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A hidden active galactic nucleus powering bright [O m] nebulae
in a protocluster at z=4.5 revealed by JWST
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ABSTRACT

Galaxy protoclusters are sites of rapid growth, with a high density of massive galaxies driving elevated rates of star formation and accretion onto
supermassive black holes. Here, we present new JWST/NIRSpec IFU observations of the J1000+0234 group at z = 4.54, a dense region of a
protocluster hosting a massive, dusty star forming galaxy (DSFG). The new data reveal two extended, high-equivalent-width (EW, > 1000 A)
[O 1] nebulae that appear at both sides of the DSFG along its minor axis (namely O3-N and O3-S). On one hand, the spectrum of O3-N shows a
broad and blueshifted component with a full width at half maximum (FWHM) of ~1300km s™!, suggesting an outflow origin. On the other hand,
03-S stretches over 8.6 kpc, and has a velocity gradient that spans 800 km s™!, but shows no evidence of a broad component. However, both sources
seem to be powered at least partially by an active galactic nucleus (AGN), so we classified them as extended emission-line regions (EELRs). The
strongest evidence comes from the detection of the high-ionization [Ne V] 13427 line toward O3-N, which paired with the lack of hard X-rays
implies an obscuring column density above the Compton-thick regime. The [Ne V] line is not detected in O3-S, but we measure a He I1 14687/HB
= 0.25, which is well above the expectation for star formation. Despite the remarkable alignment of O3-N and O3-S with two radio sources, we do
not find evidence of shocks from a radio jet that could be powering the EELRs. We interpret this as O3-S being externally irradiated by the AGN,
akin to the famous Hanny’s Voorwerp object in the local Universe. In addition, more classical line ratio diagnostics (e.g., [O 111]/HB vs [N 11]/Ha)
put the DSFG itself in the AGN region of the diagrams, and therefore suggest it to be the most probable AGN host. These results showcase the
ability of JWST to unveil obscured AGN at high redshifts.
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1. Introduction (HzRG; e.g., Venemans et al. 2007; Miley & De Breuck 2008;
. . Wylezalek et al. 2013; Noirot et al. 2018), and/or one or more
In the current paradigm of &a laxy format19n, the df?nsest struc- submillimeter-bright dusty star-forming galaxies (DSFGs; e.g.,
tures form in the most massive halos at high redshifts (z > 2), Riechers et al. 2014; Casey 2016; Hill et al. 2020; Wang et al.
at the junctures of cosmic web filaments of galaxies and neu- 2021). These sources are often embedded in giant’ HI Lyman-
tral gas. These structures are known as protoclusters, as they « (Lya) nebulae, which in some cases reach scales of hundreds

eventually evolve into massive galaxy clusters at z < 1 (e.g., of kiloparsecs (e.g., McCarthy et al. 1987; Reuland et al. 2003;
Baugh et al. 1998). Protoclusters are sites where active star for- Borisova et al. 201 é Swinbank ot al 201’5, Kikuta et al. 20 19f
mation, supermassive black hole (SMBH) accretion, and dynam- Guaita et al 2'022. A,p ostolovski et all 202 43 ) ’

ical interactions trigger powerful feedback processes at large
scales (Overzier 2016). The central regions of protoclusters
can harbor dozens of galaxies within <100kpc (e.g., Oteo et al.
2018; Miller et al. 2018; Hill et al. 2020), with several of them
hosting active galactic nuclei (AGN) and/or starbursts, leading
to dramatic effects on the surrounding gas in the form of out-
flows, shocks, tidal debris, and ionized nebulae.

The gas in such environments is known to be multiphase,
and hence the extended emission is not restricted to Lya. Recent
detections of extended CO, [CI] and [C1I] emission imply the
existence of cold gas reservoirs tracing widespread star forma-
tion and accretion (e.g., Emonts et al. 2018, 2023; Umehata et al.
2021). Similarly, He 11-, C1v-, and [O 11]-emitting ionized nebu-
: . . lae, are typically found to trace outflows and photoionization by

Protoclusters undergoing their most rapid phase of growth  \GN (¢ o Overzier et al. 2013; Cai et al. 2017). [O 1] nebulae
are commonly (tho.ugh not always) 51gnal.ed by a lumi- particularly common around HzRGs, where kinetic feedback
gglllg qgasar .(QSO’ e.g., Shen et al. 200.7’ Heqnaw1 etal. also plays a role, as suggested by their alignment with the radio

; Decarlietal. 2019), a high-redshift radio galaxy jets (e.g., Nesvadba et al. 2017).
The James Webb Space Telescope (JWST) is becom-
* Corresponding author; manuel . solimano@mail.udp.cl ing an important tool to understand ionized nebulae within
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protoclusters, since it has opened access to the diagnostic-
rich rest-frame optical spectrum at z > 3. The Near-InfraRed
Spectrograph’s Integral Field Unit (NIRSpec IFU), in partic-
ular, has allowed the community to identify and characterize
extended [OTIII] nebulae around quasars (e.g., Wylezalek et al.
2022; Pernaetal. 2023; Decarli et al. 2024), HzRGs (e.g.,
Saxena et al. 2024; Roy etal. 2024; Wang et al. 2024), and
DSFGs (e.g., Pérez-Gonzilez et al. 2024) in protoclusters or
dense groups at high z.

In this paper, we present NIRSpec IFU observations of
J1000+0234, a well-known z = 4.54 galaxy group in the COS-
MOS field (e.g., Capak et al. 2008; SmolCi¢ et al. 2017a) host-
ing a massive DSFG (M, = 8.7 x 10'° Mg, Smol¢i¢ et al. 2015)
and a luminous Lyman-break galaxy (LBG, Myy = -24.2;
Goémez-Guijarro et al. 2018) called CRISTAL-Ola (hereafter
C01) within the inner 20 kpc. This system resides in the cen-
ter of a zppoc = 4.5 overdensity of LBGs at both small (<2') and
large (>2’) scales (Smolci¢ et al. 2017a; Jiménez-Andrade et al.
2023), and has been linked to the zge. = 4.57 Taralay pro-
tocluster (also known as PCIJ1001+0220, Lemaux et al. 2018;
Staab et al. 2024). Furthermore, Jiménez-Andrade et al. (2023)
observed J1000+0234 using the Multi Unit Spectroscopic
Explorer (MUSE) mounted on the Very Large Telescope (VLT),
and found a Ly y, ~ 4Xx 10® ergs™ Lya blob (LAB) and a hand-
ful of lower-mass Lya emitters distributed around the DSFG.
Moreover, the authors confirm the results of Smolci¢ et al.
(2017b) using the COSMOS2020 catalog (Weaver et al. 2022),
and find an overdensity of g = 6 = 1 within a comoving vol-

ume of 15 Mpc>.

Three puzzling observations make J1000+0234 an interest-
ing case to study: first, the DSFG is detected at radio fre-
quencies with Lj4gn, = 5.1 £ 10 X 10 WHz™! (Carilli et al.
2008; Capak et al. 2008; Jiménez-Andrade et al. 2023) that are
possibly attributed to an AGN, yet have no X-ray coun-
terpart. Secondly, the LAB is spatially and spectrally offset
from the DSFG, but is coincident with the nearby LBG CO1
(Jiménez-Andrade et al. 2023). Finally, Solimano et al. (2024)
find a plume of [C1I] 158 pm line emission of 15kpc in length
toward J1000+0234 using deep ALMA observations, indicat-
ing a dynamically complex system, although its physical origin
remains unclear. The observations presented here reveal addi-
tional features that bring us closer to obtaining a full picture of
the baryonic cycle around J1000+0234.

Throughout the paper, we assume a flat cosmology described
by Hy = 70kms~! Mpc‘1 Qo =03, and Qpp = 0.7. Atz =
4.54, the physical scale is 6.578 kpc arcsec™!.

2. Observations and data reduction
2.1. JWST/NIRCam data

Multiband NIRCam imaging data of the J1000+0234 system
comprise a total of six broadband filters. Images using the F115W,
F150W, F277W, and F444W filters were taken as part of the
public Cosmos-Web survey (GO-1727, PI: Kartaltepe & Casey,
Casey et al. 2023) using integration times of 515s per filter at
the position of J1000+0234, while the F200W and F356W bands
were observed for 1074s as part of GO-4265 (PI: Gonzélez-
Lépez). At the redshift of our source, the F277W and F356W fil-
ters cover the [O T]+Hp and Ha emission lines, respectively.
We reduced these data using the CRAB.Toolkit.JWST!
wrapper of the JWST pipeline (version 1.10.0, pmap = 1075)

! https://github.com/1054/Crab.Toolkit.JWST
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with highly optimized parameters. In addition, we followed
Bagley et al. (2023) for 1/f noise mitigation, applied back-
ground subtraction via the skymatch method of the standard
pipeline, removed wisp artifacts using published templates
(Bagley et al. 2023), and finally aligned our images to the COS-
MOS2020 catalog (Weaver et al. 2022). The combined images
are drizzled to a common grid with a pixel size of 0”02.

2.2. JWST/NIRSpec data

In this work, we used JWST/NIRSpec IFU data from programs
GO-3045 (PI: Faisst) and GO-4265 (PI: Gonzélez-Lopez) that
target the J1000+0234 system with the G235M (1.7um < A <
3.2um, R ~ 1000) and G395H (2.9 um < A < 5.3 um, R ~ 2700)
gratings, respectively.

The G235M dataset was taken using two 1080s dithered
exposures with overlap at the location of COl. The G395H
dataset was set up as a two-tile mosaic covering both CO1 and
the [CI] plume reported by Solimano et al. (2024). Each tile
was observed for 5974 seconds.

The data were reduced with the standard JWST pipeline (ver-
sion 1.12.5, pmap = 1234) plus some additional tweaks. Briefly,
we followed the scripts provided by Rigby et al. (2023)? but
implemented improved snowball removal in Stage 1, and addi-
tional bad pixel flagging after Stage 1. Also, we switched on the
outlier-rejection step in Stage 3, and turned off the master back-
ground subtraction. Instead, background subtraction was per-
formed as a post-processing step, together with stripe mitigation
and astrometric alignment to NIRCam. A more detailed descrip-
tion of the reduction is presented elsewhere (Fujimoto et al., in

prep.).

3. Results and analysis

The NIRCam images reveal significant emission from several
sources that were faint in previous Hubble Space Telescope
(HST) imaging (Gomez-Guijarro et al. 2018; Solimano et al.
2024). For example, the DSFG starlight is now clearly detected
in the long-wavelength filters. Interestingly, two other sources
dominate the emission in the F277W and F356W filters (appear-
ing green in Fig. 1), indicating the possibility of high-equivalent-
width [O1d], HB, and Ha emission lines. The first of these
sources is just 0”5 north of the DSFG, at the same location
as an HST source (J1000+0234-North in Gémez-Guijarro et al.
2018, O3-N hereafter). The other is located south of the DSFG
(hence O3-S), and has a projected extent of 1”3 = 8.55 kpc, and
extremely faint HST magnitudes (mgjosw ~ 26 AB).

JWST/NIRSpec observations confirm the presence of strong
[O 1] emission at the locations of O3-N (EW, = 1780 + 80 10\)
and O3-S (EW, = 5100 = 1000 A)3 and, more importantly, at
the same redshift as J1000+0234, therefore confirming their
physical association (see the middle panel of Fig. 1). The neb-
ulae also seem to be co-spatial with the 3 GHz radio detections,
but they are offset from the Ly« peak surface brightness (SB; see
the right panel of Fig. 1).

In the following subsections, we use apertures to extract and
explore the spectroscopic properties of the two [OIII] nebulae.
The labeled apertures in Fig. 1 were manually defined based on
the RGB NIRCam image and the [O 1] map. For the DSFG we
used an aperture significantly smaller than the full extent of the

2 Available at 10.5281/zenodo.10737011
3 The equivalent width values presented here consider only the 5008 A
line of the [O111] doublet.


https://github.com/1054/Crab.Toolkit.JWST
https://zenodo.org/doi/10.5281/zenodo.10737011

Solimano, M., et al.: A&A, 693, A70 (2025)

]
5034'38" NIRSpec [O1I1]A5008 || 1| MUSELya | [\ VLA 3GHz
RS

37" ] . d
g 2y
G 36" ] S g
&
g 35 ] L] C

Q »
34|| ] ; [ ] 3
EELE 10 kpc @ 2=4.54 _\\ o [ " i
10M00™54.65 54.45 54.35 10700M54.6° 54.45 54.35 10"00™54.6° 54.45 54.3°
R.A. (ICRS) R.A. (ICRS) R.A. (ICRS)

Fig. 1. Multiwavelength view of the J1000+0234 system at z = 4.54. Left panel: Color composite image of the J1000+0234 system as seen
by JWST/NIRCam. The filters F356W, F277W, and F200W are mapped to the red, green, and blue channels, respectively. The F277W filter
captures the HB +[O1I1] emission at z = 4.54. Magenta regions indicate the apertures used in this paper. The gray dashed contour delineates
the [C1I] plume detected with ALMA (Solimano et al. 2024). The blue arrow points to a foreground galaxy at zg. = 1.41 (Capak et al. 2008).
Middle panel: NIRCam F444W image with contours of the [O1II] emission detected in the NIRSpec G235M observations. Contours start at
20 = 3.3x 1077 ergs~! cm™2 arcsec™? and increase as integer powers of 2. The blue and red solid regions show the footprint of the observations
obtained with G235M and G395H gratings, respectively. The green circle in the bottom right corner indicates the angular resolution element.
Right panel: NIRCam F277W image with +3, 4, 5, and 60 contours from Very Large Array (VLA) S-band continuum (red), and {1, 5, 16, 30} x
107" ergs™! cm™2 arcsec™ contours of Lya emission (blue) from VLT/MUSE (Jiménez-Andrade et al. 2023; Solimano et al. 2024). Blue and red
circles indicate the angular resolutions of the MUSE and VLA datasets, respectively.

were created following Solimano et al. (2024), with a spatial and
spectral Gaussian convolution kernel applied to the continuum-
subtracted cube. The spatial kernel has oo = 1 spaxel, whereas
the spectral kernel has oo = ogp at the wavelength of the line.
The moments were created by masking out all the voxels with
S/N < 3 in the convolved cube. In the velocity field map we
see the DSFG and O3-N share similar velocities, with an off-
set of ~500kms~! with respect to CO1. In turn, O3-S shows a
large velocity gradient north-to-south, with a velocity span of
almost ~800 km s™! from end to end. If we were to interpret this
gradient as a signature of virialized rotation, a rough calcula-
tion would yield a dynamical mass on the order of Rv?/G =
(4.3kpe)(400kms™")?/G ~ 1.6 x 10" My, This value is com-
parable to the dynamical mass of the DSFG (Fraternali et al.
2021), but since O3-S lacks significant stellar or dust emission,
we deem unlikely that O3-S is a massive rotator. Instead, O3-S
could be tidal debris from an ongoing interaction between the
members of the system. In particular, the presence of a low-SB
bridge between O3-S and CO1, together with matching line-of-
sight velocities in the southern end of both sources, already hints
at a tidal origin. Further discussion of this scenario is presented
in Sect. 5.

Additionally, the velocity dispersion map of the [O I1T] emis-
sion shows a fairly uniform structure at 200kms™' in most
of the system except for O3-N. The velocity dispersion in
03-N reaches 500 kms™!, indicating a higher dynamical mass,
increased turbulence, or additional kinematic components.
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Fig. 2. Resolved [O 111] kinematics of J1000+0234. Velocity field (left)
and velocity dispersion (right) maps. The reference velocity is defined
at z = 4.5471.

source to avoid contamination from O3-N. We also defined two
sub-apertures within the [O III] nebulae that either enclose the
peak of [O11I] emission (O3-N-core) or maximize the signal-to-
noise ratio (S/N) of the He 11 line (O3-S-Hell).

3.1. Morphology and kinematics

3.2. Broad velocity component in O3-N
The middle panel in Fig. 1 shows the distribution of [O 11] 15008 Y P

SB around J1000+0234. As expected, significant emission was
detected in O3-N and O3-S, but also on CO1 and the DSFG.
Moreover, the global [OTIII] emission seems to be spatially
extended and low SB emission connects nearly all of the objects
in the scene.

Figure 2 features the velocity field and velocity dispersion
maps of the [OIII] emission line in the system. These maps

Inspection of the [O 1] and He line profiles in the O3-N aper-
ture reveal the presence of broad velocity wings. To character-
ize this additional kinematic component, we fitted single and
double Gaussians plus a constant continuum level as detailed in
Appendix B.

The results of our fits are shown in Figure 3. The double
Gaussian model is preferred over the single one based on its

A70, page 3 of 13



Solimano, M., et al.: A&A, 693, A70 (2025)

[O 1111 AA4960, 5008

- —_
F' FWHM = 1266735 km/s
vo=136139 km/s

w
n

G235M-F170LP 7

w
o
T

Alog(2) =139.6 7
AAIC = -297.9
| aBIC = 2907 7

e = = N N
o U o U

o
o

Flux [10718 erg st cm™2 A~1]

Residuals (o)

PR BRI N S SR R S
—3000 —2000 —-1000 0 1000 2000 3000
Velocity [kms™1]

Ha + [N 11] AA6550, 6585

— 1 2F 71 T J
T L FWHM = 1362*3} km/s G395H-F290LP
9 0F =213*¢ km/s ]
O I e / Alog(Z) = 1083.7
e | AAIC = -2209.4 ]
c 0.8¢ ABIC = -2197.1
N L i
Y 0.6
o 06F
o 1
()] L
o 0.4
7 [
o
— 0.2
>< -
= 0.0
L I I I I I
S
n
©
=]
°
(%]
Q
o

PO SN SR AN TR [N SN S SR SO (NN ST SN SN S T SR SN SR SO AN S S S S|
—2000 -1000 0 1000 2000 3000
Velocity [kms™1]

-5k, .
—3000

Fig. 3. Evidence of a broad velocity component in the strongest emission lines from O3-N, namely [O1II] 114960, 5008 (left) and Ha
+[N11] 216550, 6585 (right). In both lines, a double Gaussian profile is preferred over a single Gaussian fit (not shown), based on the former
having a larger log (Z), and lower AIC and BIC scores (see upper right legends). The bottom panels show the residuals of the subtraction of the

best-fit model from the data, in units of o.

higher Bayesian evidence score, and lower Akaike Information
Criterion (AIC; e.g., Cavanaugh 1997) and Bayesian Informa-
tion Criterion (BIC; e.g., Schwarz 1978) scores.

The [O11I] broad component of O3-N displays a full width
at half maximum (FWHM) of 1266*35 kms™', and is blueshifted

by 158 + 24km ™! from the central velocity of the narrow com-
ponent. Such a profile of the [O111] line (broad and blueshifted)
typically points to the existence of strong ionized outflows pro-
jected onto the line of sight. Ho shows an even broader but less
blueshifted profile.

Notably, since O3-N sits at the base of the [CII] plume (see
left panel of Fig. 1) and has a broad [O IIT] component at the same
velocity (vgp = 150km s71) as the corresponding [CII] 158 um
line, the outflow scenario proposed by Solimano et al. (2024)
emerges as a natural explanation. A detailed assessment of this
possibility will be presented in a forthcoming paper.

The spectrum of O3-S (Fig. 4) also shows a secondary veloc-
ity component, but this likely arises from the large velocity
gradient (cf. Fig. 2) contained within the aperture, or by the
superposition of two nebulae separated by roughly 400 kms™!.
An outflow origin for O3-S seems less plausible because the two
components have the same velocity width.

3.3. Line ratio diagnostics and high-ionization species

We measured all line fluxes and errors using pPXF (Cappellari
2017, 2023) as detailed in Appendix A. From these,
we computed the five line ratios presented in Fig. 5.
The bottom panels of Fig. 5 show three diagrams dis-
playing the R3=[O1r1] A5008/HB ratio against three differ-
ent line ratios, namely N2 =[NII] 16583/Ha (Baldwin et al.
1981, the “BPT” diagram), S2=[S1]A16716,6731/He, and
01 =[01] 16302/Ha (also known as the Veilleux & Osterbrock
1987, or VO87 diagrams). In each of them we plotted the the-
oretical boundary between star-formation (SF) and AGN pho-
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toionization models from Kewley et al. (2001, 2006). In the BPT
diagram we also plotted the boundary between AGN and low-
ionization nuclear emission regions (LINERs; Schawinski et al.
2007). Recent JWST observations have found that these clas-
sical boundary lines are not reliable at the low metallicities
and high-ionization conditions typically found at high red-
shifts, which make SFGs and AGN overlap in these diagrams
(e.g., Harikane et al. 2023; Maiolino et al. 2024; Scholtz et al.
2023). Hence, we also plotted the more conservative bound-
ary line proposed by Scholtz et al. (2023) to account for this
issue. In addition, we show in Fig. 5 the He2-N2 diagram
(Shirazi & Brinchmann 2012), featuring He2 = He 1 14686/HB
vs N2. This diagnostic diagram has been cited as a more robust
way to select AGN than the classical BPT and VO87 diagrams
(e.g., Scholtz et al. 2023), although the He 1114686 is often too
faint to be detected.

Despite these caveats, we see in Fig. 5 that only CO1 appears
to be consistent with pure SF, while the rest can be explained at
least partially by AGN excitation. On the other hand, the DSFG
is the only source showing AGN-like ratios in all diagrams.

The possible presence of an AGN has already been proposed
by Jiménez-Andrade et al. (2023) based on the radio detection,
and the He 1 11640/Lya and C1V A1551/Lya ratios. Additional
support to this idea comes from the detection of the [Ne v] 13427
line toward O3-N-core (see Fig. C.1), since [Ne V] requires pho-
tons with £ > 97.11eV. Such high energies are most easily
attainable with AGN activity, either in the form of photoioniza-
tion or fast shocks (e.g., Gilli et al. 2010; Mignoli et al. 2013;
Leung et al. 2021; Cleri et al. 2023).

In O3-S and O3-S-Hell, at the other side of the DSFG, we
did not detect [Ne V] 13427, but only He 11 14686 (see Fig. C.2).
Due to the lower ionization energy of helium (E > 54.42eV),
this line is not as clean an indicator of AGN as the [Ne V] line,
and can indeed be excited by X-ray binaries (e.g., Schaerer et al.
2019), Wolf-Rayet stars (e.g., Shirazi & Brinchmann 2012), and
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Fig. 4. Same as Fig. 3 but for O3-S. Here, both components have similar line width, in contrast with the expectations for an outflow.

shocks (Izotov et al. 2012), among others. Nevertheless, its loca-
tion on the He2-N2 diagram is well above the SF boundary line.
Finally, we also detected the temperature-sensitive
[O111] 44364 auroral line toward O3-N-core and O3-S-Hell
(see Appendix C). A high ratio between [OIII] 14364 and the
Hy line was recently proposed as an alternative indicator of
AGN photoionization (e.g., Ubler et al. 2024). In Fig. 6, we
plot the position of O3-N-core and O3-S-Hell in the three
diagnostic diagrams developed by Mazzolari et al. (2024) based
on [O1I] 14364 emission. We applied a reddening correction
of Ay = 1.58 +0.16 mag to O3-N-core based on its Balmer
decrement (see Sect. 5.2), while O3-S-Hell is consistent with
zero dust. Our points nominally fall in the AGN-only region in
two out of three diagrams, but they cross the boundary lines
within the uncertainties. Therefore, we are unable to make any
firm conclusions regarding the AGN nature of O3-N-core and
03-S-Hell based on the Mazzolari et al. (2024) diagrams.

4. Oxygen abundance

We measured gas-phase oxygen abundances in the spectra of
the different apertures using the indirect indicator proposed by
Dopita et al. (2016). This indicator is calibrated as

12 +1log(O/H) = 8.77 + log (NII/SII) + 0.264 log (NII/Her) . (1)

We chose this indicator because it uses lines from a single grat-
ing/filter combination (G395H), thus avoiding possible system-
atic effects from the combination of the two datasets, and also
because it is fairly robust to dust attenuation effects (which are
significant at least in the case of the DSFG). The main caveat
is that it relies on the assumption of a specific relation between
N/O and O/H abundances.

Figure 7 shows the values obtained for all the apertures con-
sidered in this paper, including dedicated apertures for the two
clumps CO1-SW and CO1-NE. As expected, the DSFG shows
the highest (even supersolar) oxygen abundance. The rest of the
apertures are distributed throughout the abundance scale, with

03-S showing the lowest abundance. We also report a large dif-
ference (~0.8 dex) between CO1-SW and CO1-NE, with the latter
dominating the integrated value (CO1-total).

5. Discussion

We found in the previous section that the two strongest [O III]
nebulae in the system are likely related to AGN activity. In the
following subsections, we explore the possibility of radiative
shocks, provide an estimate of AGN luminosity and obscuring
column density given the current constraints, and then discuss
the physical scenario for the origin of the [O III] nebulae.

5.1. No evidence of shocks

The detection of radio emission at the positions of O3-N and
03-S suggests the presence of shocks produced by a radio jet.
This might explain, for example, the enhanced velocity disper-
sion observed even in the “narrow” component of the emission
lines (oo > 100kms™"). However, the observed line ratios (see
Fig. 5) do not resemble those expected in fast radiative shocks,
in contrast to those observed in the “Ulema” galaxy, a low-mass
radio-detected AGN at z = 4.6 (D’Eugenio et al. 2025). In par-
ticular, shock models assuming solar abundances predict N2, S2
and Ol ratios that are typically above —0.5 dex, —0.5 dex, and
—1.2 dex, respectively (e.g., Allen et al. 2008; Alarie & Morisset
2019). At lower metallicities, these ratios can approach the val-
ues we observe in our data, but the R3 ratio decreases as well.

These results indicate that shocks play a negligible role in
the ionization of the O3-N and O3-S nebulae. To further test this
idea, we explored the relationship between the shock-sensitive
N2 ratio and the line width. In shocked gas, a positive correla-
tion has been found between N2 and velocity dispersion (e.g.,
Rich et al. 2011, 2015; Ho et al. 2014), indicating a coupling
between the gas ionization and kinematics, which is not pre-
dicted in pure photoionization models (Kewley et al. 2019).

We thus took advantage of JWST NIRSpec IFU’s spatial res-
olution to measure the resolved N2 ratio within O3-N and O3-S.
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attenuation law.

We extracted spectra from the 30 and 39 spaxels contained in
03-N and O3-S apertures (see Fig. 1), respectively. We then fit-
ted each spectrum with single and double Gaussians using the
method described in Appendix B. Finally, we removed all fits
where the posterior error on log([N1I] 16585/He) is larger than
0.3 dex.

Obtained values of N2 and velocity dispersion (o) where the
best fit is a single Gaussian component are shown with green
markers in Fig. 8, while the results where a double component is
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preferred are shown in orange and blue markers for the narrow
and broad components, respectively.

We computed the Spearman’s rank correlation coefficient
independently for each set of spaxels, and estimated the uncer-
tainties from 600 bootstrap samples. We find no significant cor-
relation between the line ratio and the velocity dispersion in
either O3-N (r = 0.05%032, p = 0.78) or O3-S (r = 0.09*925,
p = 0.71). Instead, the N2 ratio remains relatively uniform
across the dispersion axis, with a median value of —0.74 dex in
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Fig. 7. Oxygen abundances of the sources in the J1000+0234 system
according to the Dopita et al. (2016) calibration. Markers are the same
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03-N and —1.5 dex in O3-S. The different median ratio between
the two nebulae could be explained by different metallicities (see
Sect. 4).

5.2. Constraints on AGN Iuminosity and obscuration

As pointed out by several authors (e.g., Capak etal. 2008;
Smolci¢ et al. 2015; Jiménez-Andrade et al. 2023), J1000+0234
was undetected in Chandra’s 80ks observations in the 0.5—
2keV band (Elvis et al. 2009), leading to a flux upper limit of
3x 1079 ergs™! cm2 (Capak et al. 2008). Assuming a Galactic
foreground column density of Ny = 2.6x10?° cm~2 and a power-
law source with a photon index of I' = 1.4, this upper limit
translates to a rest-frame hard X-ray luminosity of Ly_jgkev <
6.8 x 10® erg s™! (Solimano et al. 2024).

We then tried to determine whether such an AGN can explain
the observed narrow-line luminosities. To address this question,
we used the scaling relations of Berney et al. (2015) based on
a sample of nearby, hard X-ray-selected AGN for [O111] and
other optical lines as a function of L,_jpkey. In O3-N, we mea-
sured an [O111] 15008 flux of (2.51 + 0.04) x 10'%ergs™' cm™2,
and a Balmer decrement of Hao/HS = 4.9 +0.6. Assuming
case B recombination with an intrinsic ratio of Ha/HB =
2.86 and a Calzetti et al. (2000) attenuation law, we derived
Ay = 19+ 0.4mag. We thus inferred a reddening-corrected
[O111] 25008 luminosity of (2.7 + 0.5) x 10% ergs™.

The Berney et al. (2015) relation predicts that at an intrinsic
2-10keV luminosity of 6.8 x 104 ergs™!, the [O 111] luminosity
reaches log(Liomm/[erg s =42 +0.6. Despite the large scat-
ter of the Berney et al. relation, our measured [O IIT] luminosity
exceeds the prediction as a 40 outlier. This means that either (1)
the X-ray source is heavily obscured and thus the intrinsic X-ray
luminosity is much larger, (2) the [OTII] emission is not only
excited by the AGN but is rather mainly excited by SF, (3), the
Berney et al. (2015) relation is not applicable at this redshift, or
indeed (4) a combination of all of the above.

At face value, the measured [O III] luminosity would corre-
spond to an intrinsic X-ray luminosity of Ly_jgxey = 10* ergs™!,
after extrapolating the range of the Berney et al. (2015) rela-
tion, and assuming no contribution from SF. We used the simple
absorbed power-law model with I' = 1.4 within the Chan-
dra PIMMS tool* (version 4.12d) to infer a column density of
Nu > 3.9 x 10** cm™2 to produce the observed 2—-10keV lumi-
nosity. Increasing the photon index to I' = 2 would raise the col-
umn density to Ny > 4.7 X 102* cm~2. In other words, the AGN
needs to be Compton-thick along the line of sight to explain the
non-detection of X-rays. However, at the same time, there must
be an optically thin path for the ionizing radiation to escape and
produce the observed [OIIT] emission.

We repeated the exercise using the [Ne V] 43427 detection.
Given the extremely high energies needed to produce the Ne**
ion, the contribution from SF is null or negligible. In the O3-
N-core aperture, we measured a [Ne V] 13427 flux of (2.25 +
0.33)10 8 ergs™' cm™ and a Balmer decrement of Ha/HB =
4.52 +0.16. Assuming case B recombination with an intrinsic
ratio of Hao/HB = 2.86 and a (Calzetti et al. 2000) attenua-
tion law, we derive Ay = 1.58 + 0.16 mag. We thus inferred
a reddening-corrected [Ne V] 43427 luminosity of (4.8 + 1.2) X
10¥ ergs™'. Berney et al. (2015) also provide a relation for
[Ne v] luminosity versus X-ray luminosity, although it is derived
from a smaller sample and has a larger scatter than the [O 1]
relation. According to this latter relation, the intrinsic X-ray
luminosity should be 2.4 x 10* ergs~'. Using the same model
as before, the column density needed to obscure that X-ray out-
putis Ny > 2x10%* cm~2, which is just above the Compton-thick
limit.

Assuming the AGN is buried at the center of the DSFG,
we now ask how much of the inferred obscuration can be
accounted for by the ISM alone. This is motivated by the recent
results of Andonie et al. (2024) who find that infrared-quasar
host galaxies with SFR > 300 M, yr~! have submillimeter sizes
as compact as those of DSFGs, implying a very dense ISM
with column densities potentially exceeding the Compton limit.
Following Andonie et al. (2024), we estimated the average col-
umn density by uniformly distributing the total gas mass (here
Mg,s = 1.5 % 10" M, Fraternali et al. 2021) over a sphere with
a radius equal to the Sérsic effective radius (r.g = 0.74 kpc,
measured from a fit to the rest-frame 158 um ALMA image,
Solimano et al. 2024), finding (Ny) gy =~ 2.5%10%* cm~2. There-
fore, we conclude that the ISM of the DSFG has enough material
to obscure the X-rays. However, some of it must be located very
close to the AGN; otherwise, we would detect the broad line
region in the spectrum of the DSFG.

The results discussed above again suggest that the AGN is
heavily obscured toward our line of sight, yet is powerful enough
to produce luminous [O1I] (and even [Ne V] emission) along
unobscured sightlines. Such sightlines can be the result of a radio
jet that has cleared them of obscuring material; we discuss this
explanation in Sect. 5.3.

5.3. Proposed scenario and implications

Here, we put forward a scenario that explains the observed emis-
sion. First, we assume that an AGN resides in the very cen-
ter of the DSFG. This is motivated by the fact that the DSFG
occupies the AGN loci of all the diagnostic diagrams we have
considered (see Sect. 3.3). In addition, given the Mgypy — M.
relation (e.g., Reines & Volonteri 2015; Pacucci et al. 2023), the

4 https://asc.harvard.edu/toolkit/pimms. jsp
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DSFG is the most likely to host a massive SMBH, and thus an
AGN. Moreover, its location between the two radio detections
makes it the potential launching site of a jet, as proposed by
Jiménez-Andrade et al. (2023).

An alternative explanation has O3-N as a separate galaxy
altogether; presumably a lower-mass AGN host currently being
accreted by the DSFG (see scenarios 3 and 4 of Solimano et al.
2024). This would mean that the J1000+0234 system hosts either
a dual AGN (if both the DSFG and O3-N are active) or an offset
AGN (if only O3-N is active). Dual and offset AGN have been
extensively reported in the literature, with examples in both the
local (e.g., Barth et al. 2008; Mazzarella et al. 2012; Koss et al.
2012; Barrows et al. 2017; Secrest et al. 2017) and distant Uni-
verse (e.g., Gerke et al. 2007; Comerford et al. 2015; Perna et al.
2023; Ubler et al. 2024). These phenomena are strongly linked
to galaxy mergers, making J1000+0234 a plausible candidate.
However, an investigation of the 3D geometry of the system to
decipher whether O3-N is behind or in front of the DSFG is
required to provide further insight into the offset/dual AGN sce-
nario. We defer such an analysis to a future paper.

For simplicity, we return to our fiducial scenario where the
AGN is at the nucleus of the DSFG. In this picture, O3-N traces
an extended emission-line region (EELR; e.g., Stockton et al.
2006) and an outflow driven by the AGN, as evidenced by the
line ratios and broad velocity component, respectively.

Regarding O3-S, one could presume it represents the bipolar
counterpart of O3-N (i.e., the receding side of the outflow). How-
ever, the observed kinematics, morphology, and spectral proper-
ties suggest otherwise. In particular, the large velocity gradient,
narrower line width, lower SB, lower metallicity (see Sect. 4),
and more elongated structure make O3-S fundamentally differ-
ent from O3-N. As suggested in Sect. 3.1, O3-S is unlikely to be
a separate galaxy with Mgy, =~ 10" Mo, but rather a stream of
tidal debris. The connection (both spatial and spectral) between
CO1 and O3-S then suggests that the gas might have been tidally
stripped from CO1. This is supported by the finding that O3-S
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has a very similar oxygen abundance to the southern clump of
CO01 (CO1-SW, see Fig. 7).

Finally, due to the high ionization implied by the strong
[O111] and He 11 lines, and its location along the jet axis, we pro-
pose that O3-S is being externally illuminated by the AGN. In
other words, O3-S is an EELR analog to the famous Hanny’s
Voorwerp (Lintott et al. 2009). The Voorwerp is characterized
by extended, high-equivalent-width [O IIT] emission at a far pro-
jected distance from the galaxy IC 2497. The leading explanation
for the nature of the Voorwerp is that a portion of an otherwise-
invisible gas tidal tail was exposed to ionizing radiation from the
now-faded AGN in the center of IC 2497. Moreover, the escape
path of the ionizing photons was carved by a past jet, as evi-
denced by the detection of a steep-spectrum extended radio relic
(Jozsa et al. 2009; Smith et al. 2022).

It could be that we are witnessing a similar situation in
J1000+0234, although we cannot say whether the AGN in the
DSFG is currently switched off or is simply obscured along the
line of sight. However, the radio luminosity in J1000+0234 is
approximately 100 times lower than the power of typical radio-
selected HzRGs (L 4gn, = 107 WHz !, Miley & De Breuck
2008), but at the same time is approximately 500 times higher
than that of the Voorwerp (Li4gu, ~ 102 WHz™!, J6zsa et al.
2009). Therefore, the observed emission is more likely explained
by a moderate luminosity jet, rather than a relic. Therefore, when
considering the alignment of the radio sources along the axis that
connects O3-N and O3-S, the idea of a jet carving an unobscured
sightline in the polar direction becomes more compelling.

It is important to emphasize that J1000+0234 was selected
because of its bright submillimeter emission and associated Lya
blob, as this could uncover a common trend among DSFG groups
or protoclusters. For example, Vito et al. (2020) find a powerful
(La-1okev & 3 % 10% erg s7h Compton-thick QSO hiding in the
most gas-rich and submillimeter-bright member of the z 4
protocluster known as DRC (Oteo et al. 2018). This system also
hosts a LAB with emission of the high-ionization He I and C1v
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lines. A second example is that of the SPT2349-56 protoclus-
ter, a z = 4.3 structure hosting at least 21 DSFGs (Miller et al.
2018; Hill et al. 2020) and a faint LAB (Apostolovski et al. 2024).
Recently, deep X-ray and radio observations revealed the presence
of two AGN within SPT2349-56 (Vito et al. 2024; Chapman et al.
2024). Vito et al. (2024) then argue that SPT2349-56 and DRC
together provide evidence of an enhanced AGN fraction within
gas-rich protoclusters.

J1000+0234 is certainly less massive and extreme than either
DRC or SPT2349-56, yet our detection of a Compton-thick AGN
in it may be related to the same mechanisms that trigger obscured
SMBH accretion in these two protoclusters. In theoretical frame-
works of galaxy—-SMBH coevolution (e.g., Hopkins et al. 2008),
it is expected that the conditions (e.g., those created in gas-rich
mergers) that give rise to extreme dusty starbursts also favor
(obscured) SMBH accretion. Observationally, the DSFG-AGN
connection is stronger in dense environments, which is possibly
due to the higher rate of merger and interaction (Monson et al.
2023; Vito et al. 2024). A more systematic investigation of the
obscured AGN fraction as a function of overdensity and SFR is
needed to consolidate these trends.

While rest-frame hard X-rays will remain the gold standard
for selecting obscured AGN, current facilities need to spend sev-
eral tens of hours on source to produce detections at high z. In
this context, our results suggest that a search for EELRs with the
JWST NIRCam and NIRSpec might provide an alternative way
to select high-z AGN.

6. Summary and conclusions

We present the discovery and characterization of two bright
[O 1] nebulae, O3-N and O3-S, around the J1000+0234 DSFG.
Using JWST/NIRCam and JWST/NIRSpec, we characterized
the morpho-kinematic structure of the nebulae, as well as their
potential sources of ionization. Our results can be summarized
as follows:

— O3-N, the brightest [O1I] nebula in the system, shows
a broad and blueshifted velocity component with
FWHM > 1200 km s_l, as measured in both [O1] and
He lines. We interpret this as evidence of ionized outflows,
with a potential link to the [C1I] plume of Solimano et al.
(2024).

— While fainter than O3-N, O3-S is more extended and
shows an elongated but irregular morphology. Moreover, the
resolved [O111] velocity field reveals a 800kms™' gradient
roughly aligned with the major axis of O3-S, but without a
peaked velocity dispersion profile. Also, the lack of emission
from stars, cold gas or dust from O3-S disfavors its identifi-
cation as a massive rotating galaxy. Instead, given the low-
SB bridge between O3-S and CO01, in addition to their similar
oxygen abundances, we deem it more likely that O3-S is a
tidal feature stemming from CO1.

— Nebular line ratio diagrams suggest at least some degree of
AGN ionization in all the sources considered in this paper
(except for CO1). The DSFG, in particular, shows line ratios
consistent with AGN in all the diagrams considered.

— We detect the temperature-sensitive [O III] 14634 auroral line
in the central regions of O3-N and O3-S. However, these
sources fall very close to the boundary line between pure
AGN and an AGN-SF mixture in the [O 1] 14634-based
diagrams proposed by Mazzolari et al. (2024).

— The central region of O3-N also shows a significant detection
of the high-ionization [Ne V] 23427 line (E > 97.1eV), an
almost univocal tracer of AGN activity. Paired with the non-

detection of rest-frame hard X-rays, we derive low Lx /Lo
and Lyx/Linev) ratios that imply Compton-thick levels of
obscuration. Interestingly, if the AGN is at the nucleus of the
DSFG, the inferred column densities (Ny = 2—5x10% cm™2)
are consistent with arising from the ISM alone, as suggested
by its dense and compact morphology, as derived in previous
ALMA imaging.

— We tested whether or not shocks could be responsible
for the emission in O3-N and O3-S by measuring the
[N11] 16850/He ratio on a spaxel-by-spaxel basis. We find
no correlation between the ratio and the velocity dispersion,
thus disfavoring a shock scenario.

We propose a scenario where both nebulae are EELRs powered
by an AGN deeply buried within the DSFG. While O3-N shows
a prominent outflow, O3-S belongs to a tidal tail of CO1. This
scenario makes O3-S a plausible high-z analog of Hanny’s Voor-
werp, a residual ionized nebula excited by a faded AGN. In this
picture, the action of the radio jets might have opened a path
along the polar direction for the AGN ionizing radiation to reach
03-S and O3-N. We discuss our findings in the context of the
enhanced AGN fraction found in massive, gas-rich protocluster
cores at similar redshifts. Our results suggest that the processes
that drive obscured SMBH accretion in these structures (e.g.,
mergers) might also be at play in the less massive J1000+0234
group. Finally, we highlight the ability of JWST to uncover hid-
den AGN at high redshifts, in a regime where current X-ray facil-
ities lack the required sensitivity.
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Appendix A: Line fitting with pPXF

We use the template-fitting software pPXF (version 9.2.1;
Cappellari 2017, 2023) to simultaneously model the contin-
uum and the emission lines of our aperture-extracted spectra
in the full wavelength range covered by a single grating. We
start with the G395H grating since it provides better spectral
resolution than G235M. For each spectrum, we perform per-
form fits with one and two velocity components for the emis-
sion lines, but a single component for the stars, which is tied
to the narrow gas component. We include the following lines
in the fit: He145877, [O1] 116303, 6365, [N11] 116550, 6585,
H116565 (Ha), [S1] A16718,6732, He 147065, [Ar111] 17138,
and [S 1] 29071, where the [O1I] and [N 1I] doublet ratios have
been fixed to their theoretical values. The continuum is fitted
against a grid of Stellar Population Synthesis (SPS) spectra
computed with fsps v3.2 (Conroy et al. 2009; Conroy & Gunn
2010), but restricted to ages younger than the age of the Universe
at z = 4.54. In most cases, the continuum has S/N< 1 per resolu-
tion element and no stellar absorption features can be identified,
hence we refrain from interpreting any of the SPS output param-
eters. We find, nevertheless, that these templates provide a good
representation of the continuum slope, and naturally incorporate
the stellar absorption correction for the Balmer emission lines,
even though this correction always stays below 1%.

We then compute the AIC and BIC scores of both single and
double component fits, and require the score difference to be
larger than five to keep the double component fit as the preferred
model. This criterion is only met for O3-N and O3-N-core.

Next, we model the G235M spectrum using the veloc-
ity and velocity dispersion best fit values from the G395H
fit as starting values. Here, we fit the continuum with the
same libraries as above, and include the following list of emis-
sion lines: [NeV]A3427, [O11] A43727,3730, [Ne1r] 43870,
[Ne 111] 43969, [O111] 14364, He 11 44687, [O 111] 124960, 5008,
and the Balmer series from H113799 (H10) to H114863 (HR).
The relative intensities of the [OIII] doublet are fixed to their
theoretical ratio.

Throughout the paper, we use the line fluxes and uncertain-
ties measured by pPXF to compute line ratios. The values are
presented in Table C.1 and represent model fluxes from the sin-
gle Gaussian component fits, except for O3-N and O3-N-core,
where we use the sum of the narrow and broad components. This
is because in most lines of the broad component have too low a
S/N to provide a meaningful ratio on their own. We also quote
fluxes and ratios without correction by reddening unless other-
wise noted.

Appendix B: Double Gaussian fitting

In this appendix we describe the method used to fit the
line profiles presented in Sect. 3.2. In the case of [O1],
we model both lines in the doublet simultaneously but tie
their wavelengths and amplitudes to the expected ratios (e.g.,
[O111] A5008/[O 1] 214960= 2.98, Storey & Zeippen 2000). For
Ha, we also fit the N II doublet with the [N 1I] 16585/[N 11] 16550
ratio fixed to 2.8. We set up the models within the probabilis-
tic programming framework PYAUTOFIT (version 2024.1.27.4,
Nightingale et al. 2021), and use the DYNESTY (Speagle 2020;
Koposov et al. 2022) backend to sample the posterior probabil-
ity distribution and estimate the Bayesian evidence log (Z). The
width of the line spread function (LSF) is taken from the disper-
sion curves available in the JWST documentation’.

> NIRSpec Dispersers and Filters
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Appendix C: Faint lines

In this appendix we plot spectral cutouts of O3-N-core (Fig. C.1)
and O3-S-Hell (Fig. C.2) around two high-ionization lines (He It
and [Ne11]) plus the [O 111] 14364 auroral line.
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Fig. C.1. Zoom-in to high-ionization lines detected in O3-N-core. The
orange filled curve denotes the pPXF best fit stellar plus gaseous tem-
plate.
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Fig. C.2. Same as Fig. C.1 but for O3-S-Hell. Here, the detection of the
[Ne V] line is only tentative.
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Table C.1. Line fluxes for the different apertures used in this paper.

Aperture O3-N 0O3-N-core 03-S 03-S-Hell CO1-total CO1-NE CO01-SW DSFG
R. A. (deg) 150.227098  150.227084  150.226878  150.226861  150.227185  150.227227  150.227145  150.227038
Dec. (deg) 2.576809 2.576772 2.576298 2.576304 2.576316 2.576378 2.576221 2.576655
[O 111] redshift 4.5433(1) 4.5418(1) 4.5448(3) 4.5516(1) 4.5527(2) 4.5521(1) 4.5414(1) 4.5445(1)
[Ne v] 43427 <154 23+0.3 6+2 <22 <37 <23 <15 <27
[011] 143727, 30 35+2¢ 6+2 35+9 13+3 30+£6 11.3 +1.4¢ 13+2 7.0+0.7¢
[Ne111] 23870 19+34 46+0.2 159+1.2 51+0.5 6.7+1.0 <20 33+04 24+0.6
Hy 14342 13+£3 26+0.2 8+1 37+04 49+09 22+0.5 20+0.3 1.9+£0.5
[O111] 14364 <85 1.0+£0.2 <31 1.3+04 <26 <17 <1.0 <16
He 11 14687 <84 0.6+0.2 S5+1 24+0.5 <25 <17 <09 1.9+£0.5
Hp 14863 25+3 6.0+0.2 25+1 85+0.5 120+ 0.9 46+0.6 52+03 35+0.5
[O111] 25008 251+4 60.0 £0.5 223+2 87.4+0.9 79 +1 29.0+0.8 35.1+£0.5 31.8+0.6
[01] 116302, 66 6.4+0.6 1.22 £0.05 42+04 0.97 +£0.09 <0.6 <03 0.76 + 0.09 1.3+0.1
Ha 16565 122.5+0.8 269 +0.1 78.5+04 23.0+£0.1 45.1+0.2 18.2£0.1 18.4 0.1 17.4£0.1
[N1I] 2116550, 85 150+0.8 5.0+0.1 24+04 09+0.1 4.6 +£0.2 22+0.1 0.78 = 0.09 209+0.2
[S1] 416718, 33 14+3 23+03 11+1 25+03 59+0.7 1.8+0.3 24+02 52+0.6

Notes. All fluxes are given in units of 10~'8ergs™'cm™2 and are not corrected for dust reddening. Upper limits are quoted at the 30~ level.
@ Measured in standalone single-component fit to avoid unrealistically large uncertainty.
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