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A B S T R A C T 

JWST has disco v ered a large population of activ e galactic nuclei (AGN) at high redshift, which are weak in the X-rays. Here we 
present the NIRSpec spectrum of the most extreme of these objects, GN-28074, an AGN at z = 2 . 26 with prominent hydrogen 

and He I broad lines, and with the highest limit on the bolometric to X-ray luminosity ratio among all spectroscopically confirmed 

AGN in GOODS. This source is also characterized by a mid-IR excess, likely associated with the AGN torus’ hot dust. The 
high bolometric luminosity and moderate redshift of this AGN allow us to explore its properties more in depth relative to other 
JWST -disco v ered AGN. The NIRSpec spectrum reveals prominent, slightly blueshifted absorption of H α, H β, and He I λ10830. 
The Balmer absorption lines require gas with densities of n H 

> 10 

8 cm 

−3 , consistent with clouds in the broad-line region (BLR). 
This finding suggests that part of the X-ray weakness is due to high (Compton-thick) X-ray absorption by clouds in the BLR, or 
in its outer regions. GN-28074 is also extremely radio-weak. The radio weakness can also be explained in terms of absorption, 
as the inferred density of the BLR clouds makes them attenuate the radio emission through free–free absorption. Alternatively, 
the nuclear magnetic field may be underdeveloped, resulting both in intrinsically weak radio emission and lack of hot corona, 
hence intrinsic X-ray weakness. Finally, we show that recently proposed scenarios, invoking hyper-dense outflows or Raman 

scattering to explain the broad H α, are ruled out. 

K ey words: galaxies: acti ve – quasars: supermassive black holes – galaxies: Seyfert. 
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 I N T RO D U C T I O N  

he first 2 yr of operation of the JWST have revealed a large
opulation of broad-line active galactic nuclei (AGN) at high redshift 
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Harikane et al. 2023 ; Kocevski et al. 2023 ; Kokorev et al. 2023 ;
aiolino et al. 2023 , 2024b ; Furtak et al. 2024 ; Greene et al. 2024 ;
atthee et al. 2024 ; Übler et al. 2024 ; Wang et al. 2024b ). These

WST -selected AGN span the redshift range from ∼3 to ∼11 and have
olometric luminosities ranging from 10 42 to 10 45 erg s −1 . Therefore,
he y co v er the intermediate/low-luminosity regime of AGN activity
naccessible by pre- JWST high-redshift quasar surv e ys. 

These objects display unambiguous evidence for the presence of
n AGN, not only in terms of luminous, broad [full width at half-
aximum (FWHM) ∼ 3000 km s −1 ] H α and H β lines (which lack a

inematically similar counterpart in the [O III ] λλ4959 , 5007 doublet,
ence cannot be ascribed to outflow), but also some of them have
ther transitions typical of AGN, such as high-ionization and even
oronal lines ( ̈Ubler et al. 2023 ; Ji et al. 2024a , b ; Maiolino et al.
024b ). 
Ho we ver , these A GN discovered by JWST spectroscopy also

xhibit unusual properties when compared to standard Type 1 AGN.
 particularly notable property of JWST -selected low-luminosity
ype 1 AGN is their X-ray weakness, which has been pointed out by
arious authors (Ananna et al. 2024 ; Maiolino et al. 2024a ; Yue et al.
024 ). These works reported no X-ray detections for the vast majority
f Type 1 AGN selected by JWST , even when stacked together. The
ame X-ray weakness has been found also for narrow-line AGN
andidates disco v ered by JWST (Scholtz et al. 2023 ; Chisholm et al.
024 ) and for mid-IR selected AGN (Lyu et al. 2024 ). In addition,
 fraction of JWST -selected Type 1 AGN show the presence of
bsorption in the Balmer lines (Kocevski et al. 2024 ; Matthee et al.
024 ; Wang et al. 2024b ). We should mention that examples of X-
ay-weak AGN with mild optical obscuration, and broad-lined AGN,
ere already found at high z even before the advent of JWST data

nd using ground based surv e ys (e.g. Fujimoto et al. 2022 ; Ma et al.
024 ). 
In the low-redshift Universe, X-ray weakness of Type 1 AGN

s not common, but it has been observed in a number of metal-
oor and low-mass Type 1 AGN candidates that the X-ray emission
s weak or lacking (e.g. Simmonds et al. 2016 ; Cann et al. 2020 ).
mong the low-redshift and metal-poor AGN candidates, Burke et al.

 2021 ) reported observations of an absorption feature in the broad
 α line in SDSS J102530.29 + 140207.3 at z = 0 . 1, suggesting large

olumn densities of neutral hydrogen and thus obscuration in the
uclear region. It is noteworthy that outside the metal-poor AGN
ample, there have also been detections of strong broad Balmer-line
bsorptions in general Type 1 AGN up to a redshift of z ∼ 2 in the
re- JWST era, but at a very low detection rate (e.g. Hutchings et al.
002 ; Aoki et al. 2006 ; Hall 2007 ; Aoki 2010 ; Ji et al. 2012 , 2013 ;
ang & Xu 2015 ; Zhang et al. 2015 ; Shi et al. 2016 ; Williams et al.

017 ; Schulze et al. 2018 ; Hamann et al. 2019 ). With typical values
f 10 5 –10 7 M �, the black hole masses of the local metal-poor AGN
andidates are comparable to the Type 1 AGN at early times currently
evealed by JWST . 

Sev eral e xplanations of this X-ray weakness in JWST -confirmed
GN have been proposed thus far. One possibility is that (hard) X-

ays are absorbed by a Compton-thick medium ( N H > 10 24 cm 

−2 ).
o we ver, gi ven that X-ray weakness is seen also for Type 1, broad-

ine AGN unobscured by dust, the absorbing medium should have
omparatively little dust content as dust sufficient to absorb X-rays
ould also absorb the broad-line region (BLR) emission, assuming

ypical dust-to gas ratios. One possibility that has been proposed is
hat the BLR clouds could be a potential absorbing medium, as they
re expected to be dust-free and with large column of gas. Ho we ver,
iven that the X-ray weakness affects most JWST -selected AGN, the
o v ering factor of the BLR clouds in these objects should be much
NRAS 535, 853–873 (2024) 
igher than in classical AGN (which is typically of C f ≡ �/ 4 π ∼
 . 5 at low Eddington ratios; Ferland et al. 2020 ); this scenario seems
o be confirmed by the larger equi v alent width of the broad H α

n JWST -selected AGN relative to classical AGN (Maiolino et al.
024a ; Wang et al. 2024c ). Alternatively, the X-ray weakness might
e intrinsic to this population of AGN, possibly due to a lack of
 corona. JWST -selected AGN tend to share properties similar to
hose of the so-called narrow-line Sy1, characterized by a steep X-
ay spectrum (Vasude v an & Fabian 2007 ; Tortosa et al. 2022 , 2023 )
nd some of them are characterized by high accretion rates, which
ypically results in a steep X-ray spectrum (Hagen et al. 2024 ). The
teepened X-ray spectra would thus make the detection of hard X-ray
mission in the highly accreting high- z AGN very difficult. 

Ho we v er, further v erification of these scenarios is difficult, because
ithout X-ray detections there is no simple method of constraining

he Compton thickness or the shape of the X-ray continuum (although
he very few X-ray-detected and X-ray-weak JWST -selected AGN
ppear heavily absorbed; Maiolino et al. 2024a ). Ho we ver, one
ossible way of exploring heavy X-ray absorption and, possibly,
ompton thickness would be via the detection of certain absorption

ines that could be used to provide estimates on the total hydrogen
olumn density obscuring the source. 

On the other hand, the radio properties of the X-ray-weak AGN
isco v ered by JWST have yet to be explored in detail. Ho we ver,
adio emission can provide crucial insights into the origin of the
bserved X-ray weakness, given the well-established connection
etween AGN X-ray and radio luminosities reported in several
tudies (e.g. Merloni, Heinz & di Matteo 2003 ; Panessa et al. 2019 ;
ariuan et al. 2022 ; Wang et al. 2024a , for a re vie w). In the local
niverse, analyses of radio emission from X-ray-weak sources have

ometimes revealed corresponding radio weakness (Johnson, Hunt &
eines 2009 ; Arcodia et al. 2024 ), while in other cases, the radio
mission is found at the expected levels (Berton et al. 2018 ; Paul
t al. 2024 ), with detections of compact radio cores or small-scale
ets (Yao et al. 2021 ; Singha et al. 2023 ; Meyer et al. 2024a ). A

ore detailed discussion of the radio properties of JWST -detected
LAGN will be presented in a forthcoming paper, Mazzolari et al.

in preparation). 
In this paper we present the analysis of GN-28074 (RA =

89.06458, Dec. = 62.27382; CANDELS ID GN-19549; 3D-HST
D 26945) a broad-line AGN at z = 2 . 26 detected by JWST in the
OODS-N field and exhibiting clear absorption features in the H α,
 β, and He I λ10830 lines. As we discuss in this paper, the presence
f these lines reveals the existence of gas with moderately high
emperature ( ∼10 000 K) and high density and high column densities,
ikely associated with the BLR or its outer parts. In addition, the
ontinuum of the source exhibits similar colours to the recently
dentified red sub-population known as the little red dots (LRDs);
Furtak et al. 2023 ; Labbe et al. 2023 ; Kokorev et al. 2024 ; Matthee
t al. 2024 ), with it passing most the colour cuts presented in Kokorev
t al. ( 2024 ) if redshifted to z = 7 ( F 277 W − F 356 W = 0.96,
 277 W − F 444 W = 1.64, F 150 W − F 200 W = 0.88). An additional
omponent of dust emission at long wavelengths further confirms
he presence of a reddened AGN or a dusty torus. Ho we ver, despite
he unambiguous presence of an AGN, this source is undetected both
n the X-rays (Maiolino et al. 2024a ) and in the radio (Mazzolari
n preparation). We will show that this AGN is a unique case study
o understand the properties of the new class of AGN that is being
isco v ered by JWST . 
The text is organized as follows. In Section 2 we present a summary

f the spectroscopic data reduction. Section 3 contains a description
f our line fitting procedure. The bulk of the analysis, pertaining to
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he detected absorption lines, properties of the central black hole, 
nd the continuum shape, is presented in Section 5 . In Section 6
e briefly e xplore alternativ e scenarios proposed to explain broad 

mission in JWST sources. A discussion on potential local analogues 
nd BLR absorption in other spectroscopic JWST AGN is presented 
n Section 8 and Section 7 , respectively . Finally , in Section 9 , we
ummarize our findings and put them in the context of the previous
bservations. Throughout the paper, we assume flat Lambda cold 
ark matter cosmology with �m 

= 0 . 315 and H 0 = 67 . 4 km s −1 

pc −1 . 

 DATA  R E D U C T I O N  

ata utilized in this paper have been obtained as part of the JWST
dvanced Extragalactic Surv e y (JADES) program (Eisenstein et al. 
023 ). The spectroscopic observations are split into tiers depending 
n whether they were selected with HST or JWST instruments and 
epth of exposure. Spectroscopy of our source was obtained as part 
f the Medium/ HST tier in the GOODS-N field and consisted of 1.7 h
f exposure per source in the prism and 1.7 h per source in each of
he medium-resolution gratings, G140M/F070LP, G235M/F170LP, 
nd G395M/F290LP. The observations used two dithered positions 
grey rectangles in the inset figure of Fig. 1 ), with three nods each. 

Data reduction procedures were largely similar to other JADES 

apers (Bunker et al. 2023 ; Carniani et al. 2024 ; D’Eugenio et al.
024 ). In summary, the pipeline used was developed by the NIRSpec
TO team and the ESA NIRSpec Science Operations Team. As the 

bsorption features appear to be unresolved, we employ 1D spectra 
xtracted from the central 3 pixels (at 0.1 arcsec per pixel scale) of
he 2D spectra. 

An additional post-processing procedure was carried out after the 
ain data reduction stage as the sigma clipping employed by the 
TO pipeline has erroneously flagged strong emission lines and rapid 

hanges in emission due to deep absorption features. This procedure 
onsisted of utilizing the unclipped spectrum to visually identify 
ncorrectly clipped regions and substitute them into the clipped data. 
he final spectrum obtained by combining the three grating spectra 

s shown in Fig. 1 . 
We also use the multiband photometry from the NIRCam compo- 

ent of the JADES surv e y (Rieke et al. 2023 ) and from FRESCO
First Reionization Epoch Spectroscopically Complete Observa- 
ions; Oesch et al. 2023 ), combined with HST and Spitzer photometry
rom the Rainbow data base. 1 

 EMISSION  A N D  ABSORPTION  LINES  

ITTING  

he spectrum in Fig. 1 shows clear broad components present 
n the bright permitted lines (hydrogen and helium lines), which 
ack kinematically comparable counterparts in the [O III ] forbidden 
oublet. This unambiguously identifies their origin being the BLR 

f an AGN. It should be noted that the profiles of [O III ] λλ4959,5007
nd [S III ] λ9531 lines do exhibit faint, broad wings, but these are
ikely associated with an ionized outflow as their kinematics differ 
trongly (much narrower) from the BLR and will be explored further
n Appendix C . 

In addition, the spectrum of GN-28074 clearly shows deep 
lueshifted (by a few 100 km s −1 ) absorption features in the broad
 α, H β, and He I λ10830 lines in Fig. 2 . While the He I λ10830 is
 https:// arcoirix.cab.inta-csic.es/ Rainbow Database/ Home.html 

t  

d  

l  
ssociated with a metastable level, hence often seen in absorption 
provided that the conditions and column density are adequate), 
bserving H α and H β in absorption is much more difficult, as it
equires significant population of the n = 2 level, which has a very
hort lifetime ( ∼ 10 −8 s) for radiative transition. As we will show,
his implies large densities and large column densities of the medium
long the line of sight (LOS). 

The absorption features were modelled using a standard attenua- 
ion model: 

 λ = 1 − C f + C f e 
−τλ , (1) 

here C f is the co v ering factor of the absorber and τλ its optical depth
rofile. The optical depth profiles were assumed to be Gaussian: 

λ = τ0 exp 

[ 

−0 . 5 

(
λ − λ0 e 

�v/c 

σ

)2 
] 

, (2) 

here τ0 is the optical depth at the core of the line, �v the velocity
hift of the absorber, and σ is its velocity dispersion. The attenuation
as applied to the BLR and continuum emission. Indeed, the 

bsorption is so deep that it cannot be absorbing only the continuum
as subtracting the broad-line emission would result in ne gativ e
bsorption); it must therefore be absorbing, at least partially, also 
he broad lines. This implies that the absorbing medium must be
ocated within or just outside the BLR. 

All emission lines in R1000 were modelled using Gaussian 
ecomposition with separate Gaussians representing the narrow line, 
LR, and ionized outflow emission. Fitting was performed using 
 Bayesian method with linear uniform priors constraining the line 
idths to between 100 and 800 km s −1 for the narrow, 800–10 000 km
 

−1 for the broad, and 600–2000 km s −1 for the ionized outflow
omponents. The offset between the BLR and outflows was allowed 
o vary by up to ±10 000 km s −1 with all BLR and ionized outflow
omponents constrained to the same kinematics with the exception 
f He I λ10830 – due to its resonant nature its FWHM was treated
eparately. The widths of the broad Pa γ and Pa β lines were also left
ndependent, because their intrinsic widths could be different from 

hose of the Balmer series (e.g. Landt et al. 2008 ). In addition, the
a β line is affected by wavelength calibration issues causing a ∼1 px
ffset from the other lines, which forces us to leave all its kinematics,
side from the width of the narrow line, independent of the remaining
ines. All linewidths were convolved with the line spread function 
LSF) for point sources from de Graaff et al. ( 2024 ) during the fitting
rocedure. Absorption in the Balmer lines was constrained to have 
he same kinematics, while the He I λ10830 absorption was fitted with
ndependent �v and σ . The prior for �v was uniform, constrained
o be between −1000 and 1000 km s −1 , while σ was allowed to vary
etween 0 and 400 km s −1 . The co v ering factor was constrained to
e the same for all absorption lines. At this stage (i.e. for the purpose
f the line fitting) the continuum was approximated empirically as a
ourth-order polynomial. 

The posterior probability distribution of all model parameters was 
stimated using a Markov Chain Monte Carlo integrator (Foreman- 
ackey et al. 2013 ); we initialized the chains in a small neighbour-

ood around the maximum-likelihood parameter values, estimated 
ia least-squares minimization. The moments of the posterior dis- 
ribution for the neutral outflow model are presented in T able 1 . W e
ote that Fig. 2 displays significant residuals around the peaks of
right lines. The likely cause of this is the line intensity saturating
he detector in some exposures resulting in the pipeline failing to
eri ve v alid errors for their peaks. A summary of all fitted emission
ine fluxes is provided in Table 2 , while the rele v ant line widths are
MNRAS 535, 853–873 (2024) 
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M

Figure 1. R1000 spectrum of GN-28074 with emission lines marked. The fluxes on the y -axis are presented in logarithmic scale to better showcase weaker lines 
and the shape of the continuum. All bright permitted lines appear to have broad components, while the continuum showcases the characteristic ‘v’ shape found 
in some objects of the LRD population. The false-colour NIRCam image (inset) highlights the point-source nature of the object, and the position of the MSA 

slitlets (grey rectangles). We note a pink region to the south-east, denoting a deficiency in F 182 M flux (see the text for a discussion). The rest of the NIRCam 

single-band cut-outs highlight the extended emission (only discernible at SW wavelengths); the angular size of these cut-outs is the same as the RGB image. 

s  

i  

l

4

I  

a  

c  

f  

o  

a  

i  

l  

a  

N  

t  

w  

t  

p  

H  

a  

t  

s  

T  

S  

e  

2  

G  

l  

e
 

b  

M  

b  

(  

s  

e  

p  

G  

l  

A  

i  

o  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/535/1/853/7824435 by Scuola N
orm

ale Superiore Biblioteca user on 16 D
ecem

ber 2024
ummarized in Table 3 . The fit uncertainties for the narrow lines
nclude a ∼20 per cent systematic uncertainty on the LSF, which is
ess significant for the well-resolved broad lines. 

 C O N T I N U U M  FITTING  A N D  MID-IR  EXCESS  

n the NIRCam images GN-28074 appears as a point source with
 spatially extended component to the south-east (inset single-band
ut-outs in Fig. 1 ). This extension is clearly seen in all available filters
rom the SW NIRCam module ( F 090 W − F 210 M ), but we do not rule
ut its presence at redder wavelengths (an in-depth morphological
nalysis is beyond the scope of this article). Shifting focus on the
nset RGB image, we infer that this south-east extension is very
ikely to be at the same redshift as GN-28074. The extension has
 strong line excess in F 210 M relative to F 182 M (and F 210 W ).
otice that this excess feature (pink in the inset RGB) is stronger

han what is seen at other position angles around the central source,
hich indicates it is a spectral energy distribution (SED) feature of

he south-east extension, not of the point source itself. The most
arsimonious explanation is that the line excess in F 210 M is tracing
 α in the south-east region, which therefore is at the same redshift

s the point source. The pink colour in the RGB image also indicates
NRAS 535, 853–873 (2024) 
hat, compared to the point source, this extended component is
tronger in F 210 M than in the rest-UV and rest-optical continuum.
his ho we ver could result from at least two dif ferent scenarios: an
ED dominated by star formation, or an SED dominated by nebular
mission, such as the ionization cone of an AGN (e.g. Tacchella et al.
024 ). Interestingly, F 150 W seems to be more extended than F 182 M .
iven that the NIRCam PSF is broader in F 182 M than F 150 W , this

ine of evidence may imply the presence of a diffuse region of [O III ]
mission. 

In a recent article, Wang et al. ( 2024b ) report the disco v ery of a
road-line AGN with weak or even no dust emission, confirmed by
IRI. In addition, Matthee et al. ( 2024 ) find a tentative detection of

road H α (4 σ ) that was confirmed as MIR-weak by Williams et al.
 2024 ), contrary to expectations that similar sources should exhibit
trongly rising MIR continuum from AGN dust heating (e.g. Labbe
t al. 2023 ). While a weak MIRI SED appears pre v alent among
hotometrically identified samples (e.g. Akins et al. 2024 ; P ́erez-
onz ́alez et al. 2024 ; Williams et al. 2024 ), unfortunately, we still

ack e xtensiv e MIRI co v erage of spectroscopically confirmed Type 1
GN, and therefore we cannot yet verify if the lack of MIR emission

s a peculiarity of one–two sources, or if it is a more common feature
f low-luminosity AGN, perhaps due to a lack of a dusty torus, or
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Figure 2. R1000 spectrum expanded around some of the permitted lines of GN-28074 and showing the associated spectral fits. The BLR and the (extended) 
outflow components are plotted as solid blue and red lines, respectively. The narrow components are shown with dashed green lines. The combined fit, including 
the absorption absorption components, is shown in magenta. Top left: H β and [O III ] λλ5007,4959 complex, showcasing the deep absorption in H β and broadening 
of [O III ] λλ5007,4959 lines due to the presence an outflow. Top right: H α , [N II ] λλ6548,6583, and [S II ] λλ6716,6731. Notable is the relative weakness of the 
[N II ] λλ6549,6585 and [S II ] λλ6716,6731 doublets. Bottom left: combined He I λ10830 and Pa γ line fit. The ionized outflow component is not required here by 
the data. Bottom right: fit to the Pa β line. Due to wavelength calibration issues, this line is slightly offset to the rest and thus requires separate kinematics to 
properly fit. The ionized outflow is absent just as in the Pa γ + He I λ10830 fit. 

Table 1. A summary of absorption profile properties given by the fit. The first column gives the name of the fitted line, 
second and third columns the co v ering fraction and optical depth at the centre of the absorption, fourth and fifth columns the 
best-fitting neutral outflow kinematics, and the sixth column contains the estimated column densities. 

Line C f τ0 �v [km s −1 ] σ [km s −1 ] v out [km s −1 ] log N [cm 

−2 ] 

He I λ10830 2.17 + 0 . 05 
−0 . 05 −506 + 7 −7 304 + 6 −6 1113 + 12 

−12 14 . 56 + 0 . 01 
−0 . 01 

H α 0 . 998 + 0 . 001 
−0 . 004 8.8 + 1 . 5 −1 . 3 −351 + 14 

−16 126 + 6 −8 604 + 11 
−10 14 . 99 + 0 . 07 

−0 . 07 

H β 1.02 + 0 . 12 
−0 . 11 14 . 87 + 0 . 06 

−0 . 06 
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ue to colder dust temperatures than in previously studied AGN. 
o investigate if GN-28074 also lacks MIR emission, we utilize 
pitzer IRAC imaging across all four channels, co v ering 3.6 to 8
m, together with MIPS 24 μm band. Note that MIPS may suffer

rom contamination due to a nearby source, and that we do not
nclude Herschel non-detections, because their high upper limits are 
ot constraining. The rest-frame UV and optical range was co v ered
sing JWST and HST photometry, as discussed in Section 2 . Our
bject has signal-to-noise ratio (S/N) > 10 across all bands considered
llowing for robust SED fitting of the rest-frame UV to near infrared
ontinuum. This also marks GN-28074 as one of the few JWST AGN
o have robust MIR constraints. 
MNRAS 535, 853–873 (2024) 
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Table 2. Table summarizing all fitted emission-line fluxes as measured –
without correcting for dust attenuation. The first column indicates the name 
of a given line, and the second its type (narro w, broad, or outflo w). The final 
column gives the measured flux in units of 10 −18 erg s −1 cm 

−2 . 

Line Type Flux [10 −18 erg s −1 cm 

−2 ] 

[O II ] λλ3726,3729 Narrow 22 . 43 + 0 . 62 
−0 . 59 

H γ Narrow 10 . 48 + 0 . 29 
−0 . 29 

[O III ] λ4363 Narrow 4 . 63 + 0 . 18 
−0 . 20 

H β Narrow 19 . 98 + 0 . 45 
−0 . 46 

H β Broad 32 . 1 + 1 . 1 −1 . 1 

H β Outflow 7 . 58 + 0 . 90 
−0 . 93 

[O III ] λ5007 Narrow 146 . 8 + 1 . 0 −1 . 0 

[O III ] λ5007 Outflow 14 . 51 + 0 . 58 
−0 . 61 

[O I ] λ6300 Narrow 2 . 38 + 0 . 14 
−0 . 14 

H α Narrow 82 . 64 + 0 . 30 
−0 . 27 

H α Broad 297 . 2 + 2 . 7 −2 . 6 

H α Outflow 144 . 8 + 2 . 3 −2 . 5 

[N II ] λ6583 Narrow 0 . 96 + 0 . 34 
−0 . 35 

[S II ] λ6716 Narrow 1 . 10 + 0 . 10 
−0 . 10 

[S II ] λ6731 Narrow 0 . 83 + 0 . 08 
−0 . 08 

[O II ] λλ7320,7331 Narrow 1 . 50 + 0 . 26 
−0 . 25 

O I λ8446 Narrow 2 . 33 + 0 . 20 
−0 . 20 

[S III ] λ9531 Narrow 4 . 39 + 0 . 21 
−0 . 22 

[S III ] λ9531 Outflow 22 . 3 + 1 . 1 −1 . 2 

He I λ10830 Narrow 22 . 71 + 0 . 51 
−0 . 52 

He I λ10830 Broad 59 . 4 + 1 . 2 −1 . 3 

Pa γ Narrow 5 . 11 + 0 . 21 
−0 . 23 

Pa γ Broad 54 . 6 + 1 . 3 −1 . 1 

O I λ11287 Narrow 1 . 68 + 0 . 20 
−0 . 20 

Pa β Narrow 16 . 06 + 0 . 44 
−0 . 42 

Pa β Broad 104 . 0 + 1 . 6 −1 . 6 

Table 3. Summary of widths for all fitted emission lines. 
The first three rows list the common widths fitted to 
the broad, narrow, and outflow lines. The remaining 
ro ws gi ve FWHM for the lines for which it was left 
independent. 

Width [km s −1 ] Value 

FWHM br 3610 + 21 
−22 

FWHM nr 151 + 36 
−36 

FWHM of 1311 + 18 
−19 

FWHM Pa γ 2300 + 53 
−50 

FWHM Pa β 2820 + 31 
−31 

FWHM HeI 1860 + 27 
−28 
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We carry out the fits using the CIGALE code (Yang et al. 2022 ).
he AGN component of the templates was modelled using SKIRTOR
ontinuum emission models (Stalevski et al. 2016 ) with AGN flux
raction allowed values of 0 to 0.99, the polar dust extinction of
he AGN continuum was modelled with the SMC extinction law,
tandard for dust-reddened AGN (Reichard et al. 2003 ; Richards
t al. 2003 ), and allowed E(B − V) values ranging from 0.03 to
. Stellar populations were modelled using BC03 templates with
alpeter ( 1955 ) initial mass function. Stellar dust attenuation was
NRAS 535, 853–873 (2024) 
odelled using the Calzetti attenuation law with E(B − V) allowed
o vary between 0 and 4. Dust emission was modelled with Dale
t al. ( 2014 ) models with emission slope α = 2. Gas and stellar
etallicities were set to either solar or 10 per cent solar; ho we ver,

he exact metallicity has little impact on the shape of the model SEDs.
arameters not mentioned were kept to CIGALE defaults. 
The resulting fit is shown in Fig. 3 and shows that the best-fitting
odel prefers the presence of a strongly attenuated accretion disc

omponent with E(B - V) = 1 . 04 ± 0 . 24, corresponding to an A V =
 . 02 ± 0 . 70, with accompanying infrared emission from hot dust
orming the continuum emission displayed there in magenta. The
tellar continuum component is attenuated considerably less, A V =
 . 68 ± 0 . 01. 
To test if the mid-infrared photometry can be explained with stellar

mission or associated dust reprocessing alone we refit the data by
orcing the AGN fraction to 0. The resulting best fit without AGN
s shown in Fig. 4 . As can be seen, the stellar-only models yield
 considerably worse o v erall fit and cannot explain the infrared
hotometry, necessitating the presence of a hot dust component,
hich can be readily identified as a dusty torus or hot polar dust. No
atter the exact interpretation, our result indicates the presence of

ignificant amounts of hot dust surrounding the core of GN-28074. 
A notable feature, common to both stellar and AGN + stellar fits,

s that both of them attempt to fit the discontinuity in flux between
 and 2 μm with a Balmer break. Ho we v er, both leav e a significant
esidual in that location (Figs 3 and 4 ), thus a Balmer break fit
oes not explain the emission pattern well. If the feature is indeed
 Balmer break, indicative of a more evolved stellar population, the
tellar mass estimate gives log M ∗

M � = 10 . 78 ± 0 . 05. For comparison,
e use the fits to the narrow lines to estimate an upper limit on the
ynamical mass of the object using the virial estimator (calibrated
n stellar kinematics) from Cappellari et al. ( 2006 ): 

 dyn < 

5 σ 2 R e 

G 

, (3) 

here σ is the gas velocity dispersion and R e the circularized half-
ight radius. The fits to the narrow lines give an FWHM = 150 + 36 

−36 km
 

−1 , corresponding to σ ≈ 64 km s −1 . The value for R e is trickier to
stimate as the object is point-source-dominated, thus we adopt 0.06
rcsec as an upper limit, using the value measured by van der Wel
t al. ( 2014 ) from HST F 160 W imaging. This value is the semimajor
xis, which translates into a circularized R e = 0 . 035 arcsec after
aking into account the measured shape (axis ratio q = 0 . 65; van
er Wel et al. 2014 ). The resulting mass is log M dyn 

M � � 9 . 1, lower
han the ‘maximal’ stellar mass inferred interpreting the spectral
reak as a Balmer break. The strong mismatch with M ∗ does not
epend on the specific virial calibrator we use; alternative formulae
ive log M dyn 

M � = 8 . 9 –9 . 5 (Wisnioski et al. 2018 ; van der Wel et al.
022 ). This inconsistency could be due to geometric effects, if the
arrow-line gas kinematics are dominated by a disc seen close to
ace on. Ho we v er, Wang et al. 2024b report three more e xamples of
road-line AGN with spectral breaks around rest-frame 3600–4000
, and where the virial mass is lower than the maximal stellar mass.
herefore, it is unlikely that the observed drop in the spectrum can
e explained entirely by a Balmer break. We further note that in the
1000 spectrum (Fig. 1 ) the break appears less steep and at redder
avelengths than the typical Balmer break. Ho we ver, interpreting the
reak as a stellar 4000- Å break would further increase the stellar mass
nd, consequently, the tension with the dynamical-mass constraint. 

We do not discuss further the nature of the drop between 3000 and
000 Å rest frame, as we defer further analysis to another paper in
hich other similar sources are also analysed. 
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Figure 3. The best-fitting CIGALE model. It can be seen that the mid-infrared emission is well explained by hot dust emission from an attenuated accretion disc 
emission (magenta) with comparatively little contribution from stellar dust (in red). The excess flux around 2.0 μm that is not well reproduced can be attributed 
to the strong H α emission. 
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 D E R I V E D  QUANTITIES  

.1 Black hole properties 

e utilize our fits to the BLR emission to constrain the black hole
ass using single-epoch virial relations. Recent results by Abuter 

t al. ( 2024 ) measured the BLR size via interferometric data, and have
ut into question the usage of BH virial relations using transitions
uch as CIV (Netzer et al. 2007 ; Negrete et al. 2012 ); ho we ver,
heir finding that the discrepancy is reduced to only a factor 2.5
hen using the H α line is reassuring, as this is within the calibration
ncertainties. Furthermore, the deviation is associated with super- 
ddington accretion influencing the size of the BLR, while the BH
f 28 074 is likely in a sub-Eddington regime. 
Our fits to the BLR yield FWHM H α = 3610 + 21 

−22 km s −1 along with
 H α = 1 . 21 + 0 . 01 

−0 . 01 × 10 43 erg s −1 . Converting this to black hole mass
ia the virial relation (Reines & Volonteri 2015 ): 

log 
M BH 

M �
= 6 . 60 + 0 . 47 log 

(
L Hα

10 42 erg s −1 

)
+ 2 . 06 log 

(
FWHM Hα

1000 km s −1 

)

(4) 
ields log M BH 
M � = 8 . 26 ± 0 . 30, the uncertainty on this value is com-

letely dominated by the intrinsic scatter on equation ( 4 ). The scaling
elation between the luminosity of the broad H α component and 
olometric luminosity calibrated by Stern & Laor ( 2012 ) implies
 bol = 1 . 58 + 0 . 01 

−0 . 01 × 10 45 erg s −1 , with a 0.3 dex intrinsic scatter, and
n Eddington ratio of ∼7 per cent. 

Estimating the extinction correction to the BLR is not trivial even
hen a broad component in both H β and H α lines is seen, as the

ntrinsic Balmer decrement can be significantly steeper than the case 
 scenario and can potentially reach values up to ten (Ili ́c et al. 2012 ).

n the case of our object, we find H α to H β ratios to be 9 . 25 + 0 . 33 
−0 . 31 and

 . 14 + 0 . 16 
−0 . 14 for the broad and narrow lines, respectively. Assuming

 standard case B decrement of 2.85 for the narrow lines along
ith the SMC extinction curve (Gordon et al. 2003 ), which might
e representative in galaxies at z ∼ 2 (e.g. Reddy et al. 2015 ), we
btain A V = 1 . 13 + 0 . 11 

−0 . 10 . Adopting this value for the dust correction
ncreases the measured L bol by ∼0.5 dex and results in a corrected
H mass of log M BH 

M � = 8 . 47 ± 0 . 30 and an Eddington ratio of 0.12.
f we instead take the broad lines Balmer ratio and conserv ati vely
ssume an intrinsic case B ratio, we would get an upper limit on the
xtinction of A V < 2 . 3, which would imply a maximum correction
MNRAS 535, 853–873 (2024) 
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Figure 4. Same as Fig. 3 , except for models without AGN emission. It can readily be seen that stellar-only templates leave significant residuals from 5 μm 

onwards resulting in a poorer reduced χ2 value. 

Table 4. A summary of the observed properties of the BLR and the inferred 
mass of the supermassive black hole and its accretion rate. The first column 
denotes the name of the quantity, the second its value. The listed luminosities 
are corrected for dust. The final column provides upper limits based on 
the conserv ati v e A V estimation based on the observ ed broad Balmer line 
decrement. 

Quantity Best estimate Upper limit 

FWHM H α [km s −1 ] 3610 + 21 
−22 –

L H α [erg s −1 ] 3 . 44 + 0 . 39 
−0 . 31 × 10 43 < 2 . 1 × 10 44 

L H β [erg s −1 ] 5 . 36 + 0 . 87 
−0 . 65 × 10 42 < 7 . 3 × 10 43 

L bol [erg s −1 ] 4 . 47 + 0 . 50 
−0 . 41 × 10 45 < 2 . 7 × 10 46 

log M BH [M �] 8 . 47 ± 0 . 30 < 8 . 67 

λEdd 0 . 120 + 0 . 007 
−0 . 006 < 0 . 2 
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n the bolometric luminosity of 0.9 dex, a maximum black hole
ass of log M BH 

M � < 8 . 67, and a maximum Eddington ratio of 0.2. One
hould also take into account the additional uncertainty on both black
ole mass and Eddington ratio of 0.3–0.5 dex of the virial relations.
bserved properties of the BLR are summarized in Table 4 . 
NRAS 535, 853–873 (2024) 
.2 Nuclear neutral absorption 

.2.1 Modelling and evidence for very high gas densities 

rom Fig. 2 , it is clear that strong blueshifted absorption features are
resent on top of the broad components of H β, H α, and He I λ10830.
efore JWST , strong blueshifted absorptions in hydrogen and/or
elium lines have previously been observed in the spectra of a few
GN (e.g. Hutchings et al. 2002 ; Aoki et al. 2006 ; Hall 2007 ;
oki 2010 ; Ji et al. 2012 , 2013 ; Wang & Xu 2015 ; Zhang et al.
015 ; Shi et al. 2016 ; Williams et al. 2017 ; Schulze et al. 2018 ;
amann et al. 2019 ), including the prototypical local Seyfert 1
GC4151 (Hutchings et al. 2002 ). Ho we ver, these were extremely

are cases, less than 0.1 per cent of the quasar/AGN population. Yet,
he JWST spectra are revealing an increasing number of these Balmer
ine absorption features in Type 1 AGN, possibly making about
0 per cent of the AGN population disco v ered by JWST (Kocevski
t al. 2024 ; Matthee et al. 2024 ; Wang et al. 2024b ). Therefore,
uch absorption features are probably the signature of properties
haracterizing the new population of AGN disco v ered by JWST . The
rominence of these features in GN-28074, along with the wealth of
dditional information, makes this object the perfect case study to
xplore these properties. 
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Figure 5. Narrow emission-line diagnostic diagrams, showing our target 
(green circles with errorbars; the measurement uncertainties are often smaller 
than the size of the marker), and the distribution of galaxies at z = 0 . 1 from 

SDSS Data Release 7 (contour lines and scatter points). The demarcation lines 
in panels a–c are from K e wley et al. ( 2001 ), Kauf fmann et al. ( 2003 ), K e wley 
et al. ( 2006 ), and Schawinski et al. ( 2007 ). Our target lies in a scarcely 
populated region of the diagram, formally consistent with star-formation 
photoionization (panels a and b) or AGN (panel c). Shock-driven emission 
in the NLR is also unlikely, because shock models (red and yellow lines) do 
not co v er the location of our target in these diagnostic plots (see the text for 
a description). 
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As already discussed, absorption of H α and H β, and, to some
xtent, He I , requires peculiar conditions of the gas along the LOS.
pecifically, these need substantial amount of (mostly) neutral gas 
long the LOS that has significant amounts of hydrogen and helium 

umped to excited states, which are the n = 2 level for hydrogen and
he metastable triplet state 2 3 S for helium. Due to the short lifetime
f H( n = 2) compared to that of He(2 3 S), it is much more difficult
o have significant absorption in hydrogen lines without the presence 
f high-density gas, as we demonstrate in the following text. 
We estimate the absorbing column densities of excited hydrogen 

nd helium by integrating equation ( 2 ) with the best-fitting param-
ters using the apparent optical depth method (Savage & Sembach 
991 ; Wang et al. 2024b ). The column density is then given by 

 = 

m e c 

πe 2 f 0 λ0 
τ, (5) 

here τ is the integrated line optical depth and f 0 λ0 is the product
f the rest-frame wavelength and the oscillator strength of a given 
ransition. Using this framework we find that the absorption in 
 α and H β give excited ( n = 2) hydrogen column densities of

og N H(n = 2) = 14 . 99 + 0 . 07 
−0 . 07 and 14 . 87 + 0 . 06 

−0 . 06 cm 

−2 , respectively, which
re fully consistent between one another. The absorption profile of 
e I λ10830 yields log N HeI ∗ = 14 . 56 + 0 . 01 

−0 . 01 cm 

−2 . Given the relatively
hort lifetime of the excited hydrogen at the n = 2 level, its large
olumn density indicates a high total column density of hydrogen 
Osterbrock & Ferland 2006 ). 

The absorption line kinematics of the fit gives σ = 126 + 6 
−8 km s −1 

nd �v = −351 + 14 
−16 km s −1 for the Balmer lines and σ = 304 + 6 

−6 

m s −1 and �v = −506 + 7 
−7 km s −1 for the helium absorption lines.

stimating maximum outflow velocity as v out = | �v| + 2 σ gives
 out = 604 + 11 

−10 km s −1 and v out = 1113 + 12 
−12 km s −1 for the hydrogen

nd helium outflo ws, respecti vely. We summarize our deri ved neutral
as outflow properties in Table 1 . 

While the outflow velocities inferred from the hydrogen and 
elium absorptions are significantly different, we note that the 
esonant nature of He I λ10830 could well lead to different kinematics 
nd it is thus not a direct reflection of the outflow velocity. One might
onder whether the absorbing gas could have two components: one 

aster outflowing and low-density component primarily responsible 
or the absorption of He I λ10830, and the other slower outflowing
nd high-density component primarily responsible for the absorption 
f hydrogen Balmer lines. Regardless, we emphasize that a dense 
eutral outflow must exist, as we explain later in this section. 
To infer the physical conditions within the neutral outflow, we 

ompute a series of simulations using the photoionization code 
LOUDY (c17.03; Ferland et al. 2017 ) and compare them with obser-
ations. Specifically, we search for models with column densities in 
he n = 2 lev el of the hydrogen atom and the first e xcited state 2 3 S 
f the helium atom that match our deri v ations. 
To start with, we need to assume what is the energy source that

umps the hydrogen and helium in the absorber to their excited states.
 natural candidate is the energetic photons from the AGN continuum 

mission in GN-28074. In principle, powerful shocks, as seen in some 
adio AGN, can also create excited hydrogen (e.g. Best, R ̈ottgering &
ongair 2000 ). Ho we ver, a shock in the narro w-line region (NLR) is
ea vily disfa v oured by the BPT/VO diagrams (Baldwin, Phillips &
erlevich 1981 ; Veilleux & Osterbrock 1987 ) as shown in Fig. 5 : our

arget (green point with errorbars) is clearly inconsistent with a broad 
ange of shock models indicated with yellow and red grid lines. 2 
 The models are from MAPPINGS V (Sutherland & Dopita 2017 ); they assume 
he solar abundances of Gutkin, Charlot & Bruzual ( 2016 ) and were obtained 

3

d
o
r

On the other hand, narrow-line diagnostics cannot be used to 
ule out a shock front in the BLR. Ho we ver, shocks produced by
adio jets (primary candidates for producing strong BLR shocks) are 
trongly disfa v oured by the radio non detection, as discussed later
n in Section 5.4 . 
We use a standard AGN SED in CLOUDY as the source to pump

ydrogen and helium to their excited states. The SED has a parametric
orm given by 

 ν = ναuv exp ( −hν/kT BB ) exp (0 . 01 Ryd /hν) + aναx , (6) 

here we set the big blue bump temperature to T BB = 10 6 K, the
V-to-X-ray slope to αox = −1 . 4 (which is achieved by adjusting
 by the code), the UV slope to αuv = −0 . 5, and the X-ray slope
o αx = −1 . 0. 3 We compute a total of 272 models spanning a range
f hydrogen densities of 10 2 cm 

−3 ≤ n H ≤ 10 10 cm 

−3 , and a range
MNRAS 535, 853–873 (2024) 

 While we cannot well constrain the actual spectral slope of GN-28074 
ue to the potentially significant dust attenuation, we have tried varying the 
ptical-to-X-ray slope as well as the temperature of the accretion disc o v er a 
easonable range, which, ho we ver, does not change our conclusions. 
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f ionization parameters of 10 −4 . 5 ≤ U ≤ 10 0 . The dimensionless
onization parameter, U , is defined as U ≡ 
 0 

n H c 
, where 
 0 is the

umber flux of the hydrogen ionizing photons (impinging on the
nner face of the cloud) and c is the speed of light. For all of the

odels, we adopt a metallicity of 12 + log(O / H) = 7 . 85 (which
s derived using narrow-line fluxes of GN-28074, as described in
ppendix B ), assuming the solar abundance pattern follows the
alues in Grevesse et al. ( 2010 ). While the metallicity in the absorber
ight be different from that in the forbidden-lines emitting region,
 v erall the metallicity has negligible impact on our conclusions (as
e are focusing on hydrogen and helium absorption). We do not

nclude dust grains in our models. While dust can also absorb ionizing
hotons, at low metallicities, the amount of dust is significantly
educed in the ISM and its impact on the ionization structure of the
as becomes negligible. Furthermore, as we show later, the absorber
as a density similar to the gas in the BLR, which is usually believed
o be dustless (because it is inside the sublimation radius). 

We have included the effect of microturbulence in our simulations
nd varied the turbulent v elocity o v er a range of 100 km s −1 ≤
 turb ≤ 300 km s −1 to match the velocity dispersions we fit for the
ydrogen and helium absorptions. The microturbulence broadens the
ine profile and increases the chance of absorption. Ho we ver, within
he range of turbulent velocity we choose, the exact value of the
urbulent velocity has little impact on our final results. 

Finally, all models are truncated at a total hydrogen column density
f N H = 10 24 cm 

−2 . We search within each model whether there is a
pecific depth at which the cumulative column densities of the excited
ydrogen and helium match the observations within 2 σ ( ∼ 0 . 14 dex).

The left panel of Fig. 6 shows the total column densities of excited
ydrogen (at n = 2) and helium (at 2 3 S) in our models at a common
epth of N H = 10 24 cm 

−2 . Since this is the common stopping
riterion of our models, the column densities shown are the highest
 alues achie v able by the models. The models are colour-coded by
heir hydrogen volume densities and the direction of increasing
onization parameter is indicated by the arrow. The models that
an reproduce the column densities we derive for GN-28074 (open
tar) within certain depths, quantified by column densities reached
 � N H = 10 24 cm 

−2 ), are highlighted by open circles (indeed the
ifferent combinations of N H(n = 2) and N He (2 3 S) are degenerate in
eproducing the observed absorptions equally well). Clearly, the high
 H(n = 2) we derive for GN-28074 strongly constrains the hydrogen

ensity of the absorber to high values. This is because higher densities
llow N H(n = 2) to build up at smaller depths. In addition, high densities
oost collisional excitation of hydrogen, which helps to achieve high
 H(n = 2) . Meanwhile, our derived N He(2 3 S) further narrows down the

lausible range of densities and strongly constrains the ionization
arameter. 
With these results, we go back to consider the possibility that the

almer absorption and the He I absorption are produced by different
bsorbing clouds. From Fig. 6 , one can see the N H(n = 2) of GN-
8074 alone would indicate a high N He(2 3 S) in the cloud that produces
he Balmer absorption, unless the density is even higher. Therefore,
he most likely picture would be either a single absorber making
oth absorptions, or two separate absorbers with the Balmer-line
bsorber having a higher density. Either way, the hydrogen density is
onstrained to be n H � 10 8 cm 

−3 , indicative of a BLR origin. In what
ollows, we set our discussion in the context of a single absorber for
implicity, and we note that the more complex two-cloud possibility
ould not change our main conclusions. 
In the right panel of Fig. 6 , we show the densities and column

ensities of the plausible absorbing models for GN-28074. We
ote that the column density in this panel is not the total column
NRAS 535, 853–873 (2024) 
ensity of the models (which has been fixed to N H = 10 24 cm 

−2 ),
ut the cumulative hydrogen column densities in certain depths of
he models where both column densities of He (2 3 S) and H ( n = 2)
atch the values of GN-28074. These are the minimum values

f the actual column density of the cloud in order to match the
bservation, as the cloud can have an additional column of gas not
laying a role in the absorption seen in the Balmer and He I lines
because the n = 2 and 2 3 S levels are not properly excited in these
egions). The models show an anticorrelation between the density
nd column density, which is expected since higher densities help to
opulate hydrogen to the n = 2 level through collisional excitation.
verall, the plausible hydrogen (minimum) column densites are

arge, ranging from 10 21 . 5 to 10 23 cm 

−2 given the range of densities
e consider. The large column density facilitates Ly α trapping, which

s another important mechanism to produce excited hydrogen at
 = 2 (Ferland & Netzer 1979 ; Hall 2007 ). The physical scale of

he absorber can be approximated as �l = 

N H 
n H ε

, where ε is the gas
olume filling factor. If the absorber has ε ∼ 1, the physical scale
mplied by the matched models would be �l � 10 −3 pc , compatible
ith a single cloud within the BLR. 
We note that, for a Galactic gas-to-dust ratio, the very minimum

olumn density of N H > 10 21 . 5 cm 

−2 inferred for the absorbing
louds, would imply a minimum dust absorption of A V > 2 . 2. This
s inconsistent with the reddening inferred from the narrow lines, and
lso essentially inconsistent with the upper limit inferred from the
road lines. This is not a no v el finding, as in AGN it has been known
or a long time that dust absorption is much lower than what would
e inferred from the absorbing gaseous column density (Maiolino
t al. 2001 ). One of the primary interpretations of this discrepancy
s that much of the gaseous column density (as typically inferred
rom the X-rays) is associated with (dust-free) BLR clouds (Risaliti,
lvis & Nicastro 2002 ; Risaliti et al. 2005 ; Maiolino et al. 2010 ). This
erfectly fits the scenario that is emerging for GN-28074, in which
e are finding evidence for absorbing clouds with density typical of

he BLR clouds. As we will see below, these are also estimated to be
ithin the sublimation radius. 

.2.2 Location of the absorber 

he inferred gas densities are consistent with those of the BLR
louds, or clouds close to the BLR (Netzer 1990 ). 

In principle, from the narrow range in log U derived for the
bsorber, and from the bolometric luminosity derived in Section 5.1
rom the broad component of H α, we can derive the distance of the
bsorber from the accretion disc. Assuming the absorbing clouds are
mbedded in tenuous and optically thin gas (i.e. a two-phase BLR
odel; Krolik, McKee & Tarter 1981 ), and assuming the ionizing

raction and average ionizing photon energy from the CLOUDY SED
which has a representative optical-to-X-ray slope of αox = −1 . 4),
e use 

 abs = 

√ 

L bol f 0 

4 πcn H U〈 hν0 〉 (7) 

o estimate the location of the absorber. In this equation f 0 is the
onizing fraction and 〈 hν0 〉 is the average ionizing photon energy.

e find the distance between the absorber and the source of the
onizing continuum to be from 1.9 to 0.19 pc, for n H = 10 8 cm 

−3 

o n H = 10 10 cm 

−3 (this is without dust correction, but this and the
ollowing estimates of the sizes all scale as L 

0 . 5 
bol , and thus the relative

ocations are not affected by dust correction). These sizes (although
 xtremely uncertain, giv en the sev eral assumptions) are larger than
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Figure 6. Photoionization models of pumped absorbing gas that has high column densities of hydrogen at the n = 2 state and helium at the first excited state. 
Left: N H(n = 2) and N He(2 3 S) at a common depth of N H (Stop) = 10 24 cm 

−2 for models spanning a range of hydrogen densities and ionization parameters. All 
models are plotted as circles colour-coded by their hydrogen densities. The grey arrow indicates the increasing direction of the ionization parameter in this 
diagram. The star symbol represents our derived column densities for GN-28074. The open circles represent models that are capable of reproducing our derived 
column densities for GN-28074 at certain depths. The plausible models have high hydrogen densities and co v er a narrow range in the ionization parameter. Right: 
hydrogen densities and column densities of plausible models colour-coded by their ionization parameters. The dashed lines correspond to constant ef fecti ve 
thickness of the absorbing gas. All the plausible models show small effective thickness of �l < 10 −3 pc. 
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he radius of the BLR estimated using the scaling relation from
reene & Ho ( 2005 ), which would give r BLR ∼ 0 . 036 pc. Inferring

he BLR size from the H β luminosity scaling relations of Kaspi et al.
 2005 ) gives a consistent radius of 0.04 pc. 

We can also compare the estimated radial location of the absorber 
ith the expected size of the dusty torus. Assuming a dust sublimation

emperature of T sub . ≈ 1500 K, the thermal equilibrium condition 

ives the inner radius of the torus to be r torus = 

√ 

L bol 
4 πσT 4 sub . 

∼ 0 . 21

c without dust correction. Therefore, the location of the absorb- 
ng cloud can be between the BLR and the torus. Interestingly, 
his inferred location is consistent with previous interpretations 
f Balmer-line absorbing AGN at lower redshifts (e.g. Hutchings 
t al. 2002 ; Zhang et al. 2015 ), despite the fact that our derived
olumn densities for GN-28074 are higher. Ho we ver, we recall that
hese estimations, especially the location of the clouds based on 
he ionization parameter, are extremely uncertain. This is because 
e have assumed optically thin conditions for clouds inner to the 

bsorber to translate the ionization parameter to the distance, which 
gnores the potential self-shielding of the continuum emission in the 
LR (Gaskell 2009 ). It is still entirely possible that the absorbing
louds are actually associated with the outer parts of the BLR. 

One might wonder what is the physical state of the absorbing gas.
n our CLOUDY simulations, the absorber has a warm temperature of
0 000 –20 000 K and is nearly isobaric, which places it in a thermally
table regime (Reynolds & Fabian 1995 ). 

To check the dynamical state of the absorber, we compare the 
ntegrated radiation pressure from the attenuated continuum emission 
ith the gravitational pressure. The radiation pressure is from our 
LOUDY models, integrated until the depths that match the derived 
olumn densities. The gravitational force induced solely by the 
entral black hole is 

 grav = 4 πC f GM BH μm p N H , (8) 

here μ = 1 . 4 is the mean atomic mass number and m p is the proton
ass. The ratio between the radiation pressure and the gravitational 
ressure is then given by 

P rad 

P grav 
= P rad / 

(
GM BH μm p N H 

r 2 abs 

)
, (9) 

hich lies in a range of 0 . 72 –25. Despite the large column density, the
ntegrated radiation pressure upon the dense gas due to the attenuated
ontinuum emission is comparable and even larger than the gravita- 
ional pressure, consistent with a radiatively driven outflow scenario. 
he radiation pressure is only lower than the gravitational pressure 
hen the column density of the absorber reaches N H ∼ 10 23 cm 

−2 .
till, we caution that this estimate does not take into account the
ossibility that the continuum emission is partially shielded by BLR 

louds inner to the absorber, which would in principle reduce the
adiation pressure. 

As we have discussed, the outflow velocity traced by 
e I absorption is larger than that traced by Balmer absorption. If
e assume the difference is real despite the complexity from the

esonant scattering of He I , this might imply a decelerating outflow
s the Balmer absorption can preferentially occur in a more neutral
nd thus outer region. The deceleration could happen as the outflow
weeps up the surrounding gas. This is in contrast to the outflowing
almer-line and He I -line absorber in a nearby AGN, NGC 4151,
here the outflow is instead accelerating outwards (Hutchings et al. 
002 ). The decelerating scenario could indicate that the outflow 

ill eventually fall back to the BLR and thus be self-replenished,
aintaining the high co v ering factor. In fact, if one simply estimates

he escape velocity for the absorber based on the distances derived
rom the ionization parameter, one obtains 

 esc = 

√ 

2 GM BH 

r abs 
≈ 800 –3000 km s −1 , (10) 

here the lowest v esc corresponds to n H = 10 8 cm 

−3 and the highest
 esc corresponds to n H = 10 10 cm 

−3 . Comparing these values to the
utflow velocities in Table 1 , which lie within 600 –1000 km s −1 ,
t is indeed plausible that while the gas is outflowing at the time
f observations, it will eventually stall and fall back. In addition,
onsidering a two-phase or multiphase BLR model (e.g. Krolik et al.
MNRAS 535, 853–873 (2024) 
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Figure 7. Distribution of the bolometric to X-ray luminosity ratio, relative 
to the relation inferred for low-redshift optically selected AGN (whose 
distribution is shown with a black, hollow histogram). The distribution of 
JWST -disco v ered AGN in GOODS (the vast majority of which are actually 
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the value for the ‘prototypical’ Seyfert 1 NGC-4151, which shows H α, H β, 
and He I absorption, just like GN-28074, and strong (and variable) X-ray 
absorption. 
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981 ; Reynolds & Fabian 1995 ), as the dense absorber propagates
utwards, the ram pressure from the volume-filling and highly
onized phase of the gas would help to slow and trap the outflow.
he ram pressure would become important when the ambient gas
as a number density of n H � 10 4 cm 

−3 , consistent with tenuous
as with temperatures close to the Compton temperature and in
ressure equilibrium with the typical line-emitting clouds in the BLR.
urthermore, the absorber may continuously sweep up the gas in the
utward direction, leading to increasing mass, which further works to
lo w the outflo w. This would, in principle, also lead to strengthened
bsorption, but the effect might not be significant o v er a length-scale
f the size of the BLR, if the ambient density is n H ∼ 10 4 cm 

−3 . 

.2.3 Nuclear neutral outflow 

inally, we investigate the properties of the nuclear outflow traced
y the blueshifted absorption features. Estimating the total mass of
he outflowing gas is not entirely straightforward as the absorbing
louds do not necessarily trace the entirety of outflowing gas. 

We then use the following equation derived for a spherically
ymmetric outflow with C f = 1 to estimate the outflow rate: 

˙
 out;BLR = 4 πRμm p N H v out , (11) 

here μ = 1 . 4 is the mean mass per proton and N H is the hydrogen
olumn density. We can take the size of the outflowing medium as
stimated in the previous subsection, and a minimum column density
f N H > 10 21 . 5 cm 

−2 , as inferred by our models. We use both velocity
alues from Table 1 in conjunction. The inferred lower limit on the
uclear outflowing mass is 0.05 M � yr −1 . 
This is a very conserv ati ve lo wer limit, as we assume the lowest

f the radius estimates abo v e and the bare minimum of the possible
olumn densities. Ho we ver, it is interesting to note that, based on the
uminosity of the broad H α line and assuming a BLR gas density of
0 9 –10 10 cm 

−3 , the inferred mass of the BLR is about 10 –100 M �. If
he nuclear outflow is tracing the outer part of the BLR, it would imply
hat the BLR would be wiped away in a few hundred/thousand years.
hese are very short time-scales, suggesting that the BLR clouds are
ontinuously replenished [as inferred by other independent evidence
Maiolino et al. 2010 )], probably lifted from the accretion disc, or
imply through the eventual falling back of the outflow gas. An
lternative possibility is that they are the bloated atmospheres of
uclear giant stars (Scoville & Norman 1988 ; Alexander & Netzer
994 ), in which case those stars would continuously replenish the
clouds’ on long time-scales. 

For the decelerating nuclear outflow scenario, while the outflowing
ense gas would be recycled at a later time, it is currently radiation-
ressure-dominated and it might expand and become rarefied, creat-
ng a warm ambient medium, with a temperature below the Compton
emperature of ∼ 10 7 K. It has been postulated that the warm gas that
roduces X-ray absorption features in AGN could be a product of a
arefied dense outflow (Reynolds & Fabian 1995 ). The warm clouds
ould have a temperature around 10 5 -10 6 K and lie at a location within
r just outside the BLR (similar to what we find for the Balmer-line
bsorber), as inferred from modelling of pre vious observ ations of X-
ay absorption in AGN (Reynolds & Fabian 1995 ; Komossa & Fink
997 ; Mathur , W ilkes & Aldcroft 1997 ; Reynolds 1997 ; Nicastro
t al. 1999 ; Chakra v orty et al. 2009 ; Laha et al. 2021 ). Thus, under
he isobaric condition, they would have a density of n H � 10 6 cm 

−3 .
hile not contributing to Balmer absorption, the warm clouds can

ontribute to the obscuration of the X-ray emission at the location
f the absorber. Furthermore, the stall radius of the outflow can be
NRAS 535, 853–873 (2024) 
alculated from the outflow velocity and the location of the absorber,
hich has a minimum value around 0.3 pc. If the warm medium

xtends to the stall radius, it can easily build up a column density
f N H;warm 

� 10 24 cm 

−2 and become Compton-thick. While more
uantitative calculations are needed to verify such a scenario, it
rovides an interesting picture for maintaining the X-ray weakness. 

.3 X-ray properties 

N-28074 is located in a region of the Chandra Deep Field North
ith excellent sensitivity within the context of the 2Ms Chandra

urv e y (Ale xander et al. 2003 ). Its X-ray analysis is reported in
etail in Maiolino et al. ( 2024a ), where they infer an upper limit of
 2 . 9 × 10 41 erg s −1 on the 2–10 keV luminosity. When compared
ith the bolometric luminosity inferred from the broad lines, this

mplies a L bol /L X > 15400, placing the object far abo v e the standard
 bol –L X relation from Duras et al. ( 2020 ), and actually making it the
ost X-ray-weak among all AGN disco v ered by JWST and analysed

n Maiolino et al. ( 2024a ), with the measured upper limit being 3 dex
ower than the expected X-ray luminosity of ∼ 10 44 erg s −1 . Fig. 7
llustrates this more quantitatively by showing the distribution of the
 Bol /L X for JWST -selected AGN (amber histogram) relative to the

ow- z relation, for optically selected AGN (black hollow histogram),
nd keeping in mind that the values for the JWST -selected AGN are
ostly lower limits on L Bol /L X . The latter are clearly offset towards
uch larger L Bol /L X relative to low z , optically selected AGN, with
N-28074 being the most extreme of them all. 
The X-ray weakness of GN-28074 is comparable to what is seen in

BS 0335, a local metal-poor dwarf galaxy, which was recently found
o host an AGN, based on the detection of broad H α and variable

id-IR emission (Hatano et al. 2023 ), but which is extremely weak
n the hard X-rays (the weak detection is probably associated with
he star-forming host). 
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Of the scenarios discussed in Maiolino et al. ( 2024a ) to explain the
-ray weaknesses of the JWST -disco v ered AGN, Compton thickness 

ppears most likely, given the independent constraints on hydrogen 
olumn densities given by the absorption lines. However, we cannot 
ntirely discount intrinsic X-ray weakness, particularly given the 
xtreme L bol /L X ratio, and additional information inferred from the 
adio emission discussed in the next section. 

.4 Radio properties 

N-28074 has been observed at 1.5 GHz, as part of the JVLA surv e y
eported by Owen ( 2018 ) and also part of the e-MERGE Surv e y
Muxlow et al. 2020 ). While the radio constraints on this and other
WST -disco v ered AGN will be discussed in more detail in a separate
aper (Mazzolari et al. in preparation), here we simply report that 
he source is not detected at 1.5 GHz, with an upper limit of 1 . 6 ×
0 39 erg s −1 on the luminosity at 1.5 GHz. 
Based on the bolometric luminosity inferred from the broad lines, 

nd using the bolometric-to-radio relationship for radio-quiet AGN 

Bariuan et al. 2022 ; Wang et al. 2024a ) one would expect a radio
uminosity that is at least a factor between 5 and 20 larger than
bserved. 
Once again, this radio weakness seems in line with the extreme 

adio weaknesses observed in SBS 0335 (Mazzolari et al. in prepa- 
ation), which seems to be a local analogue of GN-28074 based on
he X-ray and radio properties. 

The radio weakness may be connected with the X-ray weakness 
n two possible ways. 

The clouds responsible for the H α absorption are also completely 
ptically thick to free–free absorption. Indeed, the free–free absorp- 
ion coefficient is given by 

ff = 3 . 3 × 10 −7 
( n e 

cm 

−3 

)2 
(

T e 

10 4 K 

)−1 . 35 ( ν

GHz 

)−2 . 1 
pc −1 

While the temperature of the clouds is al w ays between 5000 and
5 000 K, the density of the clouds is so high that (despite their
hickness of only 10 −6 –10 −3 pc ) the expected optical thickness for
ree–free should be of the order of τff = 10 5 –10 6 . Therefore, the
adio emission should be completely absorbed by the clouds that 
bsorb H α. Ho we v er, ob viously the question is whether the radio
mission (possibly associated with small jets, in radio-quiet AGN) is 
ompact enough to be entirely co v ered by such clouds. This remains
n open question; ho we ver we note that in local AGN evidence for
uclear, sub-pc scale jets being free–free absorbed has been found 
e.g. Taylor & Vermeulen 1996 ; Meyer et al. 2024b ). 

Another possibility is that the magnetic field in the nuclear region 
f these early AGN has not yet developed properly. Some recent 
oom-in simulations do expect a weaker nuclear magnetic field 
n the early phases of galaxy formation (Martin Alv arez, pri v ate
ommunication). A weak (or absent) nuclear magnetic field would 
b viously prev ent significant radio emission as nuclear magnetic 
elds are believed to be a significant mechanism of launching 
GN jets (Zamaninasab et al. 2014 ; Event Horizon Telescope 
ollaboration 2019 ). At the same time, the hot corona responsible 

or the hard X-ray emission is thought to be produced by gas lifted
rom the accretion disc by the magnetic field (Haardt & Maraschi 
991 ; Cheng et al. 2020 ). Therefore, a weak magnetic field would
lso automatically result in an intrinsic X-ray weakness. 

Lastly, it may be possible that this AGN has relatively recently 
aunched a radio jet, which has weakened the corona resulting in X-
ay weakness. Such a jet may be visible at MHz frequencies; ho we ver,
ollow-up radio observations are required to test this scenario. 
 RU LI NG  O U T  A LT E R NAT I V E  SCENARIO S  

O R  T H E  BROA D  LI NES  

o explain the puzzling nature of JWST -confirmed AGN similar 
o GN-28074 that lack hard X-ray emission, it has been proposed
ecently that some of these sources are not real AGN but are SF-
riven processes in disguise (e.g. Kokubo & Harikane 2024 ; Yue
t al. 2024 ). In this section, we discuss the possibility of alternative
cenarios that create broad permitted lines. 

.1 Ruling out hyper-dense ultra-metal-poor galactic outflows 

he broad component of the permitted lines (H α, H β, He I , Pa β)
oes not have a counterpart in the forbidden lines and, in particular,
n bright [O III ] λ5007. This has al w ays been considered as a clear
vidence for emission from the BLR, where the densities are much
igher than the critical density of [O III ] λ5007. 
Ho we ver, it has recently been suggested that the broad permitted

ines (H α, H β, He I , P a β) disco v ered by JWST might actually not be
racing the BLR of AGN but galactic outflows (Kokubo & Harikane
024 ; Yue et al. 2024 ). In this subsection we discuss that this
cenario is totally untenable, based on multiple lines of evidence, 
pecifically for GN-28074 and, more broadly, for the several other 
ases disco v ered by JWST . 

As already discussed, there is an indication of a galactic outflow
omponent to all emission lines, with width intermediate between the 
arrow and the broad components of the permitted lines. However, 
ere we are considering the more extreme scenario suggested by 
ue et al. ( 2024 ) and Kokubo & Harikane ( 2024 ) that the very broad
omponents of H α, H β, Pa β, and He I are also tracing a (much faster)
alactic outflow. 

In the outflow scenario there would be two possibilities for 
otentially suppressing the broad component of [O III ] λ5007, which
re an extremely low metallicity or a very high density. We discuss
n the following that both scenarios are not possible. 

As it is a strong coolant of the ISM, the intensity of the
O III ] λ5007, relative to the Balmer lines, actually increases as
he metallicity decreases, down to about 0.15–0.2 Z � (Maiolino 
t al. 2008 ; Curti et al. 2017 ), which is about the gas metallicity
f GN-28074, as measured from our spectra and discussed in 
ppendix B . Therefore, in the outflow scenario, the broad component
f [O III ] λ5007 should be even more prominent than H α and H β,
ontrary to what observed. As already discussed in Maiolino et al.
 2024a ), in order for the putative broad component of [O III ] λ5007 to
ecome significantly fainter than the corresponding broad component 
f the Balmer lines, the metallicity of the outflowing gas should be
ess than 0.01 Z �, which is more than one order of magnitude lower
han the host galaxy generating the outflow. This is the opposite of
hat seen in all galactic outflows, in which the metallicity of the
utflowing gas is higher than the host galaxy. 
Alternatively, the density of the outflowing gas should be much 

igher than the critical density of [O III ] λ5007. Specifically, in order
ot to be detectable the gas density should be higher than 10 7 cm 

−3 .
ith such high density, the implied column of gas in the outflow,

ssuming an extension of about 10–100 pc (i.e. about the size of the
tellar component that should be driving the outflow), would result 
nto a column of gas of about 10 27 cm 

−2 . A dust-to-gas ratio expected
t a metallicity of 0.15 Z � (see e.g. D’Eugenio et al. 2024 ) would
mply a dust attenuation of A V ∼ 2 × 10 4 . This would totally absorb
he receding side of the outflow, leaving visible only the blueshifted
ide, which is completely in contrast with the symmetric profile of
ll broad components. For the records, in galactic ouflows it only
MNRAS 535, 853–873 (2024) 
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( 2024 ). Clearly, the profiles of the broad hydrogen lines measured in GN- 
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eeds A V ∼ 1 to result into a prominently blueshifted profile of the
ines, especially in H β. In order to comply with the hyper-dense
utflow scenario, the symmetric profiles of the broad lines would
equire essentially no dust in the outflowing gas, or, equivalently, a
etallicity of ∼ 10 −4 Z �, coming out of the nucleus of a galaxy with
 metallicity of 0 . 1 Z �. 

The additional piece of evidence against the hyper-dense, ultra-
etal-poor outflow scenario is the luminosity of the broad lines.

f ascribed to an outflow, then the luminosity of the broad com-
onent of H α should be associated with photoionization by star
ormation. Even in the most conserv ati v e e xtinction scenario, the H α

uminosity would imply an SFR ∼270 M � yr −1 (Pflamm-Altenburg,
eidner & Kroupa 2007 ). Such a huge SFR would have massive

bservable implications at other wavelengths. It should be a bright
ubmm source (while this galaxy is undetected in deep SCUBA2
urv e ys of GOODS-N, Geach et al. 2017 ) and it should have a
4 μm flux at least one order of magnitude higher than observed.
dditionally, the X-ray emission associated with SNe and X-ray
inaries should have a luminosity higher than 1 . 4 × 10 42 erg s −1 ,
hile the upper limit from the non-detection in the Chandra 2Ms
bservation is about an order of magnitude lower. Finally, given the
mall size of the source, the implied surface density of SFR would
e about 3 × 10 4 M � yr −1 kpc −2 ; such humongous star formation
ate density has never been observed in any system and is orders
f magnitude higher than the theoretical maximum starburst limit
f 10 3 M � yr −1 kpc −2 , given by the Eddington limited starbursts
Thompson 2009 ). 

Similar considerations apply for many other galaxies with broad
 α disco v ered by JWST . 

.2 Ruling out Raman scattering by neutral hydrogen 

nother non-AGN scenario that can produce broad permitted emis-
ion in X-ray-weak sources, as suggested recently by Kokubo &
arikane ( 2024 ), is the inelastic Raman scattering of continuum

mission bluewards of Ly α by neutral hydrogen at the ground state,
here the continuum emission does not need to have an AGN
rigin. This phenomenon was initially discussed to explain the emis-
ion observed in symbiotic stars (Schmid & Schild 1990 ; Schmid
992 ; Schmid & Schild 1994 ). Since the Raman scattering cross-
ections are relatively high around the wavelengths of Lyman series
ith broad wings, it can lead to broad absorptions around Lyman

ines and subsequently broad emission around Balmer lines and other
ydrogen recombination lines resembling a BLR component. 

Significant Raman scattering requires the existence of neutral
ydrogen at the 1 s state with N H � 10 21 cm 

−2 , which is possible
or the case of GN-28074 given the presence of the partially neutral
bsorber. Ho we ver, as sho wn by Kokubo ( 2024 ), Raman scattering
ends to create different line profiles for different hydrogen lines, with
WHM(H α) ≈ 3 . 4 FWHM(H β) ≈ 2 . 6 FWHM(Pa β) for a single-
loud model (see equations 32a-e in Kokubo 2024 , assuming the
WHM scales with the velocity width of the line). In Fig. 8 we
ompare the predicted line widths from a single-cloud Raman
cattering model with those measured in the R1000 spectrum of
N-28074. While the FWHMs of hydrogen lines increase with

ncreasing column densities under Raman scattering, the FWHM
atios are roughly constant, which means the comparison we make
n Fig. 8 can be used to test Raman scattering in a wide range of
loud depths. Based on our measurements for the broad emission-
ine component in GN-28074, FWHM(H α) broad = 3610 ± 22 km s −1 

nd FWHM(Pa β) broad = 2820 ± 31 km s −1 (see Table 3 ). These give
WHM(H α) broad / FWHM(Pa β) broad = 1 . 28 ± 0 . 02 
 2 . 6, which is
NRAS 535, 853–873 (2024) 
ignificantly lower than the prediction from the Raman scattering.
e note that while the measured width of the broad H α is indeed

arger than that of the broad Pa β, such a level of difference is not
nexpected for a BLR origin based on previous observations of AGN
Landt et al. 2008 ; Lamperti et al. 2017 ). As suggested by Kim,
m & Kim ( 2010 ), the narrower Paschen lines could be explained
y the scenario where they are preferentially emitted by clouds on
he outskirts of the BLR compared to Balmer lines. In addition,
he broad H α and H β lines are well fitted with the same width
rofiles, thus FWHM(H α) broad / FWHM(H β) broad ≈ 1 
 3 . 4. When
tting their kinematics separately, FWHM(H α) broad = 3600 + 22 

−23 km
 

−1 , while FWHM(H β) broad = 4180 + 150 
−160 km s −1 , giving a ratio of

 . 86 ± 0 . 03, which is again inconsistent with Raman scattering. It
hould be noted here that, while the difference in line widths is
ignificant ( ∼ 3 . 5 σ ), separating the kinematics of H α and H β results
n a worse fit in the outflow component for [O III ] as well as creating
ignificant residuals around the locations of Balmer absorptions.
hus, we prefer to keep the kinematics tied. 
Also, the broad component under Raman scattering would be tilted

owards the red wing especially for Balmer lines (Kokubo 2024 ),
hile the broad lines observed in GN-28074 are symmetric. The
ux ratios between the broad lines would significantly deviate from
ase B values, although this could be hidden by dust attenuation.
urthermore, such a high column density of gas to create significant
aman scattering ( N H � 10 21 cm 

−2 ) needs to be nearly dustless,
therwise the UV continuum needed for the inelastic scattering
ould be easily attenuated by dust. Clearly, there is dust in GN-
8074 as indicated by the ratios of narrow lines. 
Finally, the Raman scattering cannot explain the broad component

n the He I λ10830 line as well as the broadening of the O I λ8446
ine (see Fig. A1 in Appendix A ). Therefore, we conclude the broad
omponents in the spectrum of GN-28074 cannot be produced by
he Raman scattering and the BLR explanation is still preferred. 

Similar considerations apply for other galaxies with detections
f broad H α and other broad Balmer and Paschen lines disco v ered
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y JWST , although a careful comparison will be needed due to the
eakness of broad lines other than H α in these low-luminosity AGN. 

 FRAC TION  O F  JWST -DISCOVERED  AG N  

ITH  BA LMER  ABSORPTION  

s mentioned in the introduction, H α absorption has been detected 
n many of the broad-line AGN disco v ered by JWST (Maiolino et al.
023 ; Kocevski et al. 2024 ; Matthee et al. 2024 ; Wang et al. 2024c ).
t is difficult to assess the fraction, due to the different selection
ethods and observing modes. Ho we ver, as already pointed out by
aiolino et al. ( 2024a ), the fraction of broad-line AGN with H α

bsorption in each of those surv e ys seems to be about 10 per cent. 
Ho we ver, we argue that the true fraction is likely much higher

till. Indeed, in order to see H α in absorption with JWST /NIRSpec,
ow-resolution prism spectra (which are the most commonly used) are 
otally inadequate, and also the medium-resolution grating ( R ∼1000) 

ight not have high enough resolution if the absorption features are 
ess than a few hundred km s −1 in width. The high-resolution gratings
 R ∼2700) are in principle more appropriate, but this is the least used
bserving mode (primarily because spectra are truncated when this 
rating is used with the MSA); moreo v er, in man y cases the resolution
ay come at the expense of S/N and only the brightest targets may

llow the detection of absorption features. Finally, the absorption 
f H α may be detectable only if associated with some significant 
lueshift (or redshift), while, if close to the systemic redshift, it
ould be difficult to disentangle from the narrow component of H α.

ndeed, the JADES surv e y is starting to reveal some cases of H α in
bsorption with low velocity offset that is detectable simply because it 
s somewhat broader than the narrow component (D’Eugenio, private 
ommunication). Therefore, it is likely that a much larger fraction of
he Type 1 AGN disco v ered by JWST have intrinsic H α absorption,
ut it is not detected because of the inadequate observing mode used,
nsufficient S/N, or because the absorption is hidden by the emission
eatures. 

Summarizing, the fraction of broad-line AGN with H α absorption 
s likely much larger than 10 per cent, among the JWST -disco v ered
GN. This is much higher than found in previous surv e ys ( ∼ 0 . 1
er cent), such as the SDSS at low redshift. This may fit the scenario
uggested by Maiolino et al. ( 2024a ) that the intermediate/low- 
uminosity AGN disco v ered by JWST at high redshift may be
haracterized by a large co v ering factor of the BLR clouds, whose
dust-free/dust-poor) absorption in the X-rays may be responsible 
or their observed X-ray weakness. 

 L O C A L  A NA L O G U E S  

t has been pointed out that high- z AGN disco v ered by JWST are
eculiar in being extremely X-ray-weak (Maiolino et al. 2024a ) and 
robably also radio-weak (Mazzolari et al. in preparation), relative 
o the low-redshift, optically selected AGN (and, obviously, X-ray- 
nd radio-selected AGN). In these terms, GN-28074 is among the 
ost extreme JWST -discovered AGN, in the sense that it is clearly
 luminous Type 1 AGN with luminous broad permitted lines (H 

nd He I ), strong mid-IR excess, but undetected in the X-ray and
adio. Yet it is important to explore whether this prototype of JWST -
isco v ered AGN has analogues in the local Uni verse, e ven if they
ay be rare (or possibly, o v erlooked). 
To begin with, it is interesting that what is considered to be the

ype 1 AGN ‘prototype’, NGC 4151, is actually characterized by 
lueshifted H α, H β, and He I absorption, just as in GN-28074. In
GC 4151 there is clear evidence for time-variable absorption in the 
-ray; while the X-ray absorption does not reach the Compton-thick 
alues inferred for GN-28074, it does reach a few times 10 23 cm 

−2 ,
hich can absorb substantially the hard X-rays (Zoghbi, Miller & 

ackett 2019 ). More specifically, in the high-absorption regime, the 
bserved L bol /L X ratio of NGC 4151 is in the regime of the JWST -
isco v ered AGN at high z (Fig. 7 ), although not as extreme as GN-
8074. 
More compelling is the case of SBS0335-052E. This is a low-
etallicity (1/40 Z �) dwarf galaxy that, until recently, was thought

ot to host an AGN. Ho we ver, it was recently found to host an AGN
ased on both the detection of broad permitted emission lines and
ariability in the mid-IR (Hatano et al. 2023 ). Interestingly, the AGN
s undetected in the X-ray (the weak detection is ascribed to the
ost galaxy, hence used as an upper limit) and placing it at the same
evel of L obs /L X as GN-28074, as illustrated in Fig. 7 . In addition,
BS0335-052E is also undetected in the radio at 1.5 GHz (once
gain the weak detection is likely associated with the host galaxy and
sed as upper limit), and with a radio luminosity much weaker than
 xpected ev en for a radio-quiet SED. This will be discussed further in
azzolari et al. (in preparation). The similarity between GN-28074 

nd SBS0335-052E in terms of broad emission lines, mid-IR excess, 
nd X-ray and radio weakness suggests similarities and connections 
etween the AGN disco v ered by JWST with low-metallicity dwarf
alaxies. Indeed, more of these dwarf galaxies have been found 
o host AGN based on the detection of both high-ionization lines
nd a broad component of the H α (without forbidden counterpart) 
hile being undetected in the X-rays (Simmonds et al. 2016 ; Hatano

t al. 2024 ). Most interestingly, some of these show evidence for H α

bsorption (Burke et al. 2021 ), just as in GN-28074, suggesting that
lso in (at least some of) these cases the X-ray weaknesses may be
ue to a dust-poor, Compton-thick absorber. 
More recently, Arcodia et al. ( 2024 ) used eROSITA to explore

he X-ray emission of AGN identified in dwarf galaxies identified 
ia nuclear variability in the UV-optical-IR. Although they detect 
0 per cent of them, the remaining are undetected even in the
tacking, just like the broad (and narrow) line JWST -disco v ered AGN
t high redshift (Maiolino et al. 2024a ). They suggest that these light
GN (hosting intermediate-mass black holes) may be missing the 
anonical X-ray corona and/or undergoing unusual accretion modes 
esulting in non-standard SEDs. 

 DI SCUSSI ON  A N D  C O N C L U S I O N  

N-28074 can be considered an optimal case study to explore the
ature and properties of the new population of AGN that are being
isco v ered by JWST at high redshift. Indeed, it shares many of their
eatures and, being among the most luminous and at a lower redshift,
t allows to characterize features that are more difficult to investigate
n the more distant and fainter population. 

GN-28074 has prominent permitted broad lines (H α, H β, Pa β,
e I ) without a counterpart in the forbidden lines (primarily [O III ]),
hich clearly indicate that these originate from the BLR of a Type
 AGN with luminosity L bol ∼ 6 × 10 45 erg s −1 . Its SED also has
 clear mid-IR excess tracing hot dust emission typical dusty torii
urrounding AGN. 

As with the vast majority of the AGN newly disco v ered by JWST ,
N-28074 is not detected in the X-rays and it is actually the most

xtreme of them all in terms of having the highest L Bol /L X with a
ower limit of 15 000. We note that many of the other JWST -selected
GN may have similarly high bolometric to X-ray ratios; ho we ver

n the case of GN-28074 we can set a more stringent lower limit
ecause of its lower redshift and higher luminosity. 
MNRAS 535, 853–873 (2024) 



868 I. Juod ̌zbalis et al. 

M

 

i  

b  

r  

t  

o  

h  

i  

a  

I  

s  

e  

l  

c  

c  

fi  

d  

p  

a  

X
 

l  

t  

n  

o  

m  

i  

c  

l
 

i  

h  

∼  

t  

T  

A  

c  

r  

e
 

O  

J  

2  

l  

(  

X  

h  

t  

i  

w  

o  

c  

a  

d  

n  

n  

b  

h  

c
 

n  

f  

w  

e  

u  

c  

F  

l  

i  

A  

d  

c  

i  

o  

a  

l  

N  

d  

l  

b  

R  

p
 

J  

1  

s  

a  

d  

a  

t  

d  

r  

b  

l  

v  

(  

a  

c  

L  

i  

l  

e  

p  

l  

m

0  

a  

o

A

I  

P  

k  

(  

a  

a  

R  

f  

A  

a  

f  

p  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/535/1/853/7824435 by Scuola N
orm

ale Superiore Biblioteca user on 16 D
ecem

ber 2024
The NIRSpec spectrum reveals additional insights into this source,
n particular, the detection of absorption of H α, H β, and He I λ10830,
lueshifted by a few 100 km s −1 . Given that H α and H β are not
esonant lines and that the n = 2 level is very short-lived, observing
hese two transitions in absorption requires very high densities in
rder to properly populate the n = 2 level. More specifically, we
ave shown that, in order to properly reproduce the absorption seen
n H α, H β, and He I , the absorbing medium must have a density of
t least 10 8 cm 

−3 , which is well abo v e the values inferred for the
SM, while typical of the BLR of AGN. The very small inferred
izes of the absorber (10 −6 –10 −4 pc) are also consistent with those
xpected for the BLR clouds (although the observed absorption is
ikely the superposition of multiple clouds). The inferred minimum
olumn density of the absorbing gas is 10 21 . 5 –10 23 cm 

−2 , but the total
olumn density of the multiphase gas is likely much larger. These
ndings support the scenario in which the extreme X-ray weakness is
ue (at least partly) to heavy absorption by Compton-thick gas (dust-
oor or dust-free), likely associated with the BLR clouds. The latter
re known to be dust-free and can therefore explain the widespread
-ray weakness of broad-lined, Type 1 AGN disco v ered by JWST . 
Actually, although with a large uncertainty, we infer that the

ocation of the absorbing medium is between the BLR and the dusty
orus. Therefore, H α, H β, and He I absorption may arise in dense
eutral gas clouds in the outer part of the BLR and in the process of
utflo wing. Ho we ver, we shall note that these outflow velocities are
odest (a few hundred km s −1 ), much slower than the velocities seen

n the nuclear region of quasars (e.g. in the case of BAL quasars),
haracterized by velocities of several thousands km s −1 in the optical
ines and up to 10 4 –10 5 km s −1 in X-ray spectra. 

We have discussed that, because of observational difficulties
n detecting H α absorption, the fraction of broad-line AGN at
igh z characterized by this feature is likely much larger than the
10 per cent currently estimated (which is already much larger than

he fraction estimated for low- z AGN obtained in previous surv e ys).
his may indicate that the population of intermediate/low-luminosity
GN disco v ered by JWST at high redshift is characterized by a larger
o v ering factor of dense (and dust-poor/free) BLR clouds, than lower
edshift counterpart. The associated (Compton-thick) absorption may
xplain or contribute to their X-ray weakness. 

Another interesting feature of GN-28074 is its radio weakness.
nce again, this seems to be a feature common to many other

WST -disco v ered AGN (Mazzolari et al. in preparation), but in GN-
8074 it is most tightly constrained because of its high bolometric
uminosity. The fact that it is radio weaker than radio-quiet quasars
which are X-ray ‘normal’) suggests that the radio weakness and
-ray weakness are somehow connected in this class of AGN. We
ave discussed that one possibility is free–free absorption. Indeed,
he clouds responsible for H α absorption are certainly optically thick
n free–free absorption; in this case the absence of radio emission
ould be associated with the X-ray Compton-thick absorption. The
nly concern is whether the extent of the distribution of absorbing
louds is large enough, and with a large enough co v ering factor, to
bsorb the radio-emitting region (presumably a small jet); ho we ver,
irect observational evidence of jets absorbed by a free–free thick
uclear medium has been observed. The other possibility is that the
uclear magnetic field has not yet developed properly: this would
oth prevent the radio emission (absence of a radio jet) and would
amper the lifting of gas from the accretion disc to produce a hot
orona, which is required for the hard X-ray emission. 

While it has been suggested that the broad emission line compo-
ents in these X-ray-weak (and radio-weak) sources could originate
rom non-AGN activities, using our measurements for GN-28074,
NRAS 535, 853–873 (2024) 
e rule out this possibility . Specifically , we e xplore alternativ e
xplanations for broad hydrogen lines including hyper-dense or
ltra metal-poor outflows and Raman scattering of the (stellar) UV
ontinuum emission by a significant amount of neutral hydrogen.
or the ultra metal-poor outflow scenario, the outflow needs to be a

east an order of magnitude more metal-poor than the ISM, which
s the opposite of what is usually observed in galactic outflows.
s for the hyper-dense outflow scenario, the implied amount of
ust attenuation would create significantly blueshifted profiles, in
ontrast to the symmetric broad profiles observed, unless the outflow
s orders of magnitudes more metal-poor. In addition, the galactic
utflow scenario would require an extreme SFR surface density
bo v e the theoretical Eddington limit and make GN-28074 very
uminous in the submm, which is not detected in either SCUBA2 or
OEMA. The Raman scattering scenario, on the other hand, is also
isfa v oured as the measured ratios of line widths of broad hydrogen
ines are significantly different from the predictions. Detections of
road components in He I λ10830 and O I λ8446 further rule out the
aman scattering scenario. As a result, the AGN origin for the broad
ermitted lines is still fa v oured o v er other scenarios. 
We finally note that local analogues of the AGN disco v ered by

WST at high z do exist. The fact that the, thoroughly studied, Seyfert
 ‘prototype’ NGC 4151 does have H α, H β, and He I absorption,
imilar to GN-28074, and has substantial absorption in the X-rays
lready indicates that GN-28074 (and likely many other JWST -
isco v ered AGN) is not so peculiar. Ho we ver, probably the closest
nd clearest example is SBS 0335–052E. This source has been
raditionally considered to be an extremely metal-poor star-forming
warf galaxy (Izotov et al. 1990 ). Only recently observations have
evealed the clear presence of an AGN via the detection of a
road component of H α (without a counterpart in the forbidden
ines; Hatano et al. 2023 ), high-ionization lines, and strong mid-IR
ariability (Hatano et al. 2023 ). While there are some differences
for instance, the SBS 0335–052E has a blue rest-optical continuum
nd a clear Balmer jump, whereas GN-28074 displays red optical
ontinuum and a spectral break), there are also strong similarities.
ike GN-28074 (and other JWST -disco v ered AGN), SBS 0335–052E

s extremely X-ray-weak (and the little X-ray emission detected is
ikely associated with the star-forming host) and also does not show
vidence of nuclear radio emission at 1.5 GHz (Mazzolari et al. in
reparation). Additionally, recent studies have shown that more local
ow-metallicity dwarf galaxies host similar AGN, which have been

issed because of the lack of X-ray and radio emission. 
In summary, GN-28074 at intermediate redshift and SBS 0335–

52E locally are important ‘Rosetta stones’ to be investigated with
dditional observations and modelling to better understand the nature
f the new, large population of AGN disco v ered by JWST . 
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PPENDI X  A :  C A L C I U M  TRI PLET,  S O D I U M  

BSORPTI ON,  A N D  FLUORESCENT  OX Y G EN  

I NES  

n addition to the clear absorption in the H α, H β, and He I λ10830
ines 28074 also exhibits CaT and NaD absorption, shown in Fig. A1 .

As can be seen in the figure, the sodium doublet absorption appears
o coincide with the systematic redshift of the narrow lines, while the
alcium triplet appears redshifted by about 300 km s −1 . As the triplet
bsorption is usually associated with stellar populations, a possible
eason for the systematic redshift may be an underlying merger in
he host galaxy. Following this interpretation, the reason for the lack
f displacement of the sodium absorption may be resonant scattering
n the underlying gas. 

Ho we ver, the kinematics of the calcium triplet region of the
pectrum are difficult to precisely model due to underlying broad
a II emission as well as the nearby O I λ8446 line, while the sodium
bsorption is somewhat tentative (3–4 σ significance). Therefore, we
annot dra w an y strong conclusions about the origin of these features.

The clearly detected O I λ8446 and O I λ11287 (Fig. A2 ) lines
ave a photon flux ratio of around unity indicating that they are
ikely produced by Ly β fluorescence, as is common in AGN (Rudy,
ossano & Puetter 1989 ). Ho we ver, constraints on O I λ1304 line
re required to establish the Ly β pumping scenario more robustly
Rodr ́ıguez-Ardila et al. 2002 ), while the O I λ1304 line is not co v ered
y the wavelength range of the NIRSpec spectrum of GN-28074.
till, since there is no detection of O I λ13165 and O I λ7774 lines, the
bserved O I λ8446 is unlikely to have significant contributions from
ecombination, collisional excitation, and continuum fluorescence
Grandi 1980 ; Rodr ́ıguez-Ardila et al. 2002 ). The Ly β pumping
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Figure A1. Plots showcasing the positions of the calcium and sodium absorption features with respect to the O I λ8446 and He I λ5875 lines, respectively. The 
observed spectrum is shown with the solid black line; errors are indicated by a shaded grey region. 

Figure A2. Region containing the O I λ11287 line, the position of which is 
indicated by a dashed green line. The R1000 grating data are shown by the 
black line, 1 σ errors are indicated by a shaded green region. Sharp feature 
bluewards of the oxygen line is likely a data artefact as evidenced by the 
pipeline errors being considerably larger for that data. 
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cenario, on other hand, is consistent with the presence of dense 
as optically thick to Balmer lines. Recently, Choe et al. ( 2024 )
eported the detection of O I λ8446 by JWST from an object in the
ravitationally lensed Sunburst Arc at z = 2 . 37. According to Choe
t al. ( 2024 ), the O I λ8446-emitting object is likely an η Carinae
nalogue surrounded by dense gas, which produces O I λ8446 by 
y β fluorescence. In the case of GN-28074 analysed in this paper, 

he dense gas that produces O I λ8446 is likely associated with regions
urrounding the accreting black hole due to the presence of very broad 
omponents in permitted lines that are unlikely to be produced by 
tars. 
PPENDI X  B:  GAS-PHASE  METALLI CI T Y  

he clear presence of the [O III ] λ4363 auroral line along with a
entative detection of the [O II ] λλ7320,7331 doublet (Fig. B1 ) allows
or robust estimates of T e in both O 

+ and O 

++ region. Utilizing the
uroral to strong line ratios as well as an electron density of n e =
70 + 232 

−130 cm 

−3 , inferred from an observed [S II ] λ6716/[S II ] λ6731
atio of 1 . 32 + 0 . 09 

−0 . 13 , we estimate the T e ( O 

++ ) = 2 . 08 + 0 . 06 
−0 . 07 × 10 4 K

nd T e ( O 

+ ) = 1 . 17 + 0 . 18 
−0 . 15 × 10 4 K. Such a large difference in the

emperatures of high-ionization lines and low-ionization lines is 
ypical for the NLRs of AGN rather than star-forming regions (e.g.
arnett 1992 ; P ́erez-Montero 2014 ; Dors et al. 2020 ). With these

emperatures, we derive a metallicity of 12 + log (O / H) = 7 . 85 + 0 . 17 
−0 . 12 

r about 15 per cent Solar abundance when using the A V derived in
ubsection 5.1 . 

PPENDI X  C :  LARGE-SCALE  I O N I Z E D  

UTFLOW  

he fit of the [O III ]doublet in the top left panel of Fig. 2 clearly
eveals the presence of weakly redshifted ionized outflow, seen also 
n the [S III ] λ9531 line profile (Fig. C1 ). A component with matching
inematics is required to fully explain the shape of the H α and
 β lines, without which the absorption profiles yield inconsistent 

stimates for the column density of hydrogen in the n = 2 state.
o we ver, an outflo w component is disfa v oured by fitting in the

N II ] and [S II ] doublets as well as the He I λ10830 and Pa γ lines. 
The fit to the outflow component reveals an FWHM = 1310 + 19 

−19 km
 

−1 and a slight, ∼ 130 km s −1 , redshift with respect to the narrow
ines. We use the formalism of Carniani et al. ( 2015 ) to estimate the
utflow mass traced by [O III ] via 

 [OIII] = 1 . 7 × 10 3 
m p CL [OIII] 

10 [O / H] −[O / H] �j [OIII] n e 
, (C1) 

here C = 〈 n e 〉 2 / 〈 n 2 e 〉 , [O / H] ≡ log (O / H) , j [OIII] is the emissivity
f the [O III ] doublet, and L [OIII] is the luminosity of the outflow
omponent in [O III ]. Our fits to the [S II ] doublet allow us to estimate
 e ∼ 100 cm 

−3 . As we do not detect the broad component in the [S II ]
mission lines, we assume that the outflow has the same density as
MNRAS 535, 853–873 (2024) 
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M

Figure B1. Fits to the [O II ] λλ3726,3729 doublet and its auroral counterpart. The [O II ] λλ7320,7331 doublet appears marginal in R1000, despite having a 
formal significance of ∼ 6 σ . 

Figure C1. Best-fitting model of the [S III ] λ9532 line emission. The line 
profile exhibits clear broad wings that are fitted well by an outflow component. 
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Table C1. A summary of the observed ionized outflow properties. The first 
column gives the name of the line, second column the A V -corrected outflow 

luminosity in units of 10 42 erg s −1 , third column the outflowing mass in units 
of 10 7 M �, fourth column the outflow velocity in km s −1 , fifth column the 
mass outflow rates in M � yr −1 , and the sixth column gives the outflow kinetic 
power in units of 10 43 erg s −1 . 

Line L out M out v out [km s −1 ] Ṁ out P k 

[O III ] 2 . 33 + 0 . 37 
−0 . 30 3 . 60 + 0 . 57 

−0 . 46 1240 + 18 
−18 137 + 21 

−18 6 . 85 + 1 . 14 
−0 . 97 

H β 1 . 27 + 0 . 26 
−0 . 23 13 . 0 + 2 . 7 −2 . 4 492 + 103 

−91 24 . 2 + 6 . 4 −5 . 2 

H α 3 . 6 + 1 . 1 −0 . 9 13 . 3 + 4 . 2 −3 . 2 500 + 160 
−120 
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he ISM; this may not be entirely representative as AGN-driven
utflows tend to be somewhat denser than the host ISM (Davies
t al. 2020 ; Santoro et al. 2020 ). Under these density assumptions,
long with the previous T e ( O + + ) = 2 × 10 4 K estimate to hold
or the outflowing gas, we estimate j [OIII] = 1 . 2 × 10 −20 erg s −1 

m 

−3 using PYNEB (Luridiana, Morisset & Shaw 2015 ). Using this
missivity along with the extinction-corrected outflow luminosity
ields M [OIII] = 3 . 60 + 0 . 57 

−0 . 46 × 10 7 M �. It should be noted that the mass
iven by [O III ] emission should be treated as a lower limit as this
mission generally does not trace the entire outflow (Liu et al. 2013 ;
arniani et al. 2015 ). We estimated outflow velocity to be 1240 + 18 

−18 

m s −1 using the same formalism as before – v out = | �v| + 2 σ .
ssuming a spherical geometry the mass outflow rate can then be

stimated as (Maiolino et al. 2012 ): 

˙
 out = 

3 v out M out 

R out 

, (C2) 

here v out is the velocity, M out the mass, and R out is the radius of
he outflow. Taking R out = 1 kpc as an order of magnitude estimate
ased on the usual extent of AGN-driven outflows (Harrison et al.
014 ; Carniani et al. 2015 ), we obtain Ṁ [ OI I I ] = 137 + 21 

−18 M � yr −1 . 
NRAS 535, 853–873 (2024) 
In addition to the [O III ] doublet we also utilize the outflow
mission detected in the H β and H α lines to estimate the mass and
ate of outflowing hydrogen. We warn however that these component
re more uncertain than for the [O III ] , as they are completely
lended with the broad components of the same lines. Using the
ame deri v ation as in Carniani et al. ( 2015 ) we employ the following
quation for the hydrogen outflow mass: 

 = 0 . 8 
m p CL ik 

j ik n e 
, (C3) 

here L ik and j ik are the luminosity and emissivity of a particular
ydrogen transition, respectively. Utilizing PYNEB as before we
nd j Hβ = 6 . 6 × 10 −26 erg s −1 cm 

−3 and j Hα = 1 . 8 × 10 −25 erg
 

−1 cm 

−3 , which lead to M Hβ = 13 . 0 + 2 . 7 
−2 . 4 × 10 7 M � and M Hα =

3 . 3 + 4 . 2 
−3 . 2 × 10 7 M � – these estimates are consistent with each other

nd correspond to a total hydrogen outflow rate Ṁ H 

= 500 + 130 
−110 M �

r −1 , with the [O III ]-derived outflow rate providing a lower limit.
e note that the Paschen line emissivity in this regime is an order

f magnitude below that of H β thus the outflow component there is
ikely buried beneath the more luminous BLR emission. On the
ther hand, the emissivity of He I λ10830 is estimated to be of
he order of that of H α; ho we ver, the outflo w emission there can
e strongly affected by resonant scattering thus its absence is not
ery constraining. All ionized outflow properties are summarized in
able C1 . 
It is also possible to estimate the outflow kinetic power via the

elation: 

 k = 

1 

2 
Ṁ out v 

2 
out , (C4) 
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Figure C2. A comparison between the AGN bolometric luminosity, on 
the x -axis, and outflow kinetic power, on the y -axis, for 28074 and QSOs 
from Carniani et al. ( 2015 ), Harrison et al. ( 2014 ), and Fluetsch et al. 
( 2019 ). Molecular outflow data are marked with green squares, while ionized 
outflows with circles. Our object is indicated by magenta and violet stars 
for estimates using H α and [O III ] emission at NLR metallicity , respectively . 
The lower limit obtained from [O III ] emission assuming solar metallicity 
is marked by the purple star. The error bars indicate ∼0.3 dex systematic 
uncertainties. The literature data have been adjusted for the factor of 3 
discrepancy between assumed geometries. The lines denote constant ratios 
of 100 per cent, 5 per cent, and 0.1 per cent. 
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here Ṁ out and v 2 out are the outflow mass rate and velocity, re-
pectively. This equation yields P k = 2 . 42 + 0 . 64 

−0 . 52 × 10 44 erg s −1 when
sing the H α emission and P k = 6 . 85 + 1 . 14 

−0 . 97 × 10 43 erg s −1 when using
he [O III ] doublet, corresponding to around 1–5 per cent of total
GN luminosity. This ratio is about 1–2 dex above the expected 
alue for quasars at similar redshifts, as illustrated in Fig. C2 , and
s consistent with what found for molecular outflo ws. Ho we ver, it
hould be noted that the [O III ] outflow rate was calculated assuming
he NLR metallicity for the outflowing gas, while outflows tend 
o be more metal-rich than their hosts (Chisholm, Tremonti & 

eitherer 2018 ). If we instead assume solar metallicity, the estimated
utflow rate is brought down by about 1 dex and gives a lower limit
f P k = 6 . 85 + 1 . 14 

−0 . 97 × 10 42 erg s −1 . In addition, the comparisons in
ig. C2 are somewhat complicated by differing outflow velocity 
stimations used across the literature. In the case of data from
arrison et al. ( 2014 ), the outflow velocities were taken to be
WHM/1.3 for single Gaussian profiles, which would lower our 
stimates on outflow power by about 50 per cent. To reflect these
ystematic differences, 0.3 dex was added to the error budget on the
utflow kinetic power. 
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