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A B S T R A C T 

We present rest-frame optical JWST Near-infrared Spectrograph (NIRSpec) integral field unit (IFU) spectroscopy of TN 

J1338 −1942 at z = 4.1, one of the most luminous galaxies in the early universe with powerful extended radio jets. Previous 
observ ations sho wed e vidence for strong, large-scale outflo ws based on its large ( ∼150 kpc) halo detected in Ly α, and high- 
velocity [O II ] emission features detected in ground-based spectroscopy. Our NIRSpec/IFU observations spatially resolve the 
emission line properties across the host galaxy. We find at least five concentrations of strong line emission, coinciding with 

discrete continuum features previously detected in imaging from Hubble Space Telescope and JWST , o v er an extent of ∼2 arcsec 
( ∼15 kpc). The spectral diagnostics unambiguously trace active galactic nuclei (AGN) activity plus interaction between the 
interstellar medium and the radio jet as the dominant mechanisms for the ionization state and kinematics of the gas in the 
system. A secondary region of very high ionization lies at roughly 5 kpc away from the nucleus, and within the context of an 

expanding cocoon enveloping the radio lobe, this may be explained by strong shock-ionization of the entrained gas. Ho we ver, 
it could also signal the presence of a second obscured AGN, which may offer an explanation for an intriguing outflow feature 
seen perpendicular to the radio axis. The presence of a dual supermassive black holes system in this galaxy would support that 
large galaxies in the early Universe quickly accumulated their mass through the merging of smaller units, at the centres of large 
o v erdensities. The inferred black hole mass to stellar mass ratio of 0.01 −0.1 for TNJ1338 points to a more rapid assembly of 
black holes compared to the stellar mass of galaxies at high redshifts, consistent with other recent observations. 

K ey words: galaxies: acti ve – galaxies: jets – galaxies: high-redshift – galaxies: kinematics and dynamics. 
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 I N T RO D U C T I O N  

bservations of luminous active galactic nuclei (AGN) in the early 
ni verse sho w that they are hosted by massive galaxies harbouring

cti ve supermassi ve black holes (SMBHs). The space density of these
uminous AGN peaks at z ∼ 2 (Rigby et al. 2015 ; Williams et al.
018 ), long before the rapid rise of fainter AGN between z ∼ 2 and z

0 (Enoki et al. 2014 ). This downsizing trend in AGN evolution is
ften modelled as being due to a biased growth scenario, in which the
ore massive galaxies and their SMBHs were already in place at z 
 2 (Merloni 2004 ). The large black hole masses required to power

he radio luminosities of radio galaxies and quasars suggest that 
hese early SMBHs grew rapidly through near- (or super-) Eddington 
ccretion (McLure & Dunlop 2004 ; Netzer et al. 2007 ). 

It is widely believed that such rapid SMBH accretion can play a
ital role during the growth of the host galaxy through the process
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f AGN ‘feedback’ (e.g. Fabian 2012 ; Kormendy & Ho 2013 ;
eckman & Best 2014 ; Fan, Ba ̃ nados & Simcoe 2023 ). High-redshift

adio galaxies (HzRGs; McCarthy 1993 ; Miley & De Breuck 2008 )
re galaxies hosting luminous, extended radio sources at z � 2.
hese radio sources are believed to be powered by efficient thin-disc
ccretion around rapidly spinning, massive SMBHs (Blandford & 

najek 1977 ; Rees 1984 ). The large sizes of the jets imply long-
erm AGN activity (at least 10 5 yr and up to about 10 8 yr; Miley &
e Breuck 2008 ), with strong kinetic forms of feedback besides

adiative feedback (e.g. Saxena, R ̈ottgering & Rigby 2017 ). The
nvironments of HzRGs are, on average, denser than the field. Some
ave been shown to be surrounded by massive groups or protoclus-
ers, making HzRGs plausible progenitors of massive central cluster 
alaxies today (e.g. Hatch et al. 2009 ; Chiaberge & Marconi 2011 ;
ylezalek et al. 2013 ; Emonts et al. 2016 ; Overzier 2016 ; Retana-
ontenegro & R ̈ottgering 2017 ; Nesvadba et al. 2017a ; Sabater et al.

019 ; Hardcastle & Croston 2020 ; Magliocchetti 2022 ; Poitevineau,
astignani & Combes 2023 ). 
The nuclear obscuration in HzRGs provides a natural screen to 

nsure that the nuclear emission does not outshine the host galaxy
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t ultraviolet (UV)/optical wav elengths (Mile y & De Breuck 2008 ).
his allows direct access to the starlight, interstellar medium (ISM)
nd (spatially resolved) narrow-line regions and thus the interaction
f AGN-related phenomena with stars, gas, and dust. Some fraction
f HzRGs that are completely obscured in the rest-UV do, ho we ver,
how broad-Balmer lines in the rest-optical (Nesvadba et al. 2011 ),
hus also giving a way to infer the black hole masses, similar
o unobscured quasars. The presence of extended continuum and
ebular emission, and the interaction with the radio jets, makes
zRGs unique laboratories for studying the active growth phase
f massive galaxies and their SMBHs. 
Extended emission line nebulae with sizes approaching ∼0.5 Mpc

hat are bright in Ly α and other lines were first disco v ered around ra-
io galaxies (McCarthy et al. 1987 ; Heckman et al. 1991 ). Especially
mages from the Hubble Space Telescope (HST) , supplemented by
round-based spectroscopy probing the properties of the nebular gas,
ave shown that HzRGs possess some of the most remarkable host
alaxy morphologies among all galaxies known at z � 2, with e.g.
1) complex merger systems, (2) star formation visibly aligned with
adio jets, (3) radio jets bending in or near the host (e.g. Chambers,

iley & van Breugel 1990 ; Dey et al. 1997 ; Pentericci et al. 1998 ,
999 , 2001 ; Mile y et al. 2006 ; Mile y & De Breuck 2008 ; Drouart
t al. 2016 ; Saxena et al. 2018 , 2019 ; Duncan et al. 2023 ). Also,
zRGs hav e e xceptionally large bolometric luminosities, and the y

re found at the extreme end of the L [O III ] − L radio relation where few
ources in the local Universe are found (Xu, Livio & Baum 1999 ). 

Resolved studies of the ionization, metal abundance, and kinemat-
cs using slit or integral field unit (IFU) observations at optical and
ear -infrared (IR) wa velengths ha ve highlighted the important role
f both jet-induced turbulence and radiation-driven feedback that
ominate the energy budget of the ISM and thus the future evolution
f these massive galaxies (Best, R ̈ottgering & Longair 2000 ; Villar-
art ́ın et al. 2007b ; Nesvadba et al. 2011 , 2017b ). These studies

ely on the important rest-frame optical emission lines, enabling line
atio diagnostics (BPT; Baldwin, Phillips & Terlevich 1981 ) that can
ifferentiate between the sources of the ionizing radiation powering
he lines (AGN versus star-formation), determine the ISM metallicity,
nd density (e.g. using the [S II ] diagnostic). Alignment of the line-
mitting gas and variability of line strengths and ratios along radio
otspots (van Ojik et al. 1996 ) have also pin-pointed the crucial role
f radio jets in driving out gas and quenching star-formation (e.g.
esvadba et al. 2006 ; Morais et al. 2017 ; Falkendal et al. 2019 ;
ol w a et al. 2019 ; Man et al. 2019 ; Wang et al. 2024 ). 
Previous works on HzRGs, mainly based on HST photometry and

eeing-limited ground IFU observations, were unable to probe the
SM on scales similar to the radio jets. These previous data could
lso not cleanly separate the nuclear , stellar , and ISM properties of
he host galaxies (but see Wang et al. 2024 ). As a result, important
pen questions still remain surrounding how exactly AGN feedback
s triggered, how radio jets interact with their dense surroundings and
ow this affects the growth of massive galaxies and their SMBHs.
WST has made it possible, for the first time, to constrain the role of
et-gas interactions and AGN feedback in regulating the mass, size,
inematics, and physical conditions of forming massive galaxies. 
In this paper, we present JWST /NIRSpec IFU observations of the

adio galaxy TN J1338–1942 at z = 4.11 (De Breuck et al. 1999 ;
entericci et al. 2000 ). Ground-based imaging and spectroscopy have
evealed a large-scale Ly α halo extending to ∼150 kpc (De Breuck
t al. 1999 , 2000a , b ; Venemans et al. 2002 ; Villar-Mart ́ın et al.
007a ). Spatially resolved Ly α spectra showed evidence for high-
elocity, large-scale outflowing gas of large mass (Swinbank et al.
015 ), while imaging with HST and JWST showed a complex and
NRAS 531, 4391–4407 (2024) 
 ery e xtended host galaxy consisting of several bright clumps (Miley
t al. 2004 ; Zirm et al. 2005 ; Overzier et al. 2008 ; Duncan et al. 2023 ).
he o v erall Ly α and UV/optical morphologies are aligned with the

adio axis. Zirm et al. ( 2005 ) found evidence of a wedge-shaped
y α feature perpendicular to the radio axis that could be outflow or
cattered light. 

Ground-based IFU observations detected [Ne III ] and [O II ] emis-
ion across the host galaxy with maximum velocity offsets and
 elocity dispersions of, respectiv ely, 500 and 1500 km s −1 (Nesvadba
t al. 2017a ). Photometry from HST , Spitzer , and JWST have shown
hat with a stellar mass of ∼ 10 11 M �, TN J1338 −1942 is among
he most massive galaxies at z ∼ 4 (Overzier et al. 2009 ; Duncan
t al. 2023 ). Ho we ver, pre vious findings of very high star formation
ates (SFR) triggered by the radio jet, based on photometry from
ST Advanced Camera for Surv e ys (ACS) and JWST Near-infrared
amera (NIRCam) (Zirm et al. 2005 ; Duncan et al. 2023 ), will be
hallenged by the results presented in this paper. 

The radio galaxy lies at the centre of a dense region of the cosmic
eb or protocluster traced by o v erdensities of star-forming galaxies

Venemans et al. 2002 , 2007 ; De Breuck et al. 2004 ; Miley et al.
004 ; Overzier et al. 2008 ; Saito et al. 2015 ). Combined with the
mple evidence for SMBH activity, this makes TN J1338–1942 one
f the best known examples of a brightest cluster galaxy progenitor.
N J1338 −1942 was targeted because of the rich available multi-
avelength data coupled with unique morphological and kinematic

ignatures of the gas in and around the galaxy that make it an ideal
andidate to directly investigate the impact of AGN feedback with
he NIRSpec IFU. In this paper we present a first look into these
IRSpec/IFU observations, while another paper (Roy et al. 2024 )

nvestigates in detail the outflows and gas kinematics in this system.
The layout of this paper is as follows: In Section 2 , we present the

bservations and data reduction methods employed. In Section 3 we
resent the main results of this finding, which include 1D spectra and
D line maps, gas kinematics, and ionization state in this system. In
ection 4 , we present a discussion on what these new observations
ean for the nature of TNJ1338 −1942, assessing scenarios that may
 xplain its observ ed properties. Finally, in Section 5 we summarize
he findings of this study. 

Throughout this paper, we assume flat � cold dark matter
osmology following Planck Collaboration et al. ( 2020 ) (included
n ASTROPY.COSMOLOGY ; H 0 = 67.7 km s −1 Mpc −1 , �m 

= 0.31).
his gives a spatial scale of 7.0 proper kpc arcsec −1 at z = 4.1. 

 OBSERVATI ONS  A N D  DATA  R E D U C T I O N  

he JWST spectroscopic observations of TN J1338 −1942 (RA:
3:38:26.1, Dec: −19:42:31.4, henceforward ‘TNJ1338’) presented
n this paper (ID: GO1964, PIs: Overzier and Saxena) were taken on
023 February 22. Two high-resolution ( R ∼ 2700) grating/disperser
ombinations were used, F170LP/G235H and F290LP/G395H. For
oth grating/disperser combinations a 4-POINT-DITHER pattern
as used. A total of 18 674 s of exposure time was obtained in

ach of the two grating/disperser combinations. Additionally, two
ackground exposures using exactly the same setup and exposure
imes were taken to allow for background subtraction of the science
ata cube using a completely source-free region near the science
arget. 

For the most part, pipeline steps from the official data reduction
ipeline released by Space Telescope Science Institute 1 were used

https://jwst-pipeline.readthedocs.io/en/stable/jwst/introduction.html
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o reduce and calibrate the raw data. We implemented a number of
dditional steps during the reduction process to impro v e the quality
f the final reduced data products, which we highlight below. 
We first downloaded all Stage 1 calibration products (the rate files)

rom the Mikulski Archive for Space Telescope (MAST) Portal, 2 

hich were already gain-corrected, flagged for snowballs and jumps, 
s well as bias and dark subtracted. Following Marshall et al. ( 2023 ),
he zero-levels of the science dither frames after Stage 1 processing 
ere made consistent by subtracting the median value from each 2D 

mage. Stage 2 of the data reduction pipeline was then performed on
hese zero-level corrected Stage 1 products, which includes world 
oordinate system assignment, background and imprint subtraction, 
at-field correction, pathloss correction, photometric calibration, and 
istortion correction. 
Crucially, we opted not to use the dedicated background exposures 

or background subtraction, mainly to a v oid adding extra sources of
oise into the final science cube. When using dedicated background 
xposures for background subtraction, it was noted that the addition 
f extra correlated noise from the background exposures was negat- 
ng the expected improvement in the overall background properties 
f the science data cube. Welch, Rigby & Hutchison ( 2023 ) showed
hat the impact on the continuum subtracted line fluxes is minimal 
hen not choosing a dedicated background exposure, and since the 
ain aim of this paper is to explore the strong emission lines from

his system, we a v oid using the background exposure to minimize the
ddition of correlated noise. Instead, the background was estimated 
sing multiple sky spaxels from within the science cube, which were 
eemed to be free of continuum and line emission. 

At the end of Stage 2, following Marshall et al. ( 2023 ) we
mplemented a custom outlier/cosmic ray detection and flagging 
outine based on the PYTHON version of the LACOSMIC algorithm 

3 

van Dokkum 2001 ) on all individual 2D calibrated (or cal) images.
fter flagging outliers, we proceeded with the Stage 3 processing 

hat combined all of the individual exposures into a final, fully
alibrated 3D data cube, using the ‘Shephard’s method’ in the 
ipeline ( WEIGHTING = EMSM ). The final data cubes were then
isually inspected and any remaining outliers or cosmic ray residuals 
ere identified and flagged. 

.1 Astrometric accuracy 

he small 3 arcsec × 3 arcsec field of view of the NIRSpec IFU means
hat absolute astrometric calibrations using standard stars (such as 
rom Gaia ) cannot be explicitly performed. Therefore, to verify the 
strometric accuracy of our data cube, we performed a comparison 
etween the spatial distribution of the line and continuum fluxes in 
ur cube NIRSpec/IFU with existing NIRCam images from Duncan 
t al. ( 2023 ). 

The larger NIRCam field of view enabled the NIRCam astrometry 
o be registered using the latest Gaia data release 3 (DR3) catalogues,
s well as existing ground-based Subaru/Suprime Cam multifilter 
maging data in the field. Duncan et al. ( 2023 ) determined that the
strometric accuracy of their NIRCam images achieved an ∼2 mas 
ccuracy compared to Gaia and Subaru data (pri v ate communica- 
ion), and can therefore be used as a good benchmark to register our
IRSpec/IFU data. 
We generated synthetic NIRCam images to match the filters used 

n Duncan et al. ( 2023 ) by convolving our cube with NIRCam filters.
 https:// mast.stsci.edu/ portal/ 
 https:// lacosmic.readthedocs.io/ en/ stable/ 

T  

t

p  
sing the real NIRCam images as the ‘truth’, the synthetic NIRCam
mages derived from the NIRSpec/IFU data were visually aligned 
ith the actual NIRCam data on a filter-by-filter basis. The best-
tting astrometric corrections from this e x ercise were then applied to

he entire NIRSpec/IFU data cube, leading to an astrometric accuracy 
f 2–5 mas. 

.2 Masking 

egions of relatively high noise arise at the edges of the data cube
ecause of the adopted 4-POINT dither pattern. Additionally, several 
osmic ray residuals remain in the final data cube, particularly 
owards the edges. To aid the analysis and visualization of continuum
nd emission line flux, we employed a highly conserv ati ve masking
rocedure. The mask is created using the [O III ] emission line map,
ith all pixels lying below 2 σ in [O III ] significance masked out.
e ensured that no continuum emission was inadvertently masked 

ut, by creating continuum and emission line maps from the full
ata cube and comparing the distributions. Indeed, the spatial extent 
f emission is largest in the [O III ] line, which means that masking
ut lower [O III ] emission significance spaxels does not mask any
ontinuum flux from this system. Future work will explore possible 
ainter emission features around this object. 

 T N J 1 3 3 8 :  A  COMPLEX  R A D I O  G A L A X Y  AT  

 = 4.1 

n this section, we discuss the observed spectroscopic properties of 
NJ1338. Although pre vious observ ations already highlighted the 
omplex host galaxy morphology of TNJ1338 (Miley et al. 2004 ;
irm et al. 2005 ; Duncan et al. 2023 ), the NIRSpec/IFU observations

eveal the extent of this complexity both in the spatial dimensions
nd in the kinematics and ionization state of the gas in the system.
ig. 1 shows the full (unmasked) two-dimensional [O III ] λλ4959,
007 emission line map for the system, along with zoom-ins into the
trong line-emitting regions that we have identified in the data cube,
hich we present in the section that follows. 
The [O III ] emission extends over about 2 arcsec and consists of

 number of bright clumps amidst more diffuse emission. Radio 
ontours from the VLA 8.46 GHz emission from Pentericci et al.
 2000 ) are shown o v erlaid. This radio feature is believed to represent
he location of the Northern radio lobe and hotspot synchrotron 
mission. Although a radio core has not been detected, the SMBH
owering the radio jet is believed to be associated with the component 
abelled ‘a’ (see discussion below). This would imply that an invisible
adio jet lies roughly along the line connecting component ‘a’ and
he bright region detected with the VLA. 

.1 Identification of line-emitting regions and 1D spectra 

n total, we identify five distinct line-emitting regions in the system.
e place circular apertures with a radius of 2.5 spaxels, which are

hown in Fig. 1 , with a zoom-in on the region around the [O III ]
mission line. The full extracted 1D spectra from the F170LP/G235H 

blue) and F290LP/G395H (red) disperser/grating combinations 
o v ering the wav elength range ≈1.8–5.2 μm continuously are shown
n Fig. 2 , with the two narrow intervals at ≈2.5 and 4.1 μm arising
ue to the detector chip gap indicated by the grey-shaded regions.
he levels of the continuum across both setups agree well, suggesting

hat the data reductions and flux calibrations are internally consistent. 
The component that coincides with the galaxy nucleus, and the 

resumed site of the SMBH powering the radio emission, is labelled
MNRAS 531, 4391–4407 (2024) 
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M

Figure 1. Central panel: [O III ] λλ4959, 5007 2D image of TNJ1338. The very large array (VLA) 8.5 GHz radio data from Pentericci et al. ( 2000 ) showing the 
northern radio lobe has been o v erlaid (contours; resolution of 0.2 arcsec). Several circular apertures with a radius of 2.5 spaxels (0.25 arcsec on sk y) hav e been 
placed on individual strong line-emitting regions. The spectra of the [O III ] λλ4959, 5007 lines at these locations are shown left and right of the central panel, 
highlighting differences in redshifts, as well as the complex kinematic structure of the ionized gas in this system. 
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a’ (bottom panel). The second brightest region in [O III ] is labelled
b’ (second panel from the top). We further identify a region ‘west’
third panel from the top, roughly coinciding with the apex of the
reviously identified Ly α ‘wedge’ from Zirm et al. 2005 ), and ‘east’
fourth panel from the top), which lies on the opposite side of the
adio jet axis. Finally, we identify a region at the north-western edge
f the source (‘north-west’). It is interesting to note that the centroid
f the radio hotspot does not appear to coincide with any region in
articular, but appears to lie between ‘b’ and ‘north-west’, with a
light offset in the direction of ‘west’. 

We measure redshifts from the extracted 1D spectra for all
egions by calculating the median of the observed peak of multiple
trong emission lines (mainly H α, [O III ], H β, [O II ]). Interestingly,
ote that the redshifts of each of the line-emitting components are
ifferent. TNJ1338-a lies at z = 4.102, while the second brightest
ine-emitting region, TNJ1338-b lies at z = 4.107 with another line-
mitting component at an even higher redshift, as discussed later
n the paper. TNJ1338-north-west that is the furthest away from the
ucleus has a redshift z = 4.108. The west component corresponding
o the Ly α wedge has the highest redshift with z = 4.114. The
ast component has the lowest redshift with z = 4.101. Taking the
edshift of TNJ1338-a as the systemic redshift of the host galaxy, this
mplies relative velocities between the components of + 411 km s −1 

TNJ1338-b), + 294 km s −1 (north-west), + 647 km s −1 (west), and
118 km s −1 (east). 
Although it is difficult to interpret these velocity differences in the

resence of possible outflows, rotation, and merging structures, the
elocity difference of ∼750 km s −1 between the smallest and largest
alue is much larger than a gravitationally induced circular velocity
NRAS 531, 4391–4407 (2024) 
 xpected ev en for a system as massiv e as TNJ1338. A closer look at
he kinematic properties as traced by the [O III ] emission is presented
n Section 3.3 , and in more detail including modelling in Roy et al.
 2024 ). 

The abo v e results show that the already comple x morphology of
NJ1338 is further complicated by its highly non-uniform emission

ine kinematics. The next sections will take a closer look at the
inematic properties and ionization states across the system. 

.2 2D emission line intensity maps 

n Fig. 3 , we show the 2D line intensity maps for a variety of common
nd high-ionization emission lines that will be used in this paper to
hed light on the complex ionized gas distribution in the system.
hese lines include H α + [N II ], H β, [O I ] λ6300, [O II ] λ3727,

O III ] λ5007, and [Ne III ] λ3869. The line maps have been created by
alculating the mean flux in the data cube within a 100 Å wavelength
ange around the e xpected wav elength of each line (with an assumed
ine peak at z = 4.104) and subtracting the continuum. Unfortunately,
n some locations the H β line falls in the IFU detector gap, rendering
he lower part of the data cube at the H β wavelength unusable. 

The last two panels show maps of the summed line-free continuum
nd of the stacked line emission in the G235 spectrum. Some imme-
iate observations are the relatively high intensities of components
NJ1338-a and TNJ1338-b in the higher ionization lines, a region
f relatively strong lower ionization lines ([O I ], [O II ], [S II ]) that
ominates in the North beyond TNJ1338-b, and the relatively high
ntensity of the continuum centred on component TNJ1338-a. 
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Figure 2. Extracted full 1D spectra from G235H and G395H gratings of all of the strong line-emitting regions identified in the system. A range of high- and 
low-ionization emission lines are detected across all of these regions that have been marked with dashed lines, with the most prominent line being [O III ]. The 
shaded regions represent detector chip gaps. These spatially resolved line detections enable new insights into the nature of TNJ1338. 
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.3 Kinematics in TNJ1338a and TNJ1338b 

n order to assess the complexity of the emission line profiles that
ur line-fitting code will need to capture, we investigate the two 
right line-emitting regions TNJ1338-a and TNJ1338-b, in particular 
he H α + [N II ] complex and the [O III ] λλ4959, 5007 doublet.
ue to the presence of the AGN and the possibility of outflows

nd jet-ISM interactions, the best-fitting line profile will likely 
equire contributions from se veral narro w or broad components 
f independent central v elocities. F or the line fitting, the local
ontinuum was measured by taking the median continuum value 
lueward and redward of the emission line and then subtracted. The 
ine fits are performed using Gaussian functions via the non-linear 
ptimization and curve fitting routine LMFIT. 4 We also note here that 
he observed line shapes are much broader than the instrumental line 
pread function (LSF ∼ 100 km s −1 ), and therefore, the LSF is not
xpected to substantially impact the measured line widths. 

TNJ1338-a: The fits to the [O III ] and H α + [N II ] lines in
NJ1338-a are shown in Fig. 4 . For the H α + [N II ] complex, the
 https:// lmfit.github.io/ lmfit-py/ 

p
i  

b

tting is performed using two Gaussian functions, one tracing the 
road component and the other narrow, for both the permitted H α line
nd the forbidden [N II ] doublet. We use a fixed [N II ] λ6583/ λ6548
oublet flux ratio of 3.049. A similar two component Gaussian fitting
s implemented for the [O III ] doublet with the 5007 to 4959 Å
ux ratio fixed to 2.98. The results of the fitting did not impro v e
hen allowing for separate redshifts of the narrow and the broad

omponents, and these were set to be the same for each line fit. 
As can be seen from Fig. 4 , the H α + [N II ] complex requires

road components for both H α and [N II ], with the broad com-
onent (green) having full width at half-maximum (FWHM) = 

510 ± 200 km s −1 and the narrow component (orange) having 
WHM = 683 ± 102 km s −1 (FWHM). These values are con-
istent with those obtained for the [O III ] doublet, with a broad-
ine FWHM = 1653 ± 22 km s −1 and a narrow-line FWHM =
80 ± 10 km s −1 (FWHM). From these results, two interesting 
onclusions can be derived about TNJ1338-a. 

First, the observed line width of the broad component of the
ermitted H α line is similar to the broad components measured 
n the forbidden [N II ] and [O III ] doublets, which implies that the
roadening of the lines is likely due to outflows/turbulence, and 
MNRAS 531, 4391–4407 (2024) 
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Figure 3. 2D line maps, in increasing order of wavelength, showing [O II ] λ3727, [Ne III ] λ3869, H β (the co v erage in the lower part of the cube, including at 
TNJ1338-a, falls in the chip gap), [O III ] λ5007, H α + [N II ], [S II ] λλ6716, 6731, continuum in G235H and line emission in G235H, with a linear scale and 
dynamic range from −2 σ to 5 σ for each map. The locations of the central spaxels of all five individual line-emitting regions are marked using gold stars. The 
distribution of high- and low- ionization line emission in this system is important to establish the dominant sources of ionization in TNJ1338, as discussed in 
this paper. 

Figure 4. Fits to the [O III ] (left) and H α + [N II ] (right) lines for TNJ1338-a. The grey shaded region on the top panel represents the best-fitting model 
uncertainty, whereas the shaded region in the bottom panel represents the uncertainty in the data compared to the residuals. We note the presence of narrow and 
broad components with comparable widths in both these lines, which suggests that the broadening of the lines is driven by outflows and not the presence of an 
obvious broad-line region (BLR). 
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ot due to an obvious broad-line region (BLR) associated with
n accretion disc surrounding the SMBH in TNJ1338-a. In typical
GN accretion discs, the densities are much higher than the critical
ensities ( > 10 6 cm 

−3 ) of these forbidden line transitions, which leads
o the collisional de-excitation of forbidden lines. Therefore, the
roadening of emission lines in AGN accretion discs is only apparent
NRAS 531, 4391–4407 (2024) 
n the permitted lines (such as the Balmer lines), and not in forbidden
ines. Comparable broadening of the forbidden and permitted lines,
s observed here, therefore rules out that we are seeing evidence of
he BLR. 

Second, we find that the peak of the broad and narrow components
or both permitted and forbidden lines lie at the same centroid
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Figure 5. Fits to the [O III ] (left) H α + [N II ] (right) lines for TNJ1338-b. Here, we fit two independent components to the lines, allowing the redshift of each 
component to vary. This was needed to accurately fit the highly complex line profiles seen. The redshifts and FWHM of each of the two components resulting 
in the best-fitting profiles are the same for the H α + [N II ] complex and the [O III ] doublet, describing the emission arising at the location of TNJ1338-b well. 
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elocity. This indicates that the broadening mechanism, which is 
erhaps due to outflowing gas, is originating from the location 
f TNJ1338-a. A likely scenario is that we are seeing powerful, 
alaxy-wide outflows driven by an obscured AGN at the location of
NJ1338-a. 
TNJ1338-b: We repeat the same line-fitting analysis for the 

xtracted 1D spectrum of TNJ1338-b. As can be immediately seen 
rom Fig. 5 , fitting two components to each line at the same redshift
ould not yield an acceptable fit. Therefore, the lines are fitted using

wo independent velocity components at different redshifts. The best- 
tting line profiles for the H α + [N II ] complex and the [O III ] doublet
re shown in Fig. 5 . 

We find that the broader line component in [O III ] has a FWHM =
132 ± 16 km s −1 , and the narrower component has FWHM =
43 ± 30 km s −1 . The widths of the components in the H α + [N II ]
omplex are once again highly comparable to that of [O III ],
ith broad FWHM = 1267 ± 197 km s −1 and narrow FWHM 

 724 ± 296 km s −1 . This once again rules out the presence of any
LR at this location, and is indicative of outflows, albeit perhaps not
riginating at the same location as the narrow-line-emitting region. 
Interestingly, at the location of TNJ1338-b the broader line 

omponent is brighter and peaks at a redshift of 4.108 ± 0.001. The
ainter, narrower component peaks at a redshift of 4.125 ± 0.001. 
f the narrow component is tracing the ‘systemic’ velocity, then it
ppears that the line emission is dominated by the more turbulent, 
otentially outflowing component at the location of TNJ1338-b. 
s already mentioned in Section 3.1 , both these components are 

ignificantly redshifted relative to TNJ1338-a. 
Outflow velocities can be estimated using the prescription from 

upke, Veilleux & Sanders ( 2005 ) using the [O III ] lines. The outflow
elocity, v out , is calculated using the peak velocity of the narrow
omponent tracing the systemic emission ( v n ), the peak velocity 
f the broad component tracing the outflow ( v b ), and the velocity
ispersion of the broad component ( σ b ). The v out then follows from
 v b − v n | + 2 σ b . Focusing on the results obtained for [O III ], which
s the cleaner line complex of the two considered here, we find v out =
400 ± 40 km s −1 around TNJ1338-a and 1650 ± 75 km s −1 for
NJ338-b. 

.4 Dust attenuation, ionization state, and metallicity 

he 2D emission line intensity maps and the 1D spectra shown in
he previous sections suggest that there is likely a complex range of
SM conditions across TNJ1338. In this section, we investigate the 
ust attenuation, ionization state, and the metal distribution in the 
ystem. 

We begin by exploring whether significant dust attenuation may 
e seen in the individual line-emitting components. The typical 
pproach would involve calculating the observed Balmer decrements 
e.g. H α/H β) and comparing with theoretical predictions (e.g. from
sterbrock & Ferland 2006 ) to calculate an y observ ed reddening.
o we v er, as we hav e sho wn in the pre vious section, the relati vely
road and kinematically disturbed H α line appears to be blended 
ith the [N II ] doublet, sometimes appearing to have multiple distinct

omponents. Therefore, similarly high signal to noise ratio (S/N) 
ould be needed in the H β line to accurately derive the reddening
f the individual line emitting components. 
Unfortunately for a part of the data cube, including TNJ1338-a, the
 β line falls in the detector chip gap. Therefore, as a first attempt to

xplore dust attenuation in the system, we focus on H β/H γ ratios in
he regions where H β is cleanly visible. For TNJ1338-a, we use the
 α/H γ ratio to measure the observed Balmer decrement using the

otal H α flux. We note here that the H γ line appears to be blended
ith the [O III ] λ4363 auroral line, so we perform a double Gaussian
t to disentangle the emission line flux es. Ov erall, we find that across
ll the strong line-emitting regions, the observed Balmer decrement 
atios are very close to the theoretical expectations (i.e. H γ /H β ≈
.47), which implies little to no dust attenuation at the locations of
he line-emitting regions. A more detailed analysis of the 2D dust
ttenuation has been explored in a separate paper (Roy et al. 2024 ). 
MNRAS 531, 4391–4407 (2024) 
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Figure 6. Location of the individual line-emitting components identified in TNJ1338 on the [N II ]-BPT diagram (Baldwin et al. 1981 , left), the [S II ]-VO87 
diagram (Veilleux & Osterbrock 1987 , middle) and the [O I ]/H α versus [O III ]/H β diagram. Measurements from these components are shown as dark green 
symbols, where for TNJ1338-a and b we report two values, the solid marker is for the brighter component (narrow for TNJ1338-a and broad for TNJ1338-b) 
and the translucent marker is for the fainter line component. We also show data from Sloan Digital Sk y Surv e y (SDSS), where green points are star-forming 
galaxies, orange points are AGN, red points are composite populations, and blue points are LINERS.Measurements from z ∼ 2.5 radio galaxies are shown 
as purple squares, taken from Humphrey et al. ( 2008 ). Also shown is the typical dividing line between star-formation and AGN/shocks derived by K e wley 
et al. ( 2006 ) in black, with predictions from photoionization due to shocks from MAPPINGS (Dopita & Sutherland 1996 ; Allen et al. 2008 ) in red, increasing in 
velocity from left to right. Very clearly, all the individual line-emitting regions in this source lie away from the star-forming region of the diagnostic plot, and 
fa v our photoionization due to AGN and/or shocks. The shock models fa v our metallicities between 0 . 5 − 1 Z �, with TNJ1338-b consistently requiring lower 
metallicities than TNJ1338-a. 
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We now attempt to establish the dominant source of ionization in
he line-emitting regions, TNJ1338-a and TNJ1338-b. We employ the
PT (Baldwin et al. 1981 ) and VO87 (Veilleux & Osterbrock 1987 )
iagnostics that are based on the [N II ] λ6583/H α, [S II ] λλ6716,
731/H α, and [O I ] λ6300/H α versus [O III ] λ5007/H β ratios. These
an be used to distinguish between star-forming regions and pho-
oionization by AGN or shocks. As shown in Figs 4 and 5 , multiple
omponent fits were used to model the observed H α + [N II ] and
O III ] line emission at the locations of TNJ1338-a and b. In this
tudy, we do not attempt to fit multiple components to the other
egions, which will be explored in a future paper. We are further
nable to conclusively obtain multicomponent fits to the [S II ] and
O I ] emission lines, given their much lower SNR compared to the
 α + [N II ] comple x. Therefore, only for re gions TNJ1338-a and b,
e measure the [N II ]-BPT line ratios individually for the two line

omponents, as shown in Fig. 6 . 
In the [N II ]-BPT diagram, the filled star shows the location of

NJ1338-a for the strong (narrow) emission component with a higher
otal line flux, whereas the translucent star is the measurement from
he weaker (broad) component in the H α + [N II ] complex. The
lled diamond is the measurement for the bright (broad) component
f TNJ1338-b, and the translucent diamond is the weaker (narrow)
omponent. For all other components and for the [S II ]-VO87 and
O I ] diagnostics, we only report the total line flux ratios. As can
e seen from the figure, line ratios measured from both of the line
omponents in TNJ1338-a and b, as well as at the locations of all
ther strong line-emitting regions, lie away from the star-forming
egion of the BPT diagram, fa v ouring photoionization driven by
GN/shocks as the dominant mechanism. 
The ratios measured from the fainter (broad) lines from TNJ1338-

 lie closer to the star-forming part of the diagram compared to the
righter (narrow) emission. The line ratios shown in the figure are
iven in Table 1 . This analysis clearly demonstrates that none of
he strong line-emitting regions in TNJ1338 is tracing star-formation
NRAS 531, 4391–4407 (2024) 
lone, and the bulk of the gas in this system is likely ionized by AGN
r shocks. 
In the figures we also show predictions from shock models

rom MAPPINGS 5 (Dopita & Sutherland 1996 ), based on models
f low-density, steady flow shocks with velocities in the range
50–500 km s −1 for three metallicities (0 . 5 Z �, 1 Z �, and 2 Z �,
here Z � is solar metallicity). The purple squares show literature
easurements for HzRGs at z ∼ 2.5 from Humphrey et al. ( 2008 ),
here the rele v ant lines could be observed from the ground. The line

atios that we measure from all strong line-emitting components in
NJ1338 appear to o v erlap with the parameter space occupied by

he lower redshift radio galaxies from the literature. Unfortunately,
he predictions from shock models fully o v erlap with the AGN
hotoionization region in the BPT diagram, making it hard to
onclusi vely dif ferentiate between photoionization due to AGN or
hocks based on this BPT analysis alone. 

We do note here, ho we ver, that the distinction between the
arameter space occupied by star-forming regions and AGN in
he BPT diagram is expected to become less clear toward higher
edshift (e.g. Gro v es, Heckman & Kauf fmann 2006 ; K e wley et al.
013 ). On the one hand, AGN may also occur in young star-forming
alaxies that have relati vely lo w metallicities compared to typical
GN host galaxies at low redshift. On the other hand, the low-
etallicity ISM of young star-forming galaxies can give rise to

igh-ionization parameters and harder radiation fields from massive
orming stars. Therefore, at z ∼ 4 it may not be straightforward
o rule out photoionization driven by low-metallicity star-formation
lone based on these diagnostics. 

Further insights into the state of ionization can be gained by using
he [O III ] λ5007/[O II ] λ3727 ratio, or O32. O32 is sensitive to the
onization parameter and is independent of the gas-phase (O/H)
https:// mappings.readthedocs.io/ en/ latest/ 

https://mappings.readthedocs.io/en/latest/
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Table 1. Emission line flux ratios used in the BPT and VO97 diagrams for the line-emitting components identified in 
TNJ1338. Note that for TNJ1338-a and b, we only give the [S II ]/H α and [O I ]/H α fluxes for the brighter of the two 
components fitted to the line complex. 

Component [O III ] λ5007/H β [N II ] λ6583/H α [S II ] λλ6716, 6731/H α [O I ] λ6300/H α

TNJ1338-a (narrow) 13.93 ± 2.45 a 0.49 ± 0.10 0.36 ± 0.08 0.23 ± 0.05 
TNJ1338-a (broad) 5.28 ± 1.57 a 0.20 ± 0.08 − −
TNJ1338-b (narrow) 9.82 ± 0.78 0.26 ± 0.08 − −
TNJ1338-b (broad) 11.03 ± 0.10 0.42 ± 0.10 0.33 ± 0.03 0.21 ± 0.02 
TNJ1338-west 11.55 ± 0.78 0.41 ± 0.01 0.24 ± 0.02 0.13 ± 0.01 
TNJ1338-east 11.59 ± 1.41 0.83 ± 0.04 0.35 ± 0.13 0.17 ± 0.01 
TNJ1338-north-west 8.08 ± 0.75 0.59 ± 0.02 0.32 ± 0.12 0.22 ± 0.02 

a H β line measurement is affected due to H β being in the chip gap. The H β fluxes of the components have been estimated 
from the observed H α fluxes, assuming no dust. 

Figure 7. 2D map showing the spatial distribution of the [O III ] λ5007/[O II ] λ3727 ratio (O32; left) and ([O III ] λλ4959, 5007 + [O II ] λ3727)/H β (R23, right) 
in the system, with the apertures around TNJ1338-a and b marked using circles and the centroids of the individual line-emitting regions are marked with gold 
stars. Unsurprisingly, TNJ1338-a shows some of the highest O32 ratios in the system. Ho we ver, TNJ1338-b also traces a region of high O32 ratios, with a clear 
discontinuity visible in the distribution of O32 ratios between TNJ1338-a and b. The R23 map is affected by the H β emission in the bottom half of the cube 
lying in the detector chip gap, which we have masked out here. Overall, the R23 distribution in the system appears relatively uniform, indicating a homogeneous 
distribution of metals across the system. 

a  

m
r
l
h
s

i
a
t
e  

t
s  

t
d
b
o
s
M

L  

w
c  

b
a

 

t
i  

a  

c  

r  

a
t  

i  

m
l
A  

w  

p
t  

i  

i

3

F
c
e  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/531/4/4391/7688463 by M
arcela Jalo user on 28 June 2024
bundance. In Fig. 7 we show the O32 2D map of the system,
arking the locations of the centroids of the strong line-emitting 

egions (gold stars). The highest O32 ratios are observed at the 
ocation of TNJ1338-a, highlighting perhaps unsurprisingly that the 
ighest ionization parameters are seen around the main AGN in the 
ystem, with a secondary maximum near TNJ1338-b. 

Interestingly, the O32 ratios do not smoothly decrease with 
ncreasing distance away from TNJ1338-a, as they appear to do 
round TNJ1338-b. Low O32 ratios are observed in between these 
wo regions, and then towards the north-west where the radio 
mission is the strongest. The fact that the O32 ratio map shows
wo clear local maxima is suggestive of completely separate ionizing 
ources at these two locations, ho we ver, it may also be possible
hat the two regions have very different physical conditions (like 
ensity, and temperature). Shock models employed specifically for 
right radio galaxies in the literature have shown that shocked gas 
ften emits relatively stronger lower ionization lines than AGN (or 
hocked precursor) photoionized gas (e.g. Clark et al. 1998 ; Villar- 

art ́ın et al. 1999 ; Best et al. 2000 ). 
The western component (coinciding with the apex or tip of the 

y α wedge, see Section 4.2 ) has relatively high values of O32 as
ell, but interestingly the north-western component does not, which 

an also be seen clearly in Fig. 3 where [O II ] emission appears to be
right near the north-west component. The north-western component 
ppears to be dominated by lower ionization emission. 
The ([O II ] λ3727 + [O III ] λλ4959, 5007)/H β (R23) ratio is a good
racer of the O/H distribution, regardless of the ionization parameter 
n the system, and this is shown in Fig. 7 (right). We note here
gain that H β emission at the location of TNJ1338-a falls in the
hip gap, and we are therefore unable to determine a reliable R23
atio at this location. In contrast to the O32 ratio, we do not note an
ppreciable change in the R23 value across the system. Therefore, 
he O32 and R23 ratios together seem to indicate that although the
onization parameter across the system shows a lot of structure, the

etallicity distribution remains roughly the same across all strong 
ine-emitting regions. This is consistent with what was reported for 
GN selected from SDSS by Dors ( 2021 ), where no R23 variations
ere reported along the radii of the AGN. Dors ( 2021 ) also found a
ositive correlation between R23 and O/H in AGNs, indicating that 
he hardness of the ionization field is not affected by the metallicities
n these objects, similar to what is revealed by the O32 and R23 ratios
n TNJ1338. 

.5 High-ionization emission lines 

urther insights on the extreme ionization conditions in this system 

an be gained based on the presence of certain high-ionization 
mission lines. Nesvadba et al. ( 2017a ) found evidence of extended
MNRAS 531, 4391–4407 (2024) 
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Figure 8. [Ne V ] λ3426 (left) and He II λ4686 (right) 2D maps, tracing some 
of the highest ionization energy lines in the system, with the locations of 
the apertures from Fig. 1 marked (stars). [Ne V ] emission from TNJ1338-a is 
clearly detected, while [Ne V ] emission from TNJ1338-b is significant at the 
∼2 σ level. Since the peak of this emission coincides with the peak emission 
from other lines at TNJ1338-b, the [Ne V ] emission that we see is likely to be 
real and not due to a significant noise fluctuation. Shown right, He II emission 
from both TNJ1338-a and b is clearly detected, with strong emission also 
seen coinciding with TNJ1338-west, towards the wedge. The upper part of 
the He II emission map begins overlapping with the chip gap, but this does 
not affect a large part of the map from where the main strong line emission is 
coming. 
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Table 2. Emission line ratios tracing the ionization conditions at the locations 
of TNJ1338-a and b. 

O32 R23 [Ne V ]/[Ne III ] He II /H β

TNJ-a 13.71 ± 0.01 − 0.68 ± 0.01 −
TNJ-b 6.93 ± 0.02 14.54 ± 0.50 0.28 ± 0.10 0.095 ± 0.010 
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Ne III ] λ3869 in TNJ1338, which can be clearly seen centred around
he locations of TNJ1338-a and TNJ1338-b in the line intensity map
hown in Fig. 3 . Our 1D spectrum at the location of TNJ1338-a
lso shows significant [Ne V ] emission, which requires an extremely
igh-ionization energy E > 97.1 eV, and is therefore a tracer of hard
hotoionizing spectra of (obscured) AGN (e.g. Gilli et al. 2010 ;
ignoli et al. 2013 ). It can also trace fast shocks in AGN (e.g. Leung

t al. 2021 ; Cleri et al. 2023 ) or star-forming regions due to highly
nergetic supernova shocks (e.g. Izotov, Thuan & Privon 2012 ). We
urther note the presence of He II λ4686 emission at the locations of
NJ1338-a and b, which also requires high-energy photons with E
 54.5 eV. 
To investigate the nature of this high-ionization energy emission, in

ig. 8 we show the continuum-subtracted line map of [Ne V ] λ3426
left panel) and He II λ4686 (right panel). Qualitatively speaking,
omponent TNJ1338-a is clearly associated with strong [Ne V ] and
e II emission. Interestingly, a point-like source of [Ne V ] emission

s also detected at the location of TNJ1338-b, although at much
ower significance ( ∼2 σ ). The He II emission at this location is much
learer. The fact that the centroid of [Ne V ] emission at TNJ1338-b
oincides perfectly with the location of [Ne III ], He II , and other much
tronger lines (Fig. 3 ) increases the likelihood that this feature is real
nd not due to noise fluctuations. We further note the possible faint
etection of [Ne V ] and He II at the location of the western component
s well. 

Measuring fluxes directly from the continuum-subtracted 2D
mages in the same apertures across TNJ1338-a and b, we infer
Ne V ]/[Ne III ] (Ne53) ratios of 0.68 ± 0.01 and 0.28 ± 0.10,
espectively. Combined with O32 ratios for TNJ1338-a and b of
3.71 ± 0.01 and 6.93 ± 0.02 and the diagnostic plot presented
n Leung et al. ( 2021 ), which employ predictions from faster
hock models implemented by Allen et al. ( 2008 ) with maximum
hock velocities going up to 1000 km s −1 , this places TNJ338-a
ust outside the region affected by shock ionization, making AGN
hotoionization a more likely choice. The results for TNJ1338-b are
nconclusive because it falls in a region of the O32-Ne53 space in
hich photoionization and shock-models o v erlap. TNJ1338-b could
NRAS 531, 4391–4407 (2024) 
e explained by either standard AGN photoionization or by (very)
ast ( v > 600 km s −1 ) shocks. 

Using the shock models from Dopita & Sutherland ( 1996 ) with
 maximum velocity of 500 km s −1 , Best et al. ( 2000 ) explored a
imilar line ratio diagnostic employing Ne53 and the semi-forbidden
 transitions C III ] λ1909/C II ] λ2326 (C32). Although the rest-UV C

ines are not co v ered by our spectra, one may substitute the C32
atio with the O32 ratio assuming that the C/O abundance ratio does
ot change dramatically across the system (as evidenced by the O/H
istribution traced by R23). The C III ] line has an ionization potential
f 24.4 eV, whereas the C II ] has an ionization potential of 11.3 eV.
y comparison, [O III ] has an ionization potential of 35.1 eV and

O II ] has 13.6 eV. Since the ionization potentials of these lines are
omparable, the O32 ratio may serve as a rough proxy for the C32
atio. Using this argument, the Best et al. ( 2000 ) models would
lassify both TNJ1338-a and TNJ1338-b as being photoionized by
n AGN rather than shocks. 

The inference made using the line ratio diagnostic plots from
est et al. ( 2000 ) and Leung et al. ( 2021 ) imply that shocks with
 < 500 km s −1 are unlikely to explain the [Ne V ] and [Ne III ]
trengths seen at the location of TNJ1338-b, and would fa v our
hotoionization by AGN. Faster shocks, ho we ver, may explain the
bserved line ratios, but these predictions also completely o v erlap
ith the parameter space occupied by AGN models. Therefore, using

he [Ne V ] and [Ne III ] emission lines we cannot conclusively rule out
hotoionization by an AGN at the location of TNJ1338-b. 
The He II detection also tells a similar story. At the location of

NJ1338-b, where the H β line is cleanly detected, we measure a
e II /H β ratio of 0.095 ± 0.010, which is consistent with photoion-

zation due to AGN following the line ratio diagnostics developed by
 ̈ar et al. ( 2017 ), where they showed that the He II -based diagnostics
ere much more efficient at identifying AGN compared to traditional
PT diagnostics. As noted earlier, He II emission is also seen at

he location of TNJ1338-west, which we will explore in detail in a
uture paper. We will return to the possible nature of TNJ1338-b in
ection 4.2 . In Table 2 , we list the measured line ratios tracing the

onization conditions at the locations of TNJ1338-a and b. 

.6 Large-scale kinematics 

n Section 3.3 , we showed the evidence for strong narrow- and
road- velocity components associated with the apertures centred
n TNJ1338-a and TNJ1338-b. Here we will apply this analysis to
he entire system on a spax el-by-spax el basis, focusing on the strong
O III ] emission line. To do this, we extracted a subcube around the
O III ] line and then fit our two-component Gaussian model to the
ine in every spaxel exactly as in Section 3.3 . We then plot the line
ntensities and velocities for the narrow and broad components of the
est-fitting model separately. We do not require a minimum value
f FWHM for the component to be classified as broad – we simply
abel the broader of the two components to as broad. Figs 9 and 10
how the [O III ] line intensity and velocity maps, respectively. 

As discussed before and as shown in Fig. 9 , the narrow [O III ]
mission is most prominent at the location of TNJ1338-a. There
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Figure 9. [O III ] line intensity (right) separated into the best-fitting narrow (left) and broad (middle) emission components, with the total line intensity shown 
in the right panel. This figure illustrates that the broad components of [O III ] emission in TNJ1338 seem to align along the radio jet axis, showing the turbulence 
(and ionization) injected by the radio gas in the system. The narrow-line emission is strongest at the location of TNJ1338-a, and TNJ1338-b also shows a good 
mix of narrow and broad [O III ] components. 

Figure 10. FWHM of the narrow (left) and broad (middle) components of [O III ], along with the outflow velocities inferred using the Rupke et al. ( 2005 ) 
prescription (right). We note that both the FWHM of the narrow and broad components in the system appear to peak towards the eastern/north-eastern edge, 
close to where the Ly α wedge and the radio hotspot were also reported. The outflow velocities are clearly highest around this region as well, which are calculated 
mainly using the velocity shift between the narrow and broad-line component. This clearly shows increased turbulence in the gas closer to the radio hotspot. 
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s appreciable narrow [O III ] emission also seen at the location of
NJ1338-b, as well as in the west and east components. The broad

O III ] line flux map presents a very different picture, dominated by
n almost continuous linear feature extending from TNJ1338-a to 
oughly the location of the VLA radio emission at its Northern tip.

e note that this is somewhat towards the west of the location of
NJ1338-b, which is prominently seen in the narrow-line intensity 
ap. As such, this linear broad-line intensity feature appears to 

ollow the expected direction of the hidden radio jet. An alternative 
xplanation is that the broad-line flux is somehow associated with 
NJ1338-b, which will be explored as part of an alternative scenario 
iven in Section 4.2 . 
Fig. 10 shows the spatial distributions of the FWHMs of the 

arrow and broad components of [O III ]. Besides the fact that there
re almost no spaxels where the velocity drops below ∼500 km s −1 ,
he most striking feature is a region on the western edge of the galaxy
here both the narrow and the broad components seem to reach their
aximum velocities (about 1000 and 2000 km s −1 , respectively). It is

nteresting to note that this region does not coincide with any particu-
ar high-intensity emission line feature (see right panel of Fig. 9 ). Cu-
iously, it lies even to the west of the radio hotspot traced by the VLA
adio emission. Following the outflow calculation of Section 3.3 , this
egion naturally coincides with the region having the highest outflow 

elocities of around 2000 km s −1 (right panel of Fig. 10 ). 
 O N  T H E  NATU R E  O F  T N J 1 3 3 8  

.1 The AGN nucleus: TNJ1338-a 

n the initial disco v ery paper (De Breuck et al. 1999 ), a very faint,
teep-spectrum radio component seen close to the Northern hotspot 
n the maps from Pentericci et al. ( 2000 ) was interpreted as the
adio core. Registration to a ground-based K -band image placed 
his component just South of the host galaxy, with the Northern
otspot falling near the peak of the host galaxy in the ground-based
mage. Ho we v er, this re gistration suffered from the ∼0.4 arcsec
ncertainty in the optical reference system (De Breuck et al. 1999 ).
igh-resolution images with the HST /ACS later showed that the 
resumed faint radio core was more likely to be associated with the
eak intensities in the rest-UV and K -band images with a relative
ncertainty of 0.3 arcsec (Miley et al. 2004 ; Zirm et al. 2005 ). 
This also shifted the Northern hotspot to lie further to the north-

est of the galaxy. This registration was substantially impro v ed by
uncan et al. ( 2023 ) who achieved a ∼2 mas accuracy astrometry

ied to GAIA DR3. That registration was also adopted here and in Roy
t al. ( 2024 ), and should settle the matter at least where it concerns the
ocation of the radio hotspot (see Fig. 1 ). Ho we ver, our o wn analysis
f the faint radio feature previously associated with the core of the
GN cannot confirm if this radio component is real or not. Without
MNRAS 531, 4391–4407 (2024) 
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he definite identification of a radio core location, it remained to be
hown from where the radio jets in TNJ1338 are launched. 

Based on the analysis presented in this paper, there is now
mple evidence that TNJ1338-a is indeed the location of the SMBH
owering the radio emission. In particular, the results from the BPT
nalysis, the very high O32 ratio and the high-ionization [Ne V ]
mission point to a strong source of photoionization at that location.
he lack of BLR emission found in Fig. 4 further confirms it to be
n obscured (Type 2) AGN. This component also dominates the total
nd narrow-line [O III ] intensity, and is associated with significant
utflow velocities of ∼1500–2000 km s −1 . TNJ1338-a furthermore
oincides with the region where the highest stellar mass and the
ighest stellar mass surface density are found based on NIRCam
mages (Duncan et al. 2023 ), making it the most likely site for an
MBH in this entire system. As shown in Section 3 , the redshift of

his component is z = 4.102. 
In Roy et al. ( 2024 ), a more detailed analysis of the kinematics

f TNJ1338 is presented. Comparison of the total ionized gas mass
nd mass outflow rates with the available kinetic energy input from
he radio jet implies that the jet couples only weakly to the ISM.
he o v erall picture is consistent with the standard scenario for an
xpanding radio cocoon (Begelman & Cioffi 1989 ). 

.2 Evidence for a dual-AGN system? 

he previous section shows that the region coinciding with com-
onent TNJ1338-a has been identified as the most likely location
or the SMBH that is powering the radio jets. In a separate paper,
t is shown that photoionization by the AGN located at TNJ1338-a
s, in principle, sufficient for providing the source of ionization to
cales of about 10 kpc along a radiation cone aligned with the radio
xis (Roy et al. 2024 ). Curiously, ho we ver, as sho wn in this paper
here are strong observational similarities between TNJ1338-a and
NJ1338-b. The latter component was identified based on having the
trongest line emission outside the nucleus (Figs 1 and 9 ). Similar to
NJ1338-a, it has a spectrum consistent with AGN photoionization

Fig. 6 ) and a similar [O III ] line profile consisting of a narrow and
road component (Fig. 5 ), albeit peaking at different velocities. The
act that the same broad-velocity component was seen both for H α

nd [O III ] makes it unlikely that we are seeing a BLR, just as in the
ase of TNJ1338-a. 

TNJ1338-b also shows evidence for a [Ne V ] point source, albeit
ith fainter flux compared to that seen at the location of TNJ1338-a

Fig. 8 ). If we were to apply to the same reasoning to TNJ1338-b
hat was used to identify TNJ1338-a with an (obscured) AGN, we
ould reach the conclusion that TNJ1338-b is also an obscured AGN.

f this interpretation is correct, this would be the first dual AGN
ystem disco v ered in a high-redshift radio galaxy with potentially
ery interesting implications. Ho we ver, before reaching such a
onclusion, an important complicating factor needs to be taken into
ccount. As can be seen in Fig. 1 , location TNJ1338-b lies quite close
o the location of the Northern hotspot, ho we v er the y are not spatially
oincident. The TNJ1338-b centroid lies about 0.2–0.3 arcsec south
ast of the hotspot centroid. TNJ1338-b also does not lie on the
onnecting line between TNJ1338-a (now identified with the core
f the radio galaxy) and the radio hotspot. We note here, ho we ver,
hat there is a 0.002 arcsec uncertainty in the astrometric accuracy
f our data cube, and the positional uncertainty arising from the
alibrator for the VLA images (3C 286 in this case, which is a
NRAS 531, 4391–4407 (2024) 
ank A calibrator; 6 Pentericci et al. 2000 ) is also 0.002 arcsec. These
ncertainties are much smaller than the offset between the peak radio
mission and the peak line-emitting region. 

As ionization of Ne 3 + requires soft X-ray photons with energies
n the range 97–126 eV, the [Ne V ] λλ3346,3426 Å emission line
oublet is a common tracer of (obscured) AGN (e.g. Schmidt
t al. 1998 ; Gilli et al. 2010 ; Cleri et al. 2023 ). TNJ1338-b has
og ( L [Ne V ] / erg/s ) = 43 . 5 ± 0 . 3, which is comparable to typical Type
 AGN at lower redshifts (e.g. Gilli et al. 2010 ). Ho we ver, as sho wn in
ection 3.5 , diagnostic diagrams involving the Ne53 line ratio (Best
t al. 2000 ; Leung et al. 2021 ) do not provide a conclusive answer on
hether TNJ1338-b is powered by high-velocity shocks associated
ith the impacting radio jet or by another photoionization source.
ig. 7 shows a secondary peak in O32. This peak does not coincide
ith the hotspot location, but is located in between TNJ1338-b and

omponent ‘west’. If there is a secondary AGN photoionizing the
SM, we would expect O32 to decrease with increasing distance
rom this particular region, which is consistent with what is observed
Fig. 7 ). 

A very interesting feature of TNJ1338 that was highlighted by
irm et al. ( 2005 ) is a wedge-shaped region of Ly α. The wedge has
 rest-frame Ly α equi v alent width (EW) of > 650 Å and is easily
etected in the ACS r 625 image (Fig. 11 ; see also fig. 4 in Duncan et al.
023 ). While HzRGs frequently show line and continuum emission
hat is aligned with their radio axes, it is rare to find strong features
hat are perpendicular to it. Zirm et al. ( 2005 ) performed an e xtensiv e
nalysis of the wedge. Its apex lies near component ‘west’ and it
xtends for about 15 kpc toward the west away from the main body
f the galaxy defined by the continuum and line emission. Radial and
zimuthal surface brightness profiles indicate that it has a relatively
harp edge at 10 kpc and reaches maximum brightness along the
irection that is perpendicular to the radio axis with relatively sharp
utoffs at either side of the azimuthal profile. There is some evidence
or a much fainter counterwedge on the opposite side of the galaxy.

ith its apex about 1 arcsec away from TNJ1338-a and its main
xis furthermore perpendicular to the radio axis, Zirm et al. ( 2005 )
rgued that it is unlikely that the wedge is due to photoionization by
he AGN or related to shocks from the radio jets. They furthermore
uled out star formation as a source of photoionization within the
edge itself, based on the very high EW. 
Instead, they interpreted the wedge as evidence for a supernova-

ri ven outflo w in which the gas is photoionized at its apex and
hock-ionized further out, similar to that observed in local starburst
alaxies (Heckman, Armus & Miley 1990 ). They also showed that the
edge naturally connects to the larger scale Ly α halo that extends
 v er 150 kpc, roughly aligned with the radio axis in its outskirts
see their fig. 11). A possible scenario is thus that the wedge traces
utflowing gas that eventually streams along the boundary of the
a vity exca vated by the radio jets. 

Duncan et al. ( 2023 ) searched for a counterpart of the Ly α wedge
n the NIRCam F335M image that contains H α + [N II ], but found
one. Ho we ver, we found that the apex of the wedge coincides with
he distinct feature that we have labelled ‘west’ in Fig. 1 (it can
lso be seen in the NIRCam images). Although there is no obvious
ounterpart of the further wedge in the rest-frame optical emission
ine maps (Fig. 3 ), a faint, isolated feature that can be seen in the
op-right in all line maps does coincide with a similar feature in Ly α
een just at the edge of the wedge. 

https://science.nrao.edu/facilities/vla/docs/manuals/oss2015B/performance/positional-accuracy
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Figure 11. HST /ACS F775W image from Miley et al. ( 2004 ), along with contours from F625W that contains prominent and extended Ly α emission (blue) 
including the ‘wedge’ feature discussed in Section 4.2 and Zirm et al. ( 2005 ). We also show VLA C -band (6 GHz) contours from Pentericci et al. ( 1999 ), which 
shows the brighter northern and the fainter southern radio lobes. The wedge is suggestive of a second ionization cone that is oriented along the direction to 
TNJ1338-b (dashed line). This direction is perpendicular to the radio axis that goes through TNJ1338-a. 
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Interestingly, comparing Figs 7 and 10 shows that the O32 peak 
ear TNJ1338-b does not coincide with the region where the highest 
utflow velocities are observed. Ho we ver, the latter does coincide 
ith the apex of the wedge. In the dual AGN scenario, these high
elocities could perhaps originate from strong radiative feedback 
rom the second AGN. Given the connection between the wedge and 
he larger-scale Ly α halo, this outflow could then ultimately even be 
esponsible for feeding the Ly α halo. 

Further, Zirm et al. ( 2005 ) concluded that if a second obscured (and
adio-quiet) AGN would be located at the component that we now 

dentify as TNJ1338-b, this would explain the wedge feature tracing 
 photoionization cone arising from this AGN. They concluded that 
hile not impossible, this explanation was not preferred mainly given 

he lack of significant continuum in the K S -band at that location. We
ave shown that components TNJ1338-a and TNJ1338-b have a 
ystemic velocity difference of about 411 km s −1 . If TNJ1338-b also
osts an SMBH, then one possibility is that it is part of a companion
alaxy that is merging with TNJ1338-a, given the large velocity 
ifference. Fig. 3 and the analysis in Duncan et al. ( 2023 ) show that
lthough there is no obvious secondary galaxy at this location, there is
 significant amount of rather diffuse stellar continuum. Re-analysis 
f the stellar mass density maps of Duncan et al. ( 2023 ) incorporating
he additional continuum information provided by the NIRSpec/IFU 

bservations indicates a (maximum) stellar mass of log ( M � /M �) ≈
.8 inside the aperture of TNJ1338-b, roughly a factor 10 less than
 t  
hat measured for TNJ1338-a. Ho we ver, this mass estimate is similar
o that found in other, randomly placed apertures around this area,
ndicating that diffuse stellar mass associated with for example tidal 
ebris as opposed to the bulk mass of a merging companion is another
ossibility. 
In light of the evidence we have presented for a possible sec-

nd AGN associated with TNJ1338-b, a conclusion that was also 
ndependently derived by Zirm et al. ( 2005 ) purely based on the
ocation and morphology of the wedge feature, we conclude that the
ossibility of a second AGN in TNJ1338 is still very much an option.

.3 Implications for the host galaxy 

he line widths and the outflow velocity we infer at the location of
NJ1338-a are comparable to what has been previously observed 

or bright radio galaxies and X-ray selected AGN at z ∼ 2 (e.g.
esvadba et al. 2017a ; Kakkad et al. 2020 ), and we refer the readers

o Roy et al. ( 2024 ) for a detailed kinematic estimate of the energy in
he gas in this system. These findings are also consistent with what
s observed in young radio galaxies at z < 1 (Santoro et al. 2020 ).
ompared to outflows from more ‘normal’ high-mass galaxies with 
o obvious presence of a bright AGN at 3 < z < 9 (e.g. Carniani
t al. 2023 ), the line widths and outflow velocities in TNJ1338 appear
o be much higher, suggesting a strong role played by the AGN in
he broadening of the lines and resulting in a galaxy scale outflow.
MNRAS 531, 4391–4407 (2024) 
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 detailed study of these large-scale outflow effects is presented in
oy et al. ( 2024 ). 
The results in this paper paint a somewhat different picture than

hat presented in Zirm et al. ( 2005 ) and Duncan et al. ( 2023 ), who
ound the photometric observations of the line emission in TNJ1338
o be consistent with an ISM, possibly triggered by positive AGN
eedback from the large-scale radio jets. Instead, the NIRSpec data
how that the ISM is almost entirely photoionized by AGN with some
ontribution from shocks and none of the individual components is
onsistent with photoionization from star-formation alone. Ho we ver,
he stellar mass and mass surface density estimates derived by
uncan et al. ( 2023 ) should remain v alid, gi ven that this is largely
etermined by the emission line free NIRCam filters. 
Furthermore, the value of M � ∼ 10 11 M � derived by Duncan

t al. ( 2023 ) is consistent with previous estimates based on lower
esolution data from HST and Spitzer (Overzier et al. 2009 ; De Breuck
t al. 2010 ). One concern was that if TNJ1338 included a significant
mount of scattered continuum or broad-line region emission from
n AGN, this could have significantly affected these stellar mass
stimates. The fact that we do not find evidence for any BLR means
hat the high-stellar mass determined by Duncan et al. ( 2023 ) likely
emains largely valid. 

We can use the observed [O III ] luminosity to estimate the bolo-
etric luminosity of the AGN using the result from Heckman et al.

 2004 ), who found L bol = 3500 × L [O III ] erg s −1 with a dispersion of
.38 dex. Here L [O III ] is based on the observed [O III ] λ5007 flux not
orrected for dust. Taking only the total line luminosity directly asso-
iated with TNJ1338-a we find L bol = 5.0 × 10 48 erg s −1 . The mass of
he black hole can then be calculated as (Jia et al. 2011 ) M • = 2 . 6 ×
0 −5 L bol ( L �)( L/L E ) −1 = 3 . 4 × 10 10 ( L/L E ) −1 M �, where ( L / L E ) is
he Eddington ratio. 

Although we have no observational probe of the actual Eddington
atio, any value less than unity would quickly result in an SMBH of
nphysical proportions (McConnell et al. 2011 ). The large (inferred)
lack hole mass in our calculation is mainly driven by the very high
 [O III ] . Ho we ver, it must be noted that the line emission in TNJ1338 is

xtremely luminous compared to typical HzRGs. Its H α luminosity,
or example, is about 10 times more luminous than the median value
ound in the sample of HzRGs studied by Nesvadba et al. ( 2017a ).
 contribution from star formation is unlikely to be the cause of

his excess, as the BPT analysis clearly shows that AGN-related
rocesses are dominant. Assuming no dust and taking the SFR of
500 M � yr −1 (see below) would contribute about 8 × 10 43 erg s −1 

o the [O III ] λ5007 luminosity (Villa-V ́elez et al. 2021 ), which is
bout 5 per cent of the total observed. 

An alternative estimate of the bolometric luminosity, derived from
he total IR luminosity of the best-fitting AGN model from Falkendal
t al. ( 2019 ), is 2 × 10 47 erg s −1 . Using this value instead, we find
 • = 1 . 4 × 10 9 ( L/L E ) −1 M �. This is more than 10 × lower than the

bo v e estimate that was based on L [O III ] , and furthermore a value that
s much more comfortable for a wider range of Eddington ratios. In
he dual AGN scenario, if we assume about half of L bol for each of
he AGN, the individual black holes would each have masses of order
0 9 ( L/L E ) −1 M �. 
Together with the stellar mass estimates for the two components,

nd assuming Eddington accretion, this would imply black hole
ass to stellar mass ratios of order 0.01 and 0.1 for TNJ1338-a

nd TNJ1338-b, respectively. This difference is entirely driven by
he factor 10 difference in their stellar masses. While the value
or TNJ1338-a is reasonable for luminous AGN at high redshift
e.g. Neeleman et al. 2021 ), the value for TNJ1338-b is very much
igher. The latter would be consistent with the possible scenario of
NRAS 531, 4391–4407 (2024) 
n SMBH found amidst tidal debris. We note here that recent JWST
bservations of AGN at z > 4 selected via the presence of broad-
almer-line emission have also showed similarly high M BH / M � ratios

e.g. Harikane et al. 2023 ; Maiolino et al. 2023 ), which lie abo v e
he locally observed scaling relations and may be indicative of an
arlier assembly epoch for SMBHs, and a later epoch of stellar
ass assembly. Maiolino et al. ( 2023 ) noted that the BH masses and

elocity dispersion are more in line with local relations, which for
NJ1338 we will explore further in a future study. 
Despite our new interpretation of the dominant ionization mech-

nism powering the UV continuum and optical line emission being
GN rather than star-formation, TNJ1338 is likely not a quiescent
alaxy. TNJ1338 was also detected at 450 and 850 μm and 1.2 mm
De Breuck et al. 2004 ), and the spectral energy distribution (SED)
as modelled by Falkendal et al. ( 2019 ) who derived a total SFR of
61 M � yr −1 . These wavelengths are in between the power law and
arm dust emission associated with AGN at mid-IR wavelengths

nd the synchrotron emission at radio wavelengths. In that particular
egion, the spectrum is entirely dominated by the modified black
ody spectrum expected from cold dust heated by star formation.
oy et al. ( 2024 ) have modelled the global kinematics of TNJ1338,
nd find a total mass outflow rate of about 500 M � yr −1 . This is
oughly equal to the far-IR/sub-mm SFR. With a mass loading factor
f order unity, the galaxy thus appears to be heavily limited by the
inetic feedback associated with the radio jets. 

.4 Implications for the protocluster environment 

NJ1338 has received significant attention since its disco v ery,
ecause of evidence that it is located near the centre of a large
 v erdensity of galaxies (Venemans et al. 2002 , 2007 ; Miley et al.
004 ; Intema et al. 2006 ; Overzier et al. 2008 , 2009 ; De Breuck
t al. 2010 ; Saito et al. 2015 ). Analysis of the size and magnitude of
he o v erdensity has shown that the TNJ1338 structure is consistent
ith the progenitor of a rich cluster of galaxies that will collapse and
irialize some time before the present day. The massive host galaxy
nd the powerful AGN-driven feedback observed make TNJ1338 a
lear candidate for what may become the brightest cluster galaxy in
he future cluster. We note here that the expected one-dimensional
elocity dispersion for a virialized halo of 10 13 M � at z = 4 is σ v 

140–320 km s −1 (Evrard et al. 2008 ; Mo, van den Bosch & White
010 ), much lower than the significant outflow velocities found here.
Smail & Blundell ( 2013 ) detected extended X-ray emission with

n (observed) 0.5–8 keV luminosity of about 2.2 × 10 44 erg s −1 . The
mission e xtends o v er 30 kpc roughly aligned with the radio source.
his X-ray emission is much too high for the thermal Bremsstrahlung
xpected from any virialized system at z ∼ 4. Instead, it is most likely
ue to Inverse Compton scattering, which is commonly seen toward
zRGs (e.g. Scharf et al. 2003 ; Overzier et al. 2005 ). For a typical
assive cluster of M ∼ 10 15 M �, the most massive progenitor that

s part of its merger tree has a mass of about M ∼ 10 13 M � at z ∼
 (Chiang, Overzier & Gebhardt 2013 ), which we will assume is a
easonable estimate for the halo mass of the TNJ1338 radio galaxy
iven what we know about its stellar mass. 
An important problem in the study of cluster formation is the origin

f the entropy floor of the intracluster medium (Tozzi & Norman
001 ). Roy et al. ( 2024 ) showed that, despite the high-mass outflow
ates observed, the radio jet kinetic energy couples only weakly to the
urrounding ISM. In the context of the massive (forming) dark matter
alo, it is possible that the remaining energy contributes to heating of
he surrounding medium as required by intracluster medium (ICM)
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reheating models, provided that the jet couples to the halo gas 
fficiently. 

Several other protoclusters have been found at z ≈ 4 (e.g. Dey et al.
016 ; Lemaux et al. 2018 ; Miller et al. 2018 ). Recently, Chapman
t al. ( 2024 ) detected a radio AGN as part of the central core of
alaxies in the protocluster SPT2349–56 at z = 4.3. Although the 
recise host of the radio emission has not yet been identified within
 region of 2 arcsec × 2 arcsec that contains three merging galaxies
ith very high-stellar or dynamical masses, SPT2349–56 is therefore 

nother protocluster with a radio-loud AGN at its centre. Although 
he radio luminosity of SPT2349–56 is ∼500 × lower than that 
f TNJ1338, Chapman et al. ( 2024 ) estimate that the high power
ontained within the radio jets would be sufficient to offset the 
ooling of hot gas within its inferred virial radius. 

Like TNJ1338, SPT2349–56 also has a luminous extended halo 
f Ly α emission, indicating that luminous radio AGN may be 
esponsible for distributing the gas to large scales and providing 
 source of photoionization. Another interesting and related aspect 
nvolves the origin of the metals in the extended ICM. Simulations 
ave shown that a significant fraction of the Fe-rich gas in the ICM
f local clusters originates from gas that was enriched at z > 2 and
rought in through accretion and merging between progenitor haloes 
Biffi et al. 2018 ). The significant mass outflow rates estimated by 
oy et al. ( 2024 ) could be a source of such metal-enriched gas. 
Studying the centers of protoclusters like TNJ1338 and SPT2349–

6 thus offer important insights not only on AGN feedback in massive
arly galaxies, but also on their connection to the development of the
arger-scale cosmic web around them. 

 SU M M A RY  

n this paper, we present JWST NIRSpec integral-field spectroscopic 
bservations of TNJ1338 −1942, a remarkably complex radio-loud 
GN at z = 4.1. The data cube has revealed both continuum and

trong emission lines in the radio AGN, as well as spatially extended
ine emission along the radio jet axis tracing highly ionized conditions
n the system. 

From the 2D emission line maps, we have identified five strong
mission line regions in the field: TNJ1338-a, the host AGN, 
NJ1338-b which is offset to the north-west and presents extremely 
trong emission lines, TNJ1338-west which coincides with the apex 
f the previously identified Ly α ‘wedge’ structure, TNJ1338-east 
hich is on the opposite side of the wedge and the radio axis, and
NJ1338-north-west which closely coincides with the peak of the 

adio emission. 
A detailed analysis of the kinematics of the H α + [N II ] complex

nd the [O III ] doublet has revealed the presence of galactic scale
utflo ws dri ven by the AGN, and highly disturbed gas distribution.
he presence of broad lines of comparable widths in both permitted 
nd forbidden lines at TNJ1338-a rules out an obvious BLR arising
rom black hole accretion. 

Using the classical BPT and VO87 line ratio diagnostics, we 
nd that none of the strong line-emitting regions are predominantly 
hotoionized by star-formation activity, and must be ionized by the 
GN with a possible contribution from fast radiative shocks. A 2D 

ap of the [O III ]/[O II ] (O32) ratio reveals a complex structure,
ith peaks at the locations of TNJ1338-a and b, indicating generally 
igh-ionization parameters and possibly multiple ionizing sources in 
he field. The ([O II ] + [O III ])/H β (R23) map shows that the level
f oxygen enrichment is relatively constant across the system, and 
e highlight a clear lack of metallicity gradients along the jet axis.
verall, we find that the field is highly ionized, with no obvious
tar-formation dominated regions seen in the analysis. 

Extremely high-ionization potential [Ne V ] emission is seen 
rominently at the location of TNJ1338-a, as may be expected from
right AGN-driven photoionization. Interestingly, point-like [Ne V ] 
mission, albeit with relatively low significance ( ∼2 σ ) is also seen at
he location of TNJ1338-b. Using the [Ne V ]/[Ne III ] line ratio along
ith predictions from various shock-driven photoionization models, 
e find that the Ne line ratios of both components are consistent with

ither photoionization by fast ( v > 600 km s −1 ) shocks, or by AGN.
o we ver, the line ratios do seem to rule out photoionization due to

lower shocks in this region. 
Further, the [O III ] intensity and kinematic maps produced by

ecomposing the line into broad and narrow component on a spaxel-
y-spaxel basis have revealed prominent narrow-line emission from 

ll five emission line regions, with broad-line emission appearing to 
lign along the radio jet axis. This potentially traces the turbulence
nduced in the gas by the AGN jet as it traverses the medium. The
elocity map reveals that the broadest line widths are seen west and
orth-west of the system close to the radio hotspot. These locations
lso present the highest outflow velocities. 

These observations have helped shed light on the true nature of
NJ1338 −1942, confirming that TNJ1338-a is likely the bright, 
bscured type-2 AGN photoionizing its surroundings and driving 
he radio jets observed. Ho we ver, a combination of our findings have
lso led to the possibility that TNJ1338 −1942 may host a second
GN, at the location of TNJ1338-b. The secondary AGN could trace
nother galaxy with an active SMBH that is merging with the main
ystem as seen in other dual AGN systems (Comerford et al. 2009 ;
omerford & Greene 2014 ) or it could be due to the presence of
 gra vitational wa ve recoiling BH (Chiaberge et al. 2017 , 2018 ).
he latter could offer an attractive scenario especially given the 
vidence for significant diffuse stellar mass but not a clear host
alaxy around what would be the secondary AGN. In both the dual
GN and recoiling BH case, ho we ver, these findings would trace the
rocess of merging of galaxies and BH growth. 
The dual AGN scenario also explains a longstanding puzzle related 

o the origin of a large conical structure bright in Ly α perpendicular
o the radio axis. If this interpretation is correct, TNJ1338 would
e an exceptional dual AGN system known at z > 4. Recent JWST
bservations, also with NIRSpec, have suggested that a substantial 
raction of high-redshift galaxies may contain dual AGN systems 
Perna et al. 2023a , b ). These results are based on the same BPT
ine ratio diagnostics as performed in Section 3.4 . Although none
f those sources is known to be radio loud, we note that we would
ave easily reached a similar conclusion had we not considered the
omplications due to the presence of the radio jet in TNJ1338. 

Our observations highlight the revolutionary capabilities of the 
IRSpec IFU, and have led to new insights into the physical and

hemical nature of TNJ1338 −1942, revealing a highly complex and 
nteresting radio AGN system in the early Universe. Detailed studies 
f such systems are essential to gain a better understanding of the
ssembly of some of the most massive and energetic systems across
edshifts. 
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