adopt an extraction
radius of 0”735 (see also [Marshall et al.|[2023), which captures
the majority of the PSF flux while keeping the chromatic flux
loss below the percent level and simultaneously limiting back-
ground and extended emission contamination. We note that this
radius corresponds to ~1.4 kpc at the redshift of the quasar and
thus completely encompasses the BLR and the classical narrow-
line region (NLR, e.g. Baskin & Laor|[2005). We model the
wavelength-dependent correction by fitting a smooth spline to
the 0”735 encircled fraction array and apply the correction to the
quasar spectrum.

The resulting spectrum is presented in Fig. [T} Notably, the
spectrum reveals relatively weak [O III] 214959,5007 emission
lines and a strong Fe 11 pseudo-continuum, features that are also
observed in the z = 7.5 quasar J100758.26+211529.2 (Liu
et al.|2024). These characteristics are typical of rapidly accreting
quasars (see discussion in Sec. [5).

To analyze the spectrum, we used the public software
PyQSOFit (Guo et al.| 2018 |[Shen et al||2019; Ren et al.
2024). We selected featureless spectral regions (4000 — 4200A,
4500 — 4700A, and 5050 — 5750A), to fit the quasar con-
tinuum. Our setup uses a power-law, a restframe optical Femn
template (Park et al.|2022) covering the HS 14861 (Hp) re-
gion and an additional smooth second-order polynomial cor-
rection term to adjust the tilt and curvature of the fit. We
fixed the redshift of the quasar at z = 7.6423 (as measured
from [CII] A157.6 um by Wang et al.|2021). After subtract-
ing the best-fit pseudo-continuum, we fitted the HB emission
line with three broad Gaussians (FWHM > 1200kms™!), as
well as one narrow Gaussian (FWHM < 1200kms™!). The
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Fig. 1. Extracted quasar spectrum within a 0”735 aperture centred on the spaxel with the highest integrated flux. The observed spectrum, shown
in black, is well fit by the PyQSOFit model, shown in orange. Broad HB and Hy are modelled using three and two broad Gaussian components
(pink lines, individual Gaussians are shown in purple) with FWHM> 1200 km/s, and one Gaussian component with FWHM< 1200 km/s to trace
narrow components (green line). The [O III] 224959,5007 emission lines are modelled with one broad and one narrow component. No narrow
[OIII] 214959,5007 components are detected, while a strong contribution from Fen emission (blue line) is evident (Park et al.[[2022)). The lower

panel shows fit residuals.

Akaike (AIC) and Bayesian (BIC) information criteria both in-
dicate that a three-component broad HB model is ideal. Adding
additional components does not significantly improve the y?,
while a two-component model underfits the line profile. We fit
Hy 44340 (Hy) with two broad and one narrow component.
The [OIII]A4959 and [OIII]A5007 lines are fit with one broad
and one narrow Gaussian each. In all fits, the flux ratios of the
[O1III] 224959,5007 doublet were constrained to their theoreti-
cal values, Fso07/F4959 = 2.98 (e.g., Storey & Zeippen|2000).
In our fit, the narrow core of the [O III] 2124959,5007 lines col-
lapsed to zero flux. Very weak wings of the [O III] 144959,5007
lines are detected (EW([OIII]A5007~ 0.02 A), however this is
sensitive to the continuum placement and to the adopted decom-
position of the HB base. We thus treat the [O III] 114959,5007
as not significantly detected and quote a 30~ upper limit on the
equivalent width of [OII[]A5007 measured from the local contin-
uum noise, assuming a Gaussian line profile with a fixed FWHM
of 19 A: EW([OI11]15007)<1.42 A (based on the width of the
detected narrow HB component). The broad-line Balmer decre-
ment shows no evidence for BLR reddening. The resulting best-
fit spectrum, along with the fits for the broad emission lines and
the Ferr model components, is presented in Fig. [T}

3.2. Black hole mass and Eddington rate

Our best-fit broad Gaussian HB model (i.e. excluding the narrow
component) has an FWHM of 4156 + 68kms~!, which we in-
terpret as virial broadening in the BLR (e.g., |Peterson|2006).
The instrumental broadening of the NIRSpec G395M/F290LP
configuration is negligible compared to the measured broad HS
width. Its error is dominated by the statistical uncertainty; we
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therefore do not apply an instrumental broadening correction.
We measured the best-fit continuum monochromatic luminos-
ity at restframe 5100 A. To account for systematics, we added
a conservative 10% flux calibration uncertainty in quadrature to
the small statistical errmﬂ obtaining Lsjg0 = (1.77 = 0.18) X
10% erg s~!. Together with the measured Hp line width, this al-
lows us to estimate the black hole mass Mgy of the central
SMBH using single-epoch calibrations, such as |Greene & Ho
(e.g., 2005); [Vestergaard & Peterson| (e.g., 2006); [Shen et al.
(e.g.,|2024), following Kaspi et al.[(2000). We use the parametri-
sation of |Shen et al.| (2024):

Ls100
10* erg s~!

log Men
My

with an intrinsic scatter of o, = 0.45 + 0.04 dex.

We obtain an HB single-epoch mass of Mpyug = (1.63
0.10) x 10° M, and Mgupg = (1.63f%;gg) x 10° M, when ac-
counting for the intrinsic scatter. We use the measurements of
MgII 22800 and Lsgy reported by [Wang et al.| (2021) to re-
visit the black hole mass estimate using the Mg IT 42800 single-
epoch calibration of [Shen et al.| (2024), yielding Mpumenr =
(3.18 £ 1.06) X 10° Mo, or Mpy men = (3.18fg:ﬁ) x 10° Mg when
including intrinsic scatter. Considering measurement uncertain-
ties alone, the two estimates differ at the ~ 1.80 level. When
the intrinsic scatter of the calibrations is included, the results are
fully consistent. We note that using theShen et al.[(2024) calibra-

tion for the Mg II A2800-based black hole mass yields values that

) = 0.85+0.50 log(

FWHM
)+2.0 log(—Hﬁ),

kms~!

ey

4 We apply this 10% uncertainty floor to all subsequent flux and equiv-
alent width measurements.
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Quantity Units Value

FWHM|;} kms™! 4156 + 68

L3, ergs™! (1.77 £ 0.18) x 10%
EWHB)® A 53.18 £ 0.31
EwW(onm® A <142

EW(FelD)® A 38.46 + 0.02
F(our))® ergs”'lem™?  <239x 1078

My s Mo (1.63 +0.10) x 10°
Ly ergs™! (1.64 +0.16) x 1097
Lyt /LS, - 0.80 + 0.05

Table 1. Results of spectral fitting for J0313-1806. (1) Full-width-at-
half-maxium of the broad HB line (2) Monochromatic luminosity at
5100 A (3) Equivalent width of the broad HB line (4) 30~ upper limit on
the equivalent width of [O III] 25007 (5) Equivalent width of the Fenu
blend at 4434-4684A 6) 30 upper limit on the flux of [OIII] 45007
(7) Black hole mass derived based on|Shen et al.|(2024) (8) Bolometric
luminosity based on Richards et al.| (2006) (9) Eddington rate

are higher by a factor of ~ 2 compared to those obtained with the
Vestergaard & Osmer| (2009) calibration adopted by [Wang et al.
(2021)) and [Yang et al.| (2021); the two estimates are consistent
only when accounting for the intrinsic scatter of the relations.
We calculate the Eddington rate Aggq, defined as the ra-

tio of bolometric luminosity Ly, and the Eddington luminosity

4G Mgym,c . .
Lpaa = — 2=, where m,, is the proton mass, c is the speed of

light, and o7 is the Thomson scattering cross-section. We derive
the bolometric luminosity using the bolometric correction factor
from Richards et al.|(2006), applying Lyo; = 9.26 X Lsjg9, Which
yields (1.64+0.16)x10* erg s~!. From our derived Mgy estimate
we calculate an Eddington ratio of Agqq = 0.80+0.05 accounting
only for measurement uncertainties. These findings corroborate
the results of Wang et al.| (2021)), indicating that quasar J0313—
1806 harbours a relatively mature SMBH accreting at a high Ed-
dington rate. The results of the spectral fit are summarized in
Table [Tl

4. Extended nebular emission
4.1. Point-spread-function modelling

To identify any potential extended gas components linked to
the host galaxy, outflows, or field sources in the cube, we must
first model and subtract the unresolved light from the signifi-
cantly more luminous central quasar. Here, we create an empiri-
cal model of the PSF based on the observations of the associated
PSF star, TYC 5875-488-1. To precisely align the quasar and
PSF star images, we first compute the two-dimensional cross-
correlation between the quasar and PSF star white-light images
obtained by integrating the cubes over the wavelength range 3.5—
5.1 um. This cross-correlation evaluates the similarity between
the images at different pixel offsets.

We apply a PSF alignment shift between the brightest spax-
els of the collapsed cubes, determining a sub-pixel shift in
Fourier space (e.g., [Stone et al.|[2001; [Foroosh et al.|[2002).
This technique involves computing the Fourier transform of each
wavelength slice, applying the calculated phase shift for sub-
pixel precision, and then performing an inverse Fourier trans-
form on the shifted data. We obtain x-shift = 1.48 pixels and
y-shift = —2.34 pixels. The aligned PSF star cube is computed
as:

Tpsp(x,y) = F~ {T[IPSF(X, »]- e_ZKi(xShif"M"')}- 2

To account for the spectral energy distribution (SED) differ-
ences between the quasar and the PSF star, we extract integrated
spectra using a circular aperture (radius = 7 pixels, i.e. 0735).
The aperture scale is determined based on the analysis shown
in Appendix [B] At the chosen radius, the enclosed flux fraction
is already within ~1-2% of that measured with larger apertures,
and its wavelength dependence is smooth and consistent with the
expected chromatic broadening of the JWST PSF. This indicates
that the extracted flux is dominated by unresolved quasar light,
with no evidence for a significant contribution from extended
host emission.

The raw scaling factor per wavelength is given by S(1) =
Fguasar(A)/ Fpsr(4). However, small-scale fluctuations in (A1)
can introduce systematic artifacts in the residual spectrum. To
mitigate this, we apply a Gaussian smoothing filter with o =
5 pix along the spectral axis. The spectra and the smoothed
wavelength-dependent scale factor are shown in the left panel
of Fig.[2] The figure in the right panel shows that the PSF model,
i.e. the smoothed and scaled PSF star, accurately traces the flux
profile of the quasar.

Once the smoothed scale factors are computed, we apply
them to each wavelength slice of the PSF star cube, scaling it
to match the quasar SED:

3

where Ssmooth(4) denotes the smoothed wavelength-dependent

scale factor, and Ipsg(x, v, A) is the subpixel-aligned PSF cube.
The final PSF-subtracted quasar cube is then obtained by

subtracting the scaled PSF cube from the observed quasar data:

“

The resulting residual cube Iliesigua(X,y, 4) reveals the un-
derlying spatially extended emission that is not associated with
the unresolved quasar core. This emission can originate from
narrow-line regions, the host galaxy, outflows, satellite compan-
ions or chance-aligned field fore- or background sources. A vi-
sual overview of the PSF subtraction process is presented in
Fig.[3

Despite the careful modelling and subtraction procedure,
several sources of systematic uncertainty remain. First, the SEDs
of the quasar and the PSF star differ intrinsically, introducing
wavelength-dependent mismatches that are not fully corrected
by the smooth scaling procedure. Second, subpixel alignment
errors, particularly in the presence of asymmetric PSF wings or
optical distortions, can leave residual artifacts in the final cube.
We have assessed the impact of these effects through a series
of robustness tests. Varying the degree of spectral smoothing
applied to the scaling factor S (1) results in negligible changes
to the residual maps and does not affect the detection of ex-
tended emission. In addition, perturbing the relative alignment
between the quasar and PSF star cubes at the level of the mea-
sured alignment uncertainty produces only minor changes in the
residual root-mean-square (RMS). Residual artifacts associated
with these systematics are confined to the central PSF core and
do not generate spatially extended or spectrally coherent fea-
tures. We therefore conclude that these systematic uncertainties
do not affect the results or interpretations presented below.

In the collapsed PSF-subtracted cube, we identify three re-
gions of interest. A luminous core close to the quasar position

IPSF, scaled (X, ¥, ) = S smooth (4) X INPSF(X, ¥, ),

Lesiqual(x, y, ) = quasar(x7 ¥, A) = IpsE scated(X, y, A).
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Fig. 2. PSF model. Left: Spectral comparison between the quasar and PSF star used to derive the PSF scaling factor. The extracted 1D spectra
from the quasar (black) and PSF star (blue) were obtained using a circular aperture with radius 0”/35. The PSF spectrum is scaled down by a
factor of 500 for visual comparison. While the PSF star shows a smooth stellar continuum, the quasar exhibits a prominent broad HB emission
line and strong Fe 1 features. The wavelength-dependent scaling factor S (1) computed as the ratio between the quasar and PSF spectra is shown
in green. The scaling factor is smoothed with a Gaussian kernel of width o = 5 pix before being applied slice by slice to the aligned PSF cube.
Right: Median radial profiles extracted from the quasar cube (black dashed), the raw PSF star cube (orange) and the PSF star cube, corrected
with the wavelength-dependent scaling factor (blue). The radial profiles are measured from the brightest pixel in white light of each cube. The
colour-shaded areas correspond to the median absolute deviations of the quasar radial profile (grey) and the scaled PSF star cube (blue).

PSF Star Scaled

Quasar Before PSF Subtraction Quasar After PSF Subtraction

PSF Star 1" |r )(17 Quasar
F  TA
.l L] [ ]
2 T
.. " - b I .- .b..l L] -1 n J
z EBx T -
= | ] =
{ A%
- ]
" o
L
L]
I . |
- 'TCx
50 Y d 8‘0 2‘0. Y 50 80 20 3b 4‘0 Sb 6‘0 7b 8‘0
x [pix] x [pix] x [pix]

Fig. 3. PSF subtraction procedure for J0313-1806. Left: Integrated white-light image of the reduced cube centered on J0313-1806. The blue
cross marks the position of the unresolved quasar. Centre: Integrated and scaled cube of the PSF calibration star TYC 5875-488-1, aligned and
scaled to match the quasar emission. The orange cross marks the position of the unresolved star. Right: Residual white-light image of J0313-1806
after PSF subtraction, revealing extended emission components after removal of the unresolved quasar core. We highlight three regions of interest:
A) A bright core near the quasar, B) a near-elliptical diffuse region just north-east of the quasar and C) a distinct foreground elliptical source to the
south-west of the quasar. This work focuses on the central region A). For all maps, pixels with negative integrated flux were masked.

at pixel (50,45) (see green cross close to A); the object of the
present paper. We further identify an extended quasi-elliptical,
nebulous region to the north-east (B) of the quasar. The origin of
this emission is further discussed in Appendix [C] We also find a
distinct source to the south-west (C) is spatially co-incident with
a foreground galaxy detected in JWST/Near Infrared Camera
(NIRCam) and JWST/Mid-Infrared Instrument (MIRI) imaging
from the same Cycle 1 programme (#1764). The extracted source
has photometry consistent with that of a galaxy at z ~ 2.25
and private communication). A clear detec-
tion in the FO9OW filter consolidates the lower redshift nature
of this source. A spectrum extracted at this location displays a
strong emission line, fixing the galaxy to z = 2.30, through its
Pap 112818 line. In Appendix [D| we present spectra extracted
within 0735 of the emission regions A, B and C. The alternat-
ing horizontal pattern near region A is a PSF subtraction artifact
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caused by residual structured PSF wings (including diffraction
features) and IFU sampling.

4.2. Balmer kinematic moment maps

After PSF subtraction, we fitted the data cube with a combina-
tion of host continuum and emission line models using the cube
analysis software package q3dfit]| (Rupke 2014 Rupke et al
2021)), operating in fitpoly mode. We apply Gaussian smooth-
ing with a 2.5 pixel (~ 0.5 kpc) kernel along the spatial dimen-
sions to suppress pixel-to-pixel noise fluctuations and enhance
the detectability of low—surface-brightness emission, while also
mitigating aliasing effects. The continuum was modeled with
a third-order polynomial, while emission lines were fitted with
single Gaussian components. Initially, we restricted the line fit-

5 https://github.com/Q3D/q3dfit
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Fig. 4. Kinematic moment maps of HB around J0313-1806 and bandwidth-matched continuum. Gaussian spatial smoothing over 2.5 pixel kernel
was applied (at 0705/pix scale). First panel: Flux map of 30 detected HB (57 spaxels). These are highlighted by the red contour. We define this
distribution as HB shell. Adjunct spaxels in 8-connectivity to these detection spaxels with at least S/Nyz > 1.5 are also shown. The flux in the line
peaks close to the quasar location, consistent with a central ionizing source. Second panel: Velocity offset map as traced by the the vsy parameter. A
clear velocity gradient is observed along the shell, indicating expansion or rotation of the structure. Third panel: Velocity dispersion, o. Patches of
large dispersions (>600 km/s) are observed at the edges and to the south-east of the structure, potentially indicating highly turbulent gas motion.
Fourth panel: Continuum map constructed by integrating the fitted continuum model over a line-free spectral window with bandwidth matched to
that of HB. The absence of brightened nuclear morphology in the continuum confirms that the observed Hg structure is not driven by background

variations or continuum residuals.

ting to [Om]A5007 and the Balmer lines HB and Hy, with the
Balmer lines kinematically tied. We stress that [O m]25007 and
the Balmer lines are fitted individually, allowing the code to trace
kinematically distinct regions. Prior to fitting, the model spectra
were convolved to match the spectral resolution of the G395M
grating. We allow the code to fit lines up to o = 2,500 kms~!
(FWHM=5,900 km/s), a permissive upper bound for extended
ionized gas around a quasar. We obtain zeroth, first and sec-
ond order kinematic moments using gq3dfit. The flux map
are obtained from the single-Gaussian line fits. No spaxel with
[O1II] 21144959,5007 (S/N>3 in flux) is detected. While we can-
not exclude that this is an artifact of the PSF subtraction pro-
cedure, we treat [OIII] 244959,5007 as non-detected. For HB
we apply a signal-to-noise threshold S/Ngg > 3 on the 0-th mo-
ment maps. Adjunct spaxels in 8-connectivity to these detected
spaxels with at least S/Nyg > 1.5 are also conserved for plot-
ting purposes only. The momemt maps are displayed in Fig. [
Pixels not fulfilling this criterion are masked. The HS emission
region forms an envelope or shell-like structure centred on the
quasar. 57 spaxels have robustly detected HS with S/Npg > 3
and extend over a region of radius of ~ 1.79 kpc of the quasar
position. We formally refer to this structure as the HB shell. We
further identify 46 spaxels with 1.5 < S/Nyg < 3, which are
in 8-connectivity to neighboring spaxels in which HB is 30~ de-
tected. While kinematically tied to HB, Hy is only detected in
11/57 of the S/Nyg > 3 spaxels at an integrated S/Ny,, > 2. The
average projected distance of these spaxels to the quasar is 1.06
kpc. The velocity offset is traced by the vsy parameter, i.e., the
shift in velocity space at 50% of the line intensity. We note that
the detection of parts of the HB shell is also warranted with less
aggressive spatial smoothing, e.g. a kernel of 1 pixel.

We first observe that the total fitted line flux map of HB
shows an arc-like shape with a flux maximum in the center of
the shell at the pixel (50,45), near the unresolved quasar position
(49,46), supporting the presence of a central ionizing source, i.e.
the actual AGN or a nuclear central star cluster. The slight offset
between the HB-flux peak and the quasar position is within the
FWHM of the JWST PSF and is attributable to residual PSF sub-
traction effects. In Fig. ] the vso map displays a clear velocity

dipole from blueshifts to redshifts south-east to north-west. We
measure a median blueshifted (vso < 0kms™") velocity V50.blue =
—1133; kms™! and a median redshifted (vs > Okms™!) ve-

locity vsored = 32f‘8t kms~!. The gradient of the velocity field
appears centred on the quasar. The offset values are typical of
AGN outflows (e.g.,|Liu et al.|2024)).The symmetric, ordered na-
ture of the velocity field around the quasar indicates a coherent
large-scale kinematic pattern, consistent with a tilted or partial
expanding shell of ionized gas (e.g., [Ishibashi et al|[2021), al-
though other complex organized motions (e.g. rotation [Ishikawa
et al.|2025| or a biconical flow) cannot be excluded. The appar-
ent arc-like geometry of the nebula might also be due to PSF-
over-subtraction close to the quasar, effectively depleting signal
in HB. For simplicity we will assume a spherical shell-like geom-
etry (i.e. a complete sphere around the quasar) while acknowl-
edging that this might not fully capture the real structure of the
ionized gas. Finally, the dispersion map shows strong velocity
dispersions, with a median dispersion of o = (415 + 51) kms™.
Such dispersions are typically associated with AGN outflows
and turbulent gas motion (e.g., [Wylezalek et al.|2022). Spax-
els corresponding to extreme velocity offsets in the vsy map,
i.e. vso > 400kms!, appear to also correspond to the highest
dispersions oo > 600kms~'. We note that we cannot fully ex-
clude the possibility, that the observed H@ distribution is directly
tracing the host galaxy of J0313—1806 or a merging compan-
ion. Deep restframe UV/optical imaging with JWST/NIRCam
will be required in the future to investigate the presence of a
possible co-spatial stellar continuum. In Fig. [ the control con-
tinuum map is constructed by integrating the continuum model
over a line-free spectral window with bandwidth matched to that
of Hp (three times the median velocity o of HB), does not re-
produce the structure seen in the line emission, indicating that
the observed structure is not driven by continuum or background
systematics.

Considering only the 57 spaxels with at least a 30~ detec-
tion of HB, we constructed a mean stacked spectrum of the shell
shown Fig.[5] The HB line is clearly detected, while [O ITI] 15007
remains undetected, and with a median S/Ny, = 1.44, Hy is not
detected. We also show the mean stacked spectra, split by their
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Fig. 5. Upper panel: Mean spectrum of the Balmer shell. This spectrum was extracted from 57 spaxels with at least 3cc HB detections. The
line (green dashed line), the continuum (orange dashed line), and the full (red line) models are from our q3dfit analysis. The fitted, redshifted
[O1II] 245007 and continuum emissions are consistent with noise. Middle panel: Zoom in spectra of the Hy and HB regions. Lower panels: Mean
spectra of blueshifted (vso < —25km s, left) and redshifted (vsy > 25kms~!, right) HB spaxels.

vso values, to highlight differences in the HS line profile between
blueshifted (vs) < —25km, s™') and redshifted (vsy > 25km,s™')
regions of the HS shell. The blueshifted spaxels exhibit a slightly
higher continuum and weaker emission lines compared to the
redshifted ones.

We compute the integrated 3o~ upper limit on [O III] 25007
in the HB shell (57 spaxels with HB at SNR> 3) as

_a | 2
Fromn<ss =3 Z Tjjonn?

where o710y is the per-spaxel 1o noise uncertainty in the spec-
trum at the location of [O mi].
The corresponding integrated flux ratio upper limit is then

F([OIII])) ( Flomj<e )
1 e ' =1lo =-1.15,
10( F(HB) 810\ 3 F(Hp)

where F;;(HB) is the spaxel-wise flux measured in the 30-
detected Hp line. The integrated flux of [OIII] 25007 in the
extended ionized shell is thus lower than 1071 7.1%
the integrated HB flux at the 30 confidence level. Using the
same methodology we also measure the 30 upper limit on
the Hell 11640 to HB ratio in the HB nebula. We obtain

F([Hell
1og10( ;[(HEB)D =-1.15.

(&)

(6)

)<,3cr
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5. Discussion

We discuss separately the nuclear (Sec.[5.1)) and kiloparsec-scale
(Sec. [5.2) properties derived for J0313—-1806. We discuss our
interpretation of the results as evidence for episodic feedback

cycles in Sec.[5.3]

5.1. Suppressed nuclear [Om] emission

The nuclear quasar spectrum displays a broad HB line and strong
Fe 1 emission, while [OIII] 114959,5007 emission is absent
(Fig. |ID Weak or absent [OIII] 114959,5007 emission is not
uncommon in quasar samples across cosmic time (e.g.,
izer et al|[2004). In the following, we discuss similar objects
in the literature and possible physical origins for the lack of
[O1II] 244959,5007 in JO313-1806.

5.1.1. A high-z weak line quasar?

Weak-line quasars (WLQs) are AGN with absent or very low
equivalent-width broad UV emission lines, most prominently the
high-ionization lines (e.g. CIV 11549, HelIl 11640). The res-
onant low-ionization line Lya 41216 is often also weak, and
mid-ionization lines (e.g. CIII] 11909 ], SiIlI] 41892 ]) are fre-
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quently damped (Fan et al.|[1999; Diamond-Stanic et al.|[2009;
Shemmer et al.|2010; [Plotkin et al.[2015; |Chen et al.|[2024)). The
number density of WLQs appears to increase with redshift, with
a fraction of roughly 10 — 15% at z ~ 6 (Banados et al.|2016;
Shen et al.|2019), compared to 1.3% in the Sloan Digital Sky
Survey (SDSS; York et al|[2000) at z < 4.2 (Diamond-Stanic
et al.|2009).

Broad UV high-ionization line measurements for JO313—
1806, in particular CIV 11549, have already been presented by
Yang et al.| (2021). They report a CIV 11549 restframe equiv-
alent width EW = 14.2 + 0.9 A and a blueshift of CIV 11549
relative to the systemic redshift from [CII] A157.6um of
Avery-cm = —4138 £ 350km s~!. This makes the line slightly

stronger than the canonical EW < 10 A criterion used to define
WLQs by (Diamond-Stanic et al.|2009, see also/Shemmer et al.
2010:; 'Wu et al.|2011}; [Luo et al.|2015} [Plotkin et al.[|[2015; |Chen
et al.[2024), but consistent with the EW < 15 A criterion adopted
by [Ni et al.| (2018)); [Timlin et al.|(2020). J0313—1806 thus lies at
the boundary of commonly adopted WLQ defintions and could
be considered a weak-line quasar under the more inclusive crite-
rion.

The combined CIV 11549 equivalent width and strong
blueshift of J0313—-1806 are consistent with those of WLQs (see
Fig. 2 of Ni et al.|2018| and Fig. 9 of [Timlin et al.[|2020), and
are well offset from the locus of typical quasars. To quantify
this behavior in a way that reduces the degeneracy between
CIV 41549 EW and blueshift, we adopt the CIV || Distance
metric (Rivera et al.|[2020} 2022, computed following Ha et al.
2023). This metric combines the two observables into a single
scalar quantity that measures how far a source lies along the em-
pirical CIV 41549 sequence defined by the quasar population,
with larger values corresponding to more extreme CIV 11549
properties. The resulting the CIV || Distance for J0313—-1806 is
=~ 1.10. At the independently measured HB-based accretion rate
of Liyo1/Lgaa = 0.80 % 0.05, this value is consistent with the lo-
cus occupied by WLQs in the C IV||Distance—Lyo /Lgag plane
(Ha et al. 2023), supporting the classification of J0313-1806 as
WLQ-like.

We measured the restframe equivalent widths of HS and the
Ferin the 4434—4684 A spectral window from the quasar spec-
trum extracted in Section[3.1I] The equivalent width of the fitted
broad [O III] 214959,5007 wings is extremely small (= 0.02 10\)
and we thus obtained a conservative 30~ upper limit for the equiv-
alent width of [OIII] 45007 in the spectral window 4988-5028
A. We obtain EW(HB)=53.18+0.31 A, EW(Fe 1)=38.46+0.02 A
and EW([OIII] A5007)< 1.42 A (see Table and compare
these values to the WLQ sample of (Chen et al.| (2024), as
well as to a control sample of typical SDSS quasars (135,738
quasars with EW(HB) and EW([OIII]) values from data re-
lease 16, DR16Q, [Lyke et al.|2020; 'Wu & Shen|2022)) in Fig. @
The [O IIT] 414959,5007 emission in JO313-1806 is particularly
weak relative to its HB emission, even when compared to typical
WLQs.

The physical driver of the UV-line weakness in WLQs re-
mains debated. One possibility is that the BLR is “anemic,” i.e.
has a low gas content and/or covering factor (Shemmer et al.
2010). Alternatively, a soft ionizing continuum could also pro-
duce weak high-ionization emission lines. Investigating a sam-
ple of seven WLQs, |Plotkin et al.| (2015) find that their restframe
optical low-ionization lines (e.g. HB) are not as exceptionally
weak as their UV lines. These findings favor the soft-ionizing-
continuum scenario, since an anemic BLR would result in all
broad lines being similarly weak.

Plotkin et al.| (2015) further report typical HB widths
with FWHM < 4000kms™!, strong Fe m emission, and large
C IV 21549 blueshifts (up to 5500 km s~'). As many as ~ 50% of
all WLQs are X-ray weak (e.g., 'Wu et al.|2011}|Luo et al.|2015;
Ni et al.|2018}2022; [Pu et al.|[2020) relative to typical restframe
UV-to-X-ray ratios in Type 1 AGN (Steffen et al.[2006)). The hard
X-ray spectra of X-ray weak WLQs (typical photon index range,
I' ~ 1.1-1.2; Luo et al|[2015; [Pu et al.|2020) support the idea
that absorption and Compton-thick shielding play an important
role for the line emission in WLQs (see also Ni et al.[2022).

In the high- or super-Eddington accretion regime, the ac-
cretion disk becomes geometrically thick (Abramowicz et al.
1988\, see also |Abramowicz|[2005| and references therein). Once
puffed up, the disk can shield the BLR from hard ionizing ra-
diation, resulting in an overall soft SED (Wang et al.| 2014}
Madau & Haardt |2024; [Lupi et al.|2024b; Madau & Haardt
2024). This shielding can explain both the absence of high-
ionization lines in WLQs and their observed X-ray weakness.
Additionally, the large CIV 41549 blueshifts observed in WLQ
samples (Luo et al.| 2015 [Plotkin et al.|[2015) are consis-
tent with the presence of powerful line-driven winds expected
in high or super-Eddington disks (Castor et al.|1975] Mur-
ray et al||1995). Another recurring feature is the weakness
of [OIII] 214959,5007 emission observed in WLQ samples
(Leighly et al. 2007; [Shemmer et al.|[2010; Wu et al.| 2011}
Plotkin et al. 2015; Ha et al.|[2023; |[Eilers et al.|[2023; (Chen
et al.|[2024). In the puffed-up high-L/Lgqq scenario, the shield-
ing of > 35eV photons can also naturally explain the ab-
sence of [OIII] 244959,5007 lines in WLQ spectra. The anti-
correlation between the strength of [OIII] 414959,5007 emis-
sion and the accretion rate has long been studied in the Eigen-
vector 1 context (EV1, e.g., | Boroson & Green||1992; Sulentic
et al.|2000; [Marziani et al.|[2001; [Shen & Ho|[2014; 'Wolf et al.
2020). In addition, the Baldwin effect (Baldwin||1977; [Zhang
et al. 2013} [Stern & Laor]|2013; [Shen & Ho|2014) describes
the general decrease in the equivalent width of emission lines,
including [O III] 2114959,5007, with increasing quasar luminos-
ity. Indeed, weak or absent [OIII] 444959,5007 emission has
also been observed in targeted luminous quasar samples, such as
the WISE/SDSS-selected hyper-luminous (WISSH) quasar sur-
vey (Vietr1 et al.|2018]), which probes the most extreme end of
the quasar luminosity function. |Vietri et al.| (2018)) argue that the
relative [OIII] 2114959,5007 weakness observed in ~ 70% of
their sample is mainly driven by orientation effects. The NLR
is photoionized within the polar ionization cone. When viewed
more face-on, i.e., looking down the cone, the bright contin-
uum outshines the projected NLR emission, resulting in a higher
continuum-to-NLR ratio than in more edge-on orientations. In
addition to high L/Lgqq and orientation effects, obscuration by
dust or dense gas has also been invoked to explain reduced
[OHI] 114959,5007 emission in quasars (Temple et al.|2019;
Wang et al.[2025).

Another well-known class of fast accretors that display weak
[OII] A14959,5007 emission are the Narrow-Line Seyfert 1
galaxies (NLSy1; |Osterbrock & Pogge||[1985] |Goodrich|[1989).
However, we note that these objects are strictly classified based
on their narrower Hg profiles (< 2000 kms™!), a criterion that is
not met by J0313-1806.

5.1.2. J0313-1806 and the quasar main sequence

In addition to sharing characteristic WLQ properties, J0313—
1806 is also a BAL quasar, indicative of strong outflows and/or
shielding on nuclear scales. Such BAL features are extremely
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Fig. 6. Equivalent widths of HB and upper limit on [O III] 25007 for
J0313-1806 (green triangle). We compare it to a sample of WLQs iden-

tified by (Chen et al][2024) (orange circles for detected [O III] 15007,

orange triangles for upper limits). We also show Gaussian kernel density

contours for SDSS DR16Q quasars (Wu & Shen|[2022)). This highlights
the particular weakness of the [O III] 2144959,5007 emission in the nu-

clear spectrum of J0313-1806, even relative to typical WLQs.

rare among WLQs (e.g., [Nikotajuk & Walter| 2012), with one
other case reported by |Yi et al.| (2019). To anchor J0313-1806

in the EV1 context, we place it along the quasar main sequence
(see, e.g.,[Marziani et al.|2018|, for a review), in the primary EV1
plane defined by the FWHM of HB and the relative strength of
the optical Fe 1 emission, quantified as rgy = F(FeIl)/F(Hp).
For J0313-1806, we had obtained FWHM(HB) = 4156 %
68 kms~! and compute rge; = 0.95 + 0.13. Archetypal quasar
categories have been defined along this sequence
2000), thought to be primarily driven by a combination of
accretion rate (L/Lgqq) and the viewing angle toward a flat-
tened BLR (e.g., [Shen & Ho|[2014). A canonical boundary at
FWHM(Hg) ~ 4000 kms~! separates rapidly accreting sources
(Population A, FWHM(HB) < 4000 kms™') from more mas-
sive, lower-accretion systems (Population B, FWHM(HSB) >
4000 kms™!) (e.g., [Marziani et al.[2001). WLQs typically oc-
cupy the extreme Population A (xA) regime, characterized by
reerr 2 1 (Diamond-Stanic et al|[2009; Martinez-Aldama et al.
2018; Dultzin et al.[2020).

In Fig.[7] we show the distribution of SDSS DR16Q quasars
(Lyke et al.|[2020; [Wu & Shen| 2022)) in the redshift range
04 < z < 0.8, selected following |Shen & Ho| (2014) with
the criteria 0 < rpeqyr < 3, uni_flag# 0, 800 kms™! <
FWHM(HpB) < 15,000 kms~!, and sn_flag> 10. The colour
scale indicates the mean log,, EW([OIII]) in bins of Arger =
0.1 and AFWHM(HB) = 500 kms~'. We mark the position
of J0313-1806 and overlay the WLQs presentheted by

(2024)), colour-coded by their measured or upper-limit
EW([OII]). J0313-1806 lies at the edge of the XA regime (for-

mally rgeqr > 1). Several WLQs from [Chen et al| (2024) also
occupy a similar region of the plane. Notably, several of these
objects exhibit EW([OIII] A5007) values or limits that fall far
below the typical SDSS DR16Q quasars in their local EV1 bins.

Quantitatively, the 30 upper limit on EW([O III] 15007) for
J0313-1806 is a factor of ~ 37 lower than the median value of
SDSS DR16Q quasars at the same EV1 location (EW([OIII]) =
15.76 A), bin 0.90 < rgqr < 1.00 and 3800 < FWHM(HB) <
4300 kms™!, containing 369 sources). This deficit corresponds
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Fig. 7. EV1 plane FWHM(Hp) vs. rgp. The distribution of a sub-
set of SDSS DR16Q quasars from (2022) is shown in

black (see text for selection criteria). The colourmap gives the mean
log,, EW([OII]) in bins of size Argy = 0.1 and AFWHM(Hg) =
500 kms~!. J0313-1806 is shown as a green star. WLQs from
are shown as circles (measured EW([OIII] A5007)) or trian-
gles (upper limits), colour-coded according to their log;, EW([OIII]).
J0313-1806 and several WLQs lie outside the XA regime (rg > 1) but

nonetheless show strikingly weak [OIII] 15007 emission compared to
SDSS DR16Q quasars in the same EV1 bins.

to a one-sided percentile of p = 3.8 x 1077, i.e. a 4.950 outlier
with respect to the local quasar population.

JO313-1806  exhibits exceptionally weak nuclear
[OII] 45007 emission compared to both the general quasar
population at the same EV1 location and to local WLQs. This
suggests that the extreme weakness of [OIII] 214959,5007
in JO313-1806 cannot be attributed solely to high- or super-
Eddington accretion, but likely requires additional factors such
as orientation, obscuration, or collisional de-excitation. In the
paradigm presented by [Shen & Hol (2014), at a fixed rgey, the
spread in FWHM(Hp) primarily reflects orientation effects,
with broader FWHM(Hp) corresponding to more edge-on view-
ing angles and narrower profiles to more face-on systems. For
J0313-1806, our measured FWHM(Hp) and rg.p; place it among
the broader HB profile sources at this rpeyr (see black dots in
Fig.[7), suggesting more edge-on configurations. Consequently,
orientation alone is also unlikely to explain the unusually weak
[O III] 2114959,5007 emission.

5.2. Suppressed extended [Omi] emission

To further constrain the scenarios responsible for weak
[OII] 114959,5007 in J0313-1806 we will now discuss the kpc-
scaled HB emitting shell illuminated around the nucleus revealed
in our JWST/NIRSpec IFU observation.

5.2.1. Photoionization simulations

In AGN, narrow-line emission can be observed out to kpc
scales around the central continuum source (e.g., [Bennert et al.
[2002} [Schmitt et al.| 2003} [Greene et al.]2011; [Hainline et al.
[2014} [Liu et al]2014). In quasar NLRs typical densities reach
ne ~ 107*cm™ (e.g., Bennert et al.[2006; Nagao et al. [2006;

Kakkad et al|2018}; Joh et al.|2021)), allowing forbidden high-
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ionization lines such as [O III] 114959,5007 to be efficiently pro-
duced in partially ionized gas. This is not the picture observed
in the extended emission around J0313—-1806, where we report
broadened HB emission, with a median velocity dispersion of
o = (415 + 51)kms™! but no significant [O III] 114959,5007
in the immediate kpc-scale environment of the quasar. The ob-
served peak in the HB flux distribution suggests that the ion-
ized shell is illuminated by the central source. The absence of
[OIII] 214959,5007 emission throughout the shell is intriguing,
and we explore potential physical scenarios to explain this in
light of the simultaneous lack of nuclear [OIII] 144959,5007
emission (Sec. [5.1).

One of the leading physical explanations for the absence of
[OIII] 2144959,5007 in luminous quasars, as discussed in Section
[5.1.7] is an orientation effect: the BLR outshines the NLR along
low-inclination sightlines (e.g., [Vietr1 et al.|2018)) . However, the
complete absence of extended [OIII] 114959,5007 emission in
the PSF-subtracted NIRSpec/IFU cube disfavors this interpreta-
tion for the shell. The extended and nuclear [O III] 114959,5007
weakness must therefore be explained by the physical state of
the gas and/or the ionizing SED rather than by orientation alone.

We carry out simulations with the python front-end py-
Croupy (v0.9.15;Morisset|2013) and the CLoupy photoioniza-
tion code c23.01 (Ferland et al.|2013} |(Gunasekera et al.|[2023)),
which computes the thermal, ionization, and line-emission struc-
ture of the shells.

Since Ha 16563, as well as the forbidden lines [N II] 16583
and [SII] 116716,6731, lie outside the spectral window of our
observations, and other diagnostic features such as the auroral
[OIII] 24363 line are too faint to be detected, we cannot ap-
ply standard emission line ratio diagnostics (e.g |Baldwin et al.
1981} |Veilleux & Osterbrock|1987; Kauffmann et al.[2003; Kew-
ley et al|2006; Mazzolari et al.| 2024} |Scholtz et al.|[2025).
We use two primary diagnostic ratios :log,,([OIII] 5007 /HpB)
and log,,([He 1] 4686/HpB). We model a spherical shell of pho-
toionized gas extending from ry, € {0.1, 0.8, 1.7} kpc to roy =
1.8 kpc, with covering factor Cy = 0.9. The covering factor mim-
ics an opening along our line of sight, exposing the BLR, as re-
quired by the observed nuclear broad HB. We note that vary-
ing Cy rescales the total line luminosities but leaves ratios un-
changed to first order. The gas is dust-free, has constant den-
sity at the illuminated face, and is spherical (sphere). We vary
metallicity over log(Z/Zy) € [-2.50, 0.25] in steps of 0.25 dex
and density a wide range log ny/cm™ = {3 — 8} in steps of 0.5
dex. Metallicity-dependent elemental abundances are adopted
following the analytic prescriptions of Nicholls et al.| (2017, see
also Decarli et al.|[2024)); in particular the oxygen abundance
scales as

12 + log(O/H) = 8.76 + log Z, 7

with logZ the logarithmic metallicity relative to solar. We
bracket the possible ionizing spectral shapes with two parameter-
ized AGN continua using CLoupy’s agn command. The rest-UV
spectral slope is fixed by the spectrum in [Wang et al.| (2021):
a, =~ —0.91 near Lya, which implies @, = — (2 + ;) = —1.09.
We therefore hold @, = —1.09 in all models and vary only the
high-energy shape of the SEDs. Our "AGN normal" continuum
adopts T = 1.0 x 10°K, ayy = —1.09, @, = -1.0 (T = 2.0),
and @,y = —1.4, representative of luminous quasars with stan-
dard X-ray output relative to their optical emission (Steffen et al.
2006; Just et al.[2007; Lusso et al.[2010; |Nanni et al.[[2017; |Vito
et al.|2019a). The "AGN soft" (WLQ-like) continuum instead
has T = 1.0 x 10°K, ayy = —1.09, @, = —1.7, and @y = —2.2,
mimicking an extremely X-ray—weak quasar similar to observed

— 100 —h‘\‘ g 04-0%* (35.1 eV)

T \ 107F 0" (54.9 eV)
% 1048 1 |
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Fig. 8. AGN and stellar continuum models adopted in the CLoupy sim-
ulations. Upper panel: The black line shows our "AGN normal" model
withT = 1.0x10°K, @y = —=1.09, @, = —=1.0(T = 2.0), and @ = —1.4,
representative of luminous quasars with typical X-ray emission. The red
line shows our "AGN soft" model with 7 = 1.0 x 10° K, @y, = —1.09,
a, = —1.7, and @,x = —2.2, chosen to mimic the steeper and X-
ray—weaker spectra representative of WLQs. The orange line shows the
BPASS starburst model. The vertical dashed lines indicate the ionization
thresholds for O** (35.1 eV) and O** (54.9 eV). Lower panel: Ratio of
the two continua, highlighting that the "AGN soft" model strongly sup-
presses the hard ionizing photon budget compared to the "AGN normal"
case.

WLQs (e.g.,[Luo et al.|[2015; [Timlin et al.|2020). Both continua
are normalized to the observed optical luminosity vL,(5100 A) =
1.77 x 10* erg s™!, as derived in Section The source models
are shown in Fig.[§] Line emissivities are extracted per zone and
integrated to total line powers. The Ot —O*" ionization edge
lies at 35.1 eV (354 A); the suppression of photons above this
threshold, like in our soft model naturally reduces the produc-
tion of O** and thus the strength of [OIII] 114959,5007 emis-
sion. However, in harder ionizing spectra, photons beyond the
ionization edge at 54.9 eV (O** —O3") further ionize oxygen,
generating O°* and depleting [OI1I] 114959,5007. We aim to
test the net effect of the EUV-X-ray SEDs on the O** ion popu-
lation with our two models.

We further set up a "nuclear star formation" ionizing source
model using a BPASS v2.2.1 (Eldridge et al. 2017} |Stanway!
& Eldridge|2018)) spectrum corresponding to a 10 Myr instan-
taneous burst at solar metallicity (orange line in Fig. [§). The
spectrum was normalized to a total ionizing photon output of
logjo Q(H) ~ 50, consistent with a vigorous nuclear starburst
producing several x 10?> M, yr~! (e.g., Kennicutt|1998) typical of
luminous z ~ 7 quasar hosts. We stress, however, that the quasar
should overwhelmingly dominate the ionizing photon budget.
Nuclear star-formation is included only as a comparison case to
illustrate the ionization conditions expected in the absence of a
hard AGN spectrum, rather than as a realistic alternative single
power source.

In Fig. we show the simulated line ratios
log,(([O III] 5007/HP) across grids of hydrogen density ny and
metallicity Z for the AGN normal”, "AGN soft" and stellar mod-
els, each evaluated at three inner shell radii ry, € 0.1,0.8, 1.7 kpc.
Regions where log,,([OIII]5007/HB) < —1.15 (Section @
are highlighted as consistent with the ratio measured in the
integrated spectrum of the shell. The illuminated skin of an
AGN-irradiated shell is expected to be compressed until the
gas pressure balances the incident radiation pressure—so-
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called radiation-pressure confinement (RPC; e.g., |Draine
2011; |Stern et al.| 2014alb; Baskin et al.| [2014alb; Baskin
& Laor| 2021). This sets a characteristic density floor,
Nfioor Pua/(kT) ~ L/(4nr*ckT). We do not enforce an
RPC in our CLoupy models; densities below this floor are shown
for completeness but are treated as physically disfavoured.
Figure 9 shows the corresponding “RPC exclusion zone.”
Cosmological zoom-in simulations (Costa et al.|/[2015) indicate
that cold gas can further be pressure-confined by a hot, volume-
filling shocked medium (see also [Stern et al.[[2016). Even if this
hot phase remains undetected in our IFU data, it would only
add to the total pressure, so the RPC floor remains a valid lower
bound.

We see only minor differences between the "AGN normal”
and "AGN soft" continuum-driven runs in terms of the acces-
sible parameter space, with slightly lower densities accessible
in the "AGN soft" model. This indicates that, assuming AGN
photoionization, the depletion of [O III] 2414959,5007 is primar-
ily driven by collisional de-excitation or metallicity rather than
by spectral hardness. For all three inner radii probed, there ex-
ist regions of parameter space that are consistent with the ob-
servational constraint log,;,([OIII] 5007/HB) < —1.15, as well
as regions that are inconsistent. To first order, our models show
that reproducing the observed weakness of [O III] 114959,5007
requires either very high gas densities (ny 2 10%cm™3, where
collisional suppression becomes efficient independent of metal-
licity) or, at lower densities (ny < 10° cm™), sub-solar metallic-
ities (Z < 0.2Zg). Thus, both high-density and low-metallicity
solutions are supported.

At very high densities, ny = 107,cm™, collisional de-
excitation is so efficient that the observed ratios can be repro-
duced almost irrespective of metallicity or shell thickness. At
densities nyg ~ 10°~7cm™3, the line ratios are increasingly sup-
pressed with decreasing metallicity, Z < 0.1-0.2, Z,. For more
moderate densities, ny < 10*°,cm™3, the predicted ratios ex-
ceed the observed limit across essentially the entire metallicity
range. A thinner shell, i.e. with an larger inner radius (e.g. ri, =
1.7 kpc) significantly relaxes the density requirements, enabling
ng ~ 10°cm™3.

The even softer "nuclear star formation" SED enables access
to consistent log,,([O III] 5007/HP) ratios over a larger set of
density and metallicity combinations, with ny ~ 10*cm™ densi-
ties available up to log(Z/Zs ~ 1).

We note, however, that even for the lower possible densities
ng 2 102 cm™3, the total gas mass implied by a uniform, kpc-
scale shell becomes unrealistically large. The ionized gas mass
of a shell with inner radius ry,, outer radius 7y, covering factor
Cy, and filling factor f is:

My = 4nCy f pmyny (ryy — 13)/3, ®)

where p ~ 1.4 is the mean particle mass per hydrogen nucleus.
Considering the optimistic case of a thin shell with ry, ~ 1.7
kpc, a shell thickness of 100 pc, Cy = 0.9 and nyg ~ 10°3 cm™3,
this expression yields Mg, ~ 1.3 x 10" My, if the gas is volume-
filling, i.e., f = 1. Such a mass is implausibly large for kpc-scale
gas reservoirs in early galaxies. Compared to observational con-
straints from dust and [CII] 1157.6 um (Mg ~ 7 X 107 M,
Wang et al.|2021) this would require unreasonably high gas-to-
dust ratios (realistic gas-to-dust ratios are of the 107, e.g., [Li
et al[[2019). The dense phase required to collisionally quench
[OIII] 214959,5007 cannot be distributed in a volume-filling
layer. Instead, the emitting material must occupy only a small
fraction of the swept-up volume, implying a low filling factor
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(f < 0.05) to keep the total ionized mass within reasonable
bounds. One plausible realization is emission from dense clumps
or a thin layer within the shell, but other geometries with simi-
larly low filling factors cannot be excluded. We are assuming
a spherical symmetric shell for simplicity, while the observed
distribution is also consistent with a partial shell (or even more
complex geometry), which would allow us to reduce the total gas
mass by a factor of up to ~ 10.

Our observed upper limit in [OIII]/HB ratios is thus consis-
tent with ionization from an AGN or nuclear star formation,
only if we assume a clumpy geometry for the shell. In Sec-
tion 4] we also derived an upper limit on a second line ratio:

F([Hell]) _ . S .
[log10 (—F(Hﬁ) )]<,30‘ = —1.12. This ratio is primarily sensitive to

the hardness of the ionizing radiation field and can be used to dis-
tinguish between AGN- and star formation—driven photoioniza-
tion scenarios (e.g. Decarli et al.|2024). However, when compar-
ing our 3¢~ upper limit to the simulation results presented by |De-
carli et al.| (2024} see their Fig. 9), we find that our measurement
does not allow us to conclusively differentiate between the two
photoionization scenarios. We, however, note that a soft ionizing
continuum such as the one from nuclear star-formation model
would significantly relax the density, thickness, and filling-factor
requirements.

5.2.2. HB shell energetics

Following |Osterbrock & Ferland| (2006) (see also |Vayner et al.
2024; Liu et al.|2024), the recombination mass of the spatially
resolved Hp shell contained in each spaxel can be calculated as:

ij

H

—ﬁ, 9)
ang hvug ne

L
ij _ Mp
ion

where m,, is the mass of the proton, Lyg the luminosity of
Hp, ang is the effective HB recombination coefficient, 4 is the
Planck constant, vyg is the restframe frequency of HB and n, is
the electron density. Here we assume that HB is mainly produced
through recombination and model the emitting gas as an ensem-
ble of identical, unresolved gas elements (hereafter referred to
as “clouds”). Each cloud has a fixed electron density. Assum-
ing Case B recombination, we calculate the recombination co-
efficient of HB using the nebular emission line analysis package
pyneb (Luridiana et al.|[2015). We note that the recombination
mass is formally different than the total gas mass calculated in
Eq.[9l as it only traces the Hir region actively emitting HB.

We consider conditions similar to the ones supported by our
Cloudy AGN simulations and set r, = 10® cm™ (apg = 3.071%
107" ecm™3 s7!) and fix the temperature to T = 10* K. These
numbers yield a total recombination mass of Moo = (1.02 £
0.09) x 10° M, for the shell.

We can then compute integrated and instantaneous energetics
of the outflow. We start by the integrated ionized mass outflow
rate:

.. MY i
v =y — (10)
ij

where vf)’m = v;{) | +0/ is the outflow velocity, i.e. the sum
of the absolute velocity offset traced by the non-parametric vs

and the velocity dispersion. This convention allows us to capture
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Fig. 9. Cloudy simulation results for the HB shell. The upper and middle rows correspond to models using the AGN normal" and AGN soft"
continua as ionizing sources, respectively, while the lower row corresponds to the stellar ionizing source. Each panel shows the predicted line ratio
log,,([O1II] 5007 /Hp) as a function of gas density ny and metallicity Z, for inner shell radii r;, = 0.1, 0.8, and 1.7 kpc (left to right). The maps are
spanned by constant-density shell models with outer radius r,, = 1.8 kpc. Regions enclosed by the black contour are consistent with the observed
constraint log,,([O, III]/HB) < —1.15 from the extended emission in JO313-1806. The hatched areas indicate the radiation—pressure confinement
(RPC) exclusion zone, where densities fall below the expected RPC floor and are therefore disfavored.

the maximum outflow velocity encoded in the winds of the emis-
sion line (Rupke & Veilleux|2013}|[Vayner et al.|2024). RV repre-
sents the physical projected distance between the spaxel (i, j) and
the quasar coordinates (49,46). Following [Vayner et al] (2024)
we also obtain the spaxel-wise instantaneous mass outflow rate
from:

y Uy
Ml - ion ~out , 11
won dR ( )

where dR is the physical size of a single spaxel. We further cal-
culate integrated and instantaneous momentum and kinetic lumi-
nosities using the following equations:

gi =Ly

kin,ion 2 ion

i i
Pion = Mign V" (') (12)

In the absence of a significant detection of Hy in the PSF-
subtracted cube, we can only place an upper limit on the flux
ratio F(Hy)/F(Hp) by considering spaxels with robust HB detec-

tions (S/Nyg > 3). The resulting limits yield a median constraint

of F(Hy)/F(HpB) < 0.44. This limit is only slightly lower than
the theoretical Case B recombination value of F(Hy)/F(HB) =
0.47 for Te = 10* K and n. = 100 cm™>, and therefore does
not provide a meaningful constraint on the reddening. We there-
fore do not apply an extinction correction to the HB flux, noting
that any unaccounted extinction would increase the inferred line
luminosity and associated energetics.

Following [Vayner et al.| (2024)), we also measure the median
instantaneous energetics in concentric shells around the quasar
position with a radius increment of 0.3 kpc. Our integrated and
cumulative measurements are shown in Fig.|[10] We find that the
median instantaneous outflow velocity v, increases with radius,
reaching 600-700kms™' at ~ 1.1kpc and remaining high at
larger radii. The overall median value of 377+85kms™! is lower
than the median instantaneous velocities measured beyond 1 kpc,
showing that a subset of outer pixels drives the fastest outflows
and dominates the kinematics. The instantaneous mass outflow
rate Mo, and the momentum flux P also rise toward larger radii,
and their localized peak is consistent with a thin-shell geometry.

Assuming a high gas density of ny = 10°cm™, the out-
flow rates remain modest, with an integrated value of M}‘;; =
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Fig. 10. HB spatially resolved energetics. Here we show the median
values of the instantaneous energetics calculated in concentric shells
centred on the quasar (circles) and their associated 10~ uncertainties.
The points are colour-coded by median S/Nyg in that shell. The upper
right panel shows the outflow velocity, the upper right one shows the
mass outflow rate, the lower right one the momentum flux ratio and the
lower right one the energy flux ratio. The horizontal lines and shaded ar-
eas represent the corresponding integrated measurements and their 1o
uncertainties. For v,,, we show the median velocity and the median ab-
solute deviation.

(4.3 +0.3) x 107* My yr~!. The corresponding integrated mo-
mentum flux is low, " /(Lyoi/c) = (2.3 £0.2) x 1077 < 1,
showing that the outflow is strongly momentum starved com-
pared to the quasar luminosity. The kinetic power of the out-
flow, both instantaneous and integrated, increases smoothly with
radius but remains far below the percent-level energy coupling
typically associated with quasar feedback, demonstrating that it
is energetically negligible.

The narrow radial localization of the maximum velocity and
mass outflow rate supports the geometry of a thin expanding
shell. The very low efficiency relative to Ly, suggests that the ob-
served ionized component may represent only a thin skin on the
surface of a much larger neutral or molecular outflow that is not
traced with the NIRSpec/IFU data. The low coupling efficiency
might suggest that the driving phase of this outflow has ended,
i.e., that it is a fossil remnant of dense gas pushed out earlier in
the quasar lifecycle. Assuming a maximum outflow velocity of
~ 600kms~! and a radius of roughly 2 kpc, we obtain Tayn ~ 3
Myr, setting a rough timescale for a potential blowout event.
High-resolution imaging of the cold molecular phase could re-
veal whether the ionized outflow is indeed the membrane of a
larger molecular region carrying more mass and momentum.

5.3. Obscured black hole growth and fossil evidence for
blowout phase

The recent JWST discovery of high-redshift AGN exhibiting ex-
treme Balmer breaks (e.g., [de Graaff et al|2025; [Naidu et al.
2025)) has prompted the development of models of black hole
growth deeply embedded in extremely dense gas envelopes (e.g.,
Inayoshi & Maiolino| 2025} |Rusakov et al.[2025} [Kido et al.
2025). These models naturally account for the observed SED
shapes without invoking stellar populations.
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These findings support the early super-Eddington growth of
black holes embedded in dense gas reservoirs (e.g. [Volonteri
& Begelman|2010). If such an enshrouded phase of black hole
growth exists, it must be incorporated into the overall AGN evo-
lutionary cycle and linked to the subsequent luminous quasar
phase. Simulations by |Lupi et al.| (2024a); [Husko et al.| (2025)
support this type of evolutionary phase. Feedback processes
are expected to clear out or consume the surrounding gas dur-
ing a brief blowout stage (e.g. [Zakamska et al.|[2016; [Vayner|
et al.|2025)). In cosmological zoom-in simulations presented by
Quadri et al.| (2025) the strong feedback event punctuating the
rapid accretion phase of SMBHs are followed by a transient
quenched phase.

Quasars are indeed expected to undergo most of their early
growth phases enshrouded in dust and gas (Jahnke|2025)), with
> 82% predicted to be obscured at z > 7 (e.g., Davies et al.
2019). The recent discovery of blazars at z ~ 7 provides further
support for prolonged obscured growth phases in early SMBHs
(Belladitta et al.[2020; Wolf et al.[2024; [Ighina et al.|2024; Bana-
dos et al.|[2025b).

Dust obscuration by a nuclear parsec-scale distribution is a
key ingredient in the AGN unification model (Urry & Padovani
1995]; INetzer| 2015} for reviews). However, the increase of cold
gas content in the interstellar medium (ISM) with redshift (e.g.,
Scoville et al.|[2017; [Tacconi et al.[|[2018)) and the simultaneous
overall decrease of galaxy sizes (e.g., /Allen et al.[2017; Miller
2007) toward earlier cosmic time has motivated models in which
the dense ISM itself can act as an effective obscuring screen
(Gilli et al.||2022). Indeed, combining ALMA and Chandra ob-
servations of Compton-thick quasars,|Gilli et al.[(2014)); |Circosta
et al.[(2019); D’ Amato et al.| (2020) linked the observed X-ray
absorption to the high ISM column densities in their host galax-
ies.

Our analysis provides evidence for a thin, clumpy, energet-
ically decoupled ionized shell surrounding J0313—1806. One
possible interpretation is that this shell is the fossil signature of a
recent clearing feedback event (i.e., a blowout), consistent with
the strong nuclear outflows reported in the unresolved central
region (Wang et al|2021). The WLQ-like nuclear properties of
J0313-1806, in particular the observed [O III] 114959,5007 de-
pletion, are therefore unlikely to be driven primarily by the ioniz-
ing continuum shape or orientation. Instead, we propose that the
density of the irradiated (and recently expelled) gas slab drives
the collisional de-excitation of [O III] 244959,5007.

Interestingly, the only two other quasars currently known
at z ~ 7.5, J100758.26+211529.2 (Yang et al|2020; [Liu
et al. 2024) and ULAS J134208.10+092838.61 (Bafados
et al| [2018} [Trefoloni et al.| 2025), also exhibit relatively
weak [OIII] 224959,5007 emission and similar HB line pro-
files in their restframe optical nuclear spectra observed with
JWST/NIRSpec IFU. This raises the question of whether similar
physical processes operate on their nuclear scales as in J0313—
1806, and whether they might likewise host dense, clumpy ion-
ized gas distributions on kiloparsec scales that link WLQ-like
behaviour to the obscured phases of quasar evolution. However,
the situation may be more complex, as both of these quasars also
show kpc-scale [O III] 444959,5007 emission (Liu et al.|[2024;
Trefoloni et al.[2025)), unlike JO313-1806.

6. Conclusions

Our JWST/NIRSpec IFU observations of J0313-1806, the most
distant currently known quasar at z = 7.6423, reveal intrigu-
ing nuclear and extended (kpc scale) properties. Our findings
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show that JO313-1806 is a rare BAL WLQ with extraordinarily
weak [OIII] 214959,5007 emission. More remarkably, we dis-
covered an extended ionized gas shell spanning kpc scales that
completely lacks [O III] 214959,5007 emission yet shows clear
Hp. The ordered kinematics of this shell are energetically de-
coupled from the quasar’s bolometric output and are likely not
driven by ongoing feedback. Our data are consistent with a thin,
clumpy-shell geometry, which we interpret as a fossil remnant
of a recent blowout phase in the context of obscured black hole
growth. If correct, the uncovered shell could represent the ion-
ized skin of a much more massive, cold gas layer.

This interpretation suggests that typical properties of WLQs
across cosmic time—[OIII] 444959,5007 and X-ray weak-
ness—can be explained by extremely dense interstellar gas with
high column densities, which suppresses high-ionization emis-
sion lines via collisional de-excitation while absorbing the X-ray
emission. In this picture, WLQs represent a transitional stage in
which recently cleared, dense, clumpy ISM gas still regulates the
observed quasar spectral properties.

Recent support for this scenario comes from Durovéikova
et al.[ (2025), who presented NIRSpec IFU spectroscopy of the
z = 5.9 WLQ SDSS J1335+3533. Similar to J0313-1806, its
nuclear spectrum exhibits weak [OIII] 114959,5007 emission
potentially blended with the Fe 1 pseudo-continuum, and shows
a pronounced weakness of extended [O III] 114959,5007 emis-
sion relative to Balmer lines. These striking similarities suggest
that the phenomena we observe in J0313—1806 may represent a
broader evolutionary phase in quasar-host co-evolution.

JO313—-1806 thus provides an unprecedented view into
SMBH-host coevolution at cosmic dawn, establishing a frame-
work for understanding WLQ properties that can now be tested
with systematic JWST IFU surveys of early quasars.
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Fig. A.1. Correction of the brightest pixel of J0313-1806 using WICKED.
Top: The solid red line shows the brightest spaxel spectrum of J0313-
1806, fitted using a combination of an aperture and annular integrated
spectra (black and yellow lines) templates, a power-law and a 2nd-
degree polynomial, and shown in blue. Red vertical lines indicate
masked regions of known emission lines excluded from the fit. The gray
dots display the residuals. Middle: The wiggle spectrum is shown in
gray and the best-fit wiggle model in red. The green X’s are the peaks
and valleys of the wiggles spectrum used to divide the wiggle spectrum
to constrain its model shown in red (see |Dumont et al.| (2025) for de-
tails). Bottom: In red is shown the wiggle-corrected spectrum, and the
residuals in gray.

Appendix A: Post-processing PSF undersampling
with WICKED

Both IFU units of JWST, in particular NIRSpec, are spatially
undersampled without reaching Nyquist sampling at any wave-
length (Law et al.|2023)). While our dithering strategy partially
addresses this issue , we still visually detect sinusoidal modu-
lations or wiggles produced by undersampled PSF, as observed
in other Quasar data (e.g. |Perna et al.|2023; [Liu et al.|[2024).
These instrumental artifacts can significantly impact the shape
of the continuum and emission lines in the spectrum. We use the
PytHON package WICKED to remove the wiggle from the spec-
trum, described in more detail in \Dumont et al.| (2025)). WICKED
uses an aperture and annular integrated spectra templates, a
power law, and a second-degree polynomial to model the spec-
trum. This model represents a wiggle free model of the spec-
trum, which is used to create a wiggle spectrum by subtracting
this model from the spectrum. This wiggle spectrum is then fitted
with a series of sinusoidal fits and then removed from the spec-
trum. Figure [A.T] shows an example of WICKED for the removal
of wiggle from the brightest cube pixel spectrum of J0313-1806
(red).

We used a five-spaxel aperture spectrum template (black)
and an eight-spaxel annular template (yellow), which are used
in WICKED to create the best-fit model shown in blue. In the
middle panel, the best-fit wiggle model is shown in red, and in
the bottom panel, the corrected spectrum is shown in red. We
ran WICKED with default parameters and a frequency prior of
8 um~!' which leads to a better fit for the wiggle model. We set
SMOOTH_SPECTRUM to "yes" during the flagging of spaxels with
wiggles. This applies a 0.01 um mean smoothing to the spec-
trum, which improves the detection of wiggles in low signal-to-
noise data. We used a 3.50 Fourier ratio in WICKED, leading to
103 spaxels in the datacube flagged as affected by wiggles.

Figure [A.2] shows the comparison between a 3-spaxel (~
3xFWHM) aperture extraction between the corrected with
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Fig. A.2. Top: 3-spaxel aperture spectrum comparison for the datacube
corrected with WICKED (blue) vs. uncorrected (yellow). Bottom: Per-
centage difference (grey) between the uncorrected and WICKED data.

WICKED and the original datacube. We observe a mean difference
of ~ 0,3% and a maximum difference of ~ 2%. This is within
the difference < 5% for the corrected vs. uncorrected data de-
scribed in|[Dumont et al.| (2025)).

Appendix B: Determination of quasar spectrum
extraction radius

In Fig.[B.T| we show the wavelength—dependent flux fractions of
the nuclear spectra extracted with apertures in the range 3-14
pixels, 0715— 0”770, relative to that obtained with a larger refer-
ence aperture of radius 20 pixels, i.e. 1”70. For smaller apertures,
the downturn toward longer wavelengths reflects the fact that the
PSF broadens with increasing wavelength, so a fixed aperture
encloses a decreasing fraction of the total flux. Based on this
figure, we adopted an extraction aperture with a radius of 0”/35.

Appendix C: Tentative detection of extended
continuum emission

After the line and continuum fitting procedure, we searched for
significant continuum emission: we searched for contiguous re-
gions of at least 5 spaxels for which the mean continuum in the
spectral window 64 = 3 — 4.2 um is at least detected at the 1o
level. We confirm the detection of an elliptical nebula to the
north-east of the quasar position. The relative positions of this
low-surface brightness ellipse and the HS line emitting region
are shown in Fig. [C.I] We fitted a Sérsic profile to this contin-
uum detected nebula. Its centroid is constrained to x_pix= 44
and y_pix= 47. We further find an ellipticity of 0.39 + 0.01,
a Sérsic index of n = 0.51 + 0.02 and an effective radius of
r. = 7.05+0.10 pix. Assuming this structure is at the quasar red-
shift z = 7.6423, the effective radius corresponds to a physical
scale of 1.75 + 0.02 kpc. The diffuse continuum emission could
potentially trace a compact, moderately flattened companion of
the quasar, with a shallow surface brightness profile typical of
disturbed disks, tidal debris, irregular galaxies. This is further
supported by the large offset between the quasar and the centre
of the ellipsoid of ~ 1.2 kpc and the distinct morphologies of
the HB line-emitting envelope and the smooth-profiled and sym-
metric detected continuum. The large dispersion in the HS shell
further suggests velocity shear, a typical feature of interactions.
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Fig. B.1. Wavelength—dependent encircled—flux fractions for different
aperture radii, shown relative to a large reference aperture of 1”70. The
legend reports the corresponding chromatic flux losses as defined in
the main text. A 7—pixel radius achieves percent-level chromatic flux
loss while avoiding the increased background and extended—emission
contamination present in larger apertures. The spline function fitted to
the 7—pixel curve is shown as a red dashed line. The blue and red bands
correspond to the regions we compute the chromatic flux losses from:

(2.9-3.5 ym) and (4.5-5.1 um.)

Given the absence of clear, distinctive spectral features to
identify the redshift of this potential companion, we cannot ex-
clude that it is located in the fore- or background. As most
massive quasar hosts are expected to be compact and anchored
in deep gravitational potentials, it is unlikely that the contin-
uum corresponds to an irregular extension of the quasar’s host
galaxy. Furthermore, many high-redshift quasars observed with
JWST/NIRSpec IFU so far appear to find themselves in some

kind of interaction with a companion galaxy (e.g,
[2024}; [Decarli et al.|2024).

Appendix D: Spectra extracted from various
emission regions in the NIRSpec IFU cube of
J0313-1806

In Fig. we display spectra extracted within 0”735 of regions
A, B and C defined in Section[d.1]
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Fig. C.1. Median continuum in PSF-subtracted cube. The green
coloured region corresponds to all islands of at least 5 contiguous spax-
els with a mean continuum, measured over 3-4.2 um, detected at the
1o level. We compare it here to the contours of the initial non-PSF-
subtracted quasar cube. We also indicate the location of the significant
Hp line emission enveloppe. The offset location of the continuum emis-
sion and its elliptical morphology indicate that it is likely not a PSF
residual.
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Fig. D.1. Spectra extracted from the PSF subtracted NIRSpec IFU cube
within circular apertures of radii 0”735 at the regions A, B and C (de-
fined in Sectioni.T). Region A corresponds to the HB nebula discussed
in this paper. Region B corresponds to the extended continuum emis-
sion around to the north-east of the quasar. Region C corresponds to a
foreground galaxy at z = 2.3.

Article number, page 19 of 19



	Introduction
	Observations and data reduction
	JWST/NIRSpec IFU pointings
	Data reduction

	Physical properties of the black hole
	Spectral fitting
	Black hole mass and Eddington rate

	Extended nebular emission
	Point-spread-function modelling
	Balmer kinematic moment maps

	Discussion
	Suppressed nuclear [Oiii] emission
	A high-z weak line quasar?
	J0313–1806 and the quasar main sequence

	Suppressed extended [Oiii] emission
	Photoionization simulations
	H shell energetics

	Obscured black hole growth and fossil evidence for blowout phase

	Conclusions
	Post-processing PSF undersampling with WICKED
	Determination of quasar spectrum extraction radius
	Tentative detection of extended continuum emission
	Spectra extracted from various emission regions in the NIRSpec IFU cube of J0313-1806

