
MNRAS 547, 1–20 (2026) ht tps://doi.org/10.1093/mnr as/stag336 
A dvance A ccess publication 2026 February 17 

GA-NIFS: int erst ellar medium properties and tidal int eractions in 

the ev olv ed massiv e merging syst em B14-65666 at z = 7.152 

Gareth C. Jones , 1 , 2 , 3 ‹ Rebecca A. A. Bowler , 4 Andrew J. Bunk er , 3 Mirk o Curti, 5 
Santiago Arribas, 6 Stefano Carniani , 7 Stephane Charlot , 8 Michele Perna, 6 
Bruno Rodríguez Del Pino, 6 Hannah Übler , 1 , 2 , 9 Chris J. Willott, 10 Jacopo Chevallard, 3 
Giov anni Cresci, 11 Eleonor a Parlanti, 7 Jan Scholtz 

1 , 2 and Giacomo Venturi 7 

1 Kavli Institute for Cosmology, University of Cambridge, Madingley Road, Cambridge CB3 0HA, UK 

2 Cavendish Laboratory, University of Cambridge, 19 JJ Thomson Avenue, Cambridge CB3 0HE, UK 

3 Department of Physics, University of Oxford, Denys Wilkinson Building, Keble Road, Oxford OX1 3RH, UK 

4 Jodrell Bank Centre for Astrophysics, Department of Physics and Astronomy, School of Natural Sciences, The University of Manchester, Manchester M13 
9PL, UK 

5 European Southern Observatory, Karl- Schwarzschild- Strasse 2, D-85748 Garching, Germany 
6 Centro de Astrobiología (CAB), CSIC-INTA, Ctra. de Ajalvir km 4, Torrejón de Ardoz, E-28850, Madrid, Spain 
7 Scuola Normale Superiore, Piazza dei Cavalieri 7, I-56126 Pisa, Italy 
8 Sorbonne Université, CNRS, UMR 7095, Institut d’Astrophysique de Paris, 98 bis bd Arago, 75014 Paris, France 
9 Max-Planck-Institut für extraterrestrische Physik (MPE), Gießenbachstraße 1, D-85748 Garching, Germany 
10 NRC Herzberg, 5071 West Saanich Rd, Victoria, BC V9E 2E7, Canada 
11 INAF – Osservatorio Astr ofisc o di Ar c etri, larg o E. Fermi 5, I-50127 Fir enze, Italy 

Accepted 2026 February 15. Received 2026 February 13; in original form 2024 December 19 

A B S T R A C T 

We present JWST /NIRSpec IFU observations of the z = 7 . 152 galaxy system B14-65666, as part of the GA-NIFS survey. Line 
and continuum emission in this massive system ( log 10 (M ∗/ M �) = 9 . 8 ± 0 . 2 ) is resolved into two strong cores surrounded 

by diffuse emission, as seen in recent JWST/NIRCam imaging. Our data set contains detections of [O ii ] λλ3726 , 3729 , 
[Ne iii ] λλ3869 , 3968 , Balmer lines, [O iii ] λλ4959 , 5007 , He i λ5875 , and weak [O iii ] λ4363 . Each spectrum is fit with a 

model that consistently incorporates interstellar medium conditions (i.e. electron temperatur e, T e , electr on density, n e , 
and colour e x cess, E(B − V ) ). The r esulting line flux es ar e used to constrain the gas-phase metallicity ( Z g ∼ 0 . 2 −0 . 3 solar) 
and H β-based star formation rate for each region. Common line r atio diagr ams (O32–R23, R3–R2, N e3O2–R23) r eveal 
that each line-emitting region lies at the intersection of low- and high-redshift galaxies, suggesting low ionization and 

higher metallicity compared to the predominantly lower-mass galaxies studied with the JWST/NIRSpec IFU so far at 
z > 5 . 5 . Spax el-by-spax el fits reveal evidence for both narrow (FWHM < 400 km s −1 ) and broad (FWHM > 500 km s −1 ) 
line emission, the latter of which likely r epr esents tidal interaction or outflows. Comparison to ALMA [C ii ]158 μm 

and [O iii ]88 μ m data shows a similar velocity structure, and we e xplor e optical-far infrared diagnostics. The two core 
galaxies both lie on the mass-metallicity relation at z > 4 , but show contrasting properties (e.g. M ∗, Z g ), suggesting distinct 
evolutionary pathways. Combining the NIRSpec IFU and ALMA data sets, our analysis opens new windows into the 
merging system B14-65666. 

Key wor ds: g alaxies: high-r edshift – galaxies: interactions – galaxies: ISM – galaxies: kinematics and dynamics. 
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 INTRODUCTION  

he first 1 Gyr of the Universe ( z > 6 ) was a unique era of cos-
ic time. The first galaxies emerged (e.g. N. Laporte et al. 2021 ;
. Curtis-Lake et al. 2023 ; S. Carniani et al. 2025 ) and started

he process of ionizing their surroundings (e.g. E. Bañados et 
l. 2018 ; K. Nakajima et al. 2023 ). Galaxy formation was rapid
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nd fruitful, with high galaxy merger rates (e.g. Q. Duan et al.
025 ), and evidence for increasing volume density of molecular 
 as (e.g . D. A. Riechers et al. 2019 ; M. Aravena et al. 2024 ; C.
agone-Figueroa et al. 2024 ) and star formation rate (SFR; e.g.
. Gruppioni et al. 2020 ; Y. Khusanova et al. 2021 ; A. Traina et al.
024 ) with increasing cosmic time, based on extrapolation from 

 < z < 6 . 
The first z > 6 galaxies were det ect ed less than three decades

go (e.g. X. Fan et al. 2001 ; E. M. Hu et al. 2002 ; E. R. Stanway, A.
. Bunker & R. G. McMahon 2003 ; Y. Taniguchi et al. 2005 ), but
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2 Because it was the first galaxy in the Epoch of Reionization (EoR) 
hrough the advent of cutting edge telescopes, the redshift fron-
ier has already been extended to within the first ∼ 300 Myr of 
he Universe ( z > 13 ; e.g. S. Carniani et al. 2024 ; V. Kokorev et al.
025 ; J. Witstok et al. 2025 ). Morpho-kinematic studies of high-
 edshift g alaxies with ALMA r evealed a population of r elax ed
 otating disc g alaxies (e.g . M. N eeleman et al. 2020 ; F. Lelli et al.
021 ; R. Herrera-Camus et al. 2022 ; L. E. Rowland et al. 2024 ),
ut many observations revealed clumpy or merging systems (e.g.
. Carniani et al. 2018 ; G. C. Jones et al. 2021 ; L. L. Lee et al. 2025 ).
his was supported by the results of zoom-in cosmological sim-
lations, which showed that bright z > 6 galaxies accreted mass

hr ough fr equent interactions with low er-mass sat ellit es and/or
ollisions (e.g. M. Kohandel et al. 2019 ; A. Pallottini et al. 2022 ).
ow ev er, most spectroscopic ALMA observations featured low

patial resolution ( ∼ 1 arcsec , corresponding to ∼ 6 kpc at z = 6 ).
This picture was made even clearer with the advent of James
ebb Spac e Telesc ope ( JWST ; J. P. Gardner et al. 2023 ) and the

ntegral field unit (IFU) on the NIRSpec instrument (T. Böker
t al. 2022 ; P. Jakobsen et al. 2022 ). With a narrow point spread
unction ( ∼ 0 . 1 −0 . 2 arcsec or 0 . 6 −1 . 2 kpc at z = 6 ; F. D’Eugenio
t al. 2024 ), the NIRSpec IFU is able to map multiple bright rest-
V and rest-optical lines at z > 4 (e.g. H α, [O iii ] λλ4959 , 5007 ).
hile JWST follow-up observations of some galaxies classified

s rotators based on previous rest -frame far -infrared (FIR) ob-
ervations confirmed their natur e (e.g .; ALESS73.1, F. Lelli et al.
021 ; E. Parlanti et al. 2024 ; GN20, J. A. Hodge et al. 2012 ; H.
bler et al. 2024b ), other galaxies were found to feature clumpy
orphologies, close companions, and sometimes outflows (e.g.;
Z10, G. C. Jones et al. 2017 , 2025c ; HZ4, R. Herrera-Camus

t al. 2022 ; E. Parlanti et al. 2025 ; COS3018, R. Smit et al. 2018 ;
. Scholtz et al. 2025 ). Due to the detection of multiple emission
ines, these data were used to map morphology, kinematics, and
he int erst ellar medium (ISM) conditions (e.g . electr on density n e 
nd temperature T e , and gas-phase metallicity Z g ) of each target.

A number of JWST /NIRSpec IFU observations have already
etailed the properties of z > 6 galaxies (e.g. T. Hashimoto et al.
023a ; R. Decarli et al. 2024 ; W. Liu et al. 2024 ; G. Venturi et al.
024 ; S. Fujimoto et al. 2025 ; J. Lyu et al. 2025 ; M. Messa et al.
025 ; J. Scholtz et al. 2025 ). Many of these have been acquired as
art of the Galaxy Assembly with NIRSpec Integral Field Spec-
r oscopy (G A-NIFS). 1 Guar anteed Time Observ ation (GTO) sur-
 ey (Cy cles 1 and 3; PIs R. Maiolino & S. Arribas; e.g. M. A. Mar-
hall et al. 2023 ; S. Arribas et al. 2024 ; G. C. Jones et al. 2024 ; C.

arconcini et al. 2024 ; H. Übler et al. 2024a ; C. Marconcini et al.
025 ; M. A. Marshall et al. 2025 ; J. Scholtz et al. 2025 ). This survey,
hich includes 55 targets between 2 < z < 11 , was designed to
 x er cise the power of the NIRSpec IFU through observations of a
ariety of well-studied galaxies (e.g. star-forming galaxies, active
alactic nucleus [AGN] host galaxies, quasars). In this w ork, w e
r esent the G A-NIFS observ ations of the z ∼ 7 . 152 L yman break
alaxy (LBG) B14-65666. 

A key factor in the discovery of B14-65666 was the Ultra Deep
urvey with the VISTA (Visible and Infrared Survey Telescope
or Astronomy; J. P. Emerson & W. J. Sutherland 2010 ) telescope
UltraVISTA; H. J. McCracken et al. 2012 ), which targeted the
OSMOS field (N. Scoville et al. 2007 ) in Y , J, H, and K s near-

nfrared bands. Combining UltraVISTA DR1 with other optical
nd infrared data, R. A. A. Bowler et al. ( 2012 ) first reported B14-
5666 as one of only four robust z > 6 . 5 galaxies from a sample
NRAS 547, 1–20 (2026) 
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f > 2 × 10 5 det ect ed sources. R. A. A. Bowler et al. ( 2014 ) per-
ormed a follow-up photometric SED modelling analysis combin-
ng UltraVISTA DR2 and additional data, improving the accuracy
f the photometric redshift of this source. 

The first resolved image of this source was taken with
ST /WFC3 F140W (R. A. A. Bowler et al. 2017 ), where two

losely separated clumps (aligned nearly east–west) are vis-
ble. ALMA follow -up observ ations of the source were first
erformed in R. A. A. Bowler et al. ( 2018 ), where B14-
5666 was the only dust continuum det ect ed source in Band
 in a sample of six luminous LBGs. T. Hashimoto et al.
 2019 ) confirmed the dust continuum detection and mor-
hology of this source. In addition, they det ect ed the spa-
ially resolved [C ii ]158 μm ( L [C ii ]158 μm 

= (11 . 0 ± 1 . 4) × 10 8 L �)
nd [O iii ]88 μm ( L [O iii ]88 μm 

= (34 . 4 ± 4 . 1) × 10 8 L �) FIR lines,
hich pr ovided spectr oscopic r edshift confirmation ( z sys =
 . 1520 ± 0 . 0003 ) 2 Modelling of the two-point dust SED yielded
 dust ∼ 50 −60 K and L FIR ∼ 10 12 L �. The dust continuum emis-
ion appears to be elongated, potentially aligned with the two
omponents (see also R. A. A. Bowler et al. 2022 who find the
ust to be between the two UV clumps). Based on these proper-
ies, Hashimoto et al. suggest that B14-65666 is a merger-driven
tarburst. 

Follow -up ALMA observ ations did not return a significant
N ii ]122 μm emission ( < 8 . 1 × 10 7 L �), but strong underlying
IR continuum emission (Y. Sugahara et al. 2021 ). Detailed
ust SED modelling returned similar T dust and L FIR constraints
s T. Hashimoto et al. ( 2019 ), with an additional estimate on
he dust mass of M dust ∼ 10 7 M �. Similarly, ALMA observations
f r eliable molecular g as tracers (C O(7–6), C O(6–5), [C i ](2–1))
nd their underlying dust continuum emission resulted in non-
etections (T. Hashimoto et al. 2023a ). The molecular gas mass
stimates implied by these non-detections are in agreement with
he mass found through scaling relations based on the detection
f [C ii ]158 μm (S. C. Madden et al. 2020 ), FIR continuum emis-
ion (Q . Li, D . Nar ay anan & R. Davé 2019 ), and the kinematics
f the [C ii ]158 μm emission (T. Hashimoto et al. 2019 ): M mol =
0 8 . 7 −11 . 0 M �. 

JWST /NIRCam imaging of B14-65666 was presented by Y.
ugahara et al. ( 2025 ) as part of the ‘Reionization and the
SM/Stellar Origins with JWST and ALMA’ (RIOJA) project
JWST GO1 PID1840; PIs: J. Álvarez-Márquez and T. Hashimoto;
. Hashimoto et al. 2023b ). From the flux e x cess between the
356W and F444W bands they infer the pr esence of str ong

O iii ] λ5007 emission (rest-fr ame equiv alent widths of 1000–
000 Å; as expected from the observed Spitzer colours; R. A. A.
owler et al. 2014 ). Inter estingly, the inferr ed [O iii ] λ5007 emis-
ion peaks in the Eastern component of the sour ce, wher e the
est-frame UV emission is weaker. Through SED fitting of the re-
olved NIRCam and ALMA multi-band fluxes, Y. Sugahara et al.
 2025 ) derive a stellar mass of log 10 (M � / M �) = 9 . 78 +0 . 16 

−0 . 18 and a
elatively low metallicity of (Z ∗/Z �) = 0 . 21 +0 . 05 

−0 . 04 . The extremely
igh spatial resolution of the NIRCam data reveals that the East-
rn component is compact, while the Western component is spa-
ially e xtended. A dditional low surface brightness featur es ar e
ith spatially resolved emission in three powerful tracers ([C ii ]158 μm, 
O iii ]88 μm, and dust continuum emission), it was given the alternative 
lias of ‘Big Three Dragons’ after a combination of tiles in the game 
ahjong . 

https://ga-nifs.github.io/
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Table 1. JWST NIRSpec/IFU observation properties. 

Grating/filter G395M/290LP 

R eadout pat tern NRSIRS2 
Groups/int 25 
Ints/exp 1 
Exposures/dithers 8 
Total time (ks) 14.7 
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3 2019.1.01491.S was calibrated directly by the ALMA helpdesk. 
4 Due to the r esolved, r elatively weak natur e of the line emission, this is 
preferable to visibility-space continuum subtraction. 
dentified as tidal tails. Recent JWST /MIRI MRS observations (C. 
rieto-Jiménez et al. 2025 ) revealed strong H α emission from the

wo core components, with component E exhibiting a higher dust 
ttenuation. 

In this w ork, w e exploit NIRSpec IFU observations from λobs =
 . 9 −5 . 3 μm to directly map the strength of the rest-frame op-
ical emission lines across the source. In Section 2 , we describe
oth our new JWST /NIRSpec IFU data for B14-65666 as well as
rchival data explored in this work. The NIRSpec data are then
nalysed in Section 3 . We interpret and discuss these results in
ection 4 and conclude in Section 5 . We use a standard con-
ordance cosmology (i.e. H 0 = 70 km s −1 Mpc −1 , �m 

= 0 . 3 , �� =
 . 7 ) thr oughout, wher e 0 . 1 ar csec corr esponds to ∼0.52 kpc at
 = 7 . 152 . A G. Chabrier ( 2003 ) initial mass function (IMF) with
n upper mass limit of 100 M � is assumed. 

 DA  T  A  D E S C R I P T I O N  

.1 JWST /NIRSpec IFU 

he data analysed here originated from GA-NIFS observations 
s part of project 1217 (PI: N. Luetzgendorf; details in Table 1 ).
n eight-point ‘MEDIUM’ dither pattern was used, with a start- 

ng point of ‘1’. Data were taken at medium spectral resolution
G395M/F290LP; R ∼ 1000 ), covering λobs = 2 . 871 −5 . 270 μm
 λrest ∼ 3522 −6465 Å at z = 7 . 1520 ). No leak c al or back gr ound
 xposur es wer e taken. The data were calibrated with the STScI
ipeline (v1.15.0, CRDS 1241), with custom outlier rejection (F. 
’Eugenio et al. 2024 ), custom masks for contamination by cos-
ic ray strikes (‘snowballs’) and open MSA shutters leakage, 1/f 

oise corrections for count-rate maps, and drizzle weighting to 
reate a data cube with spatial pixels (spaxels) of width 0 . 05 arcsec
see M. Perna et al. 2023 for full details of reduction). To ease
patial comparison of emission at different wav elengths, w e ho-
ogenize the PSF of the cube (see Appendix A ). 
Previous analyses of JWST /NIRSpec IFU data (e.g. G. C. Jones

t al. 2024 ; H. Übler et al. 2024b ; E. Parlanti et al. 2025 ) found
str ometric err ors due to the pointing accuracy of JWST ( ∼
 . 1 arcsec ; J. Rigby et al. 2023 ). To correct this, we align our
ata to the Gaia DR3 r efer ence frame (Gaia Collaboration et al.
016 , 2021 ) through a comparison to JWST /NIRCam data (see
ppendix B ). 
N o back gr ound e xposur es wer e included in these observations,

o we manually performed a back gr ound subtraction. For each 

avelength of our data cube, we first temporarily mask the con- 
aining significant emission, and then use the photutils task 

ack gr ound2D with a box size of 10 px and filter size of 5 px to
reate a spatially smoothed background map. These background 

aps are merged into a background cube, which is spectrally 
moothed using a median filter of width 25 channels. We verify 
hat this back gr ound cube does not contain any spectral features,
nd subtract it from the observed data cube. 
JWST /NIRSpec IFU observations of high-r edshift g alaxies r e-
ealed the presence of sinusoidal artefacts (‘wiggles’) in single- 
paxel spectra (e.g. M. Perna et al. 2023 ; R. Decarli et al. 2024 ;
. Ulivi et al. 2025 ). These wiggles, which were caused by un-
ersampling of the PSF, wer e mor e noticeable for drizzled maps
eaturing bright point sources coincident with extended emission 

i.e. AGN and QSOs). We have followed the pr ocedur e of M.
erna et al. ( 2023 ) to inspect our data for these wiggles, finding

ittle evidence of strong wiggles in our data. While their presence
ay be det ect ed as high-fr equency r esiduals in spectral fits (see

nalysis in Section 3.1 ), they are v ery low-lev el ( � 2 per cent , or
 2 σ ), so a correction is not applied. 

.2 ALMA 

ue to the bright nature of this high-redshift source, ALMA has
een used to target its emission in C O(6–5), C O(7–6), and [C i ](2–
) (2018.1.01673.S, PI Hashimoto), [C ii ]158 μm (2016.1.00954.S, 
I Inoue), [O iii ]88 μm (2016.1.00954.S and 2017.1.00190.S, PI 
noue), and [N ii ]122 μm (2019.1.01491.S, PI Inoue). In order to
ompare the distribution of these lines (with their underlying 
ontinuum emission) and our data, we re-image each data set. 

To begin, we download all data from the ALMA data archive
nd run the calibration pipeline provided by NRAO staff. 3 The 
alibrated data for B14-65666 was split out, and a 30 s time a ver -
ge was performed to ease data usage. Data were combined for
ach band (3, S. Claude et al. 2008 ; A. R. Kerr et al. 2014 ; 6, G. A.
diss et al. 2004 ; A. R. Kerr et al. 2004 ; 7, S. Mahieu et al. 2012 ; 8,
. Sekimoto et al. 2008 ). 
Continuum images were created with the CASA task tclean in 

ulti-frequency synthesis (MFS) mode, natural weighting, cell 
izes of 1 / 5 th the full width at half-maximum (FWHM) of the
inor axis of the synthesized beam, and e x cluding all data within
1000 km s −1 of expected line emission. ‘Clean’ continuum maps 
er e cr eated by cleaning down to 3 × the RMS noise level of initial

dirty’ images. 
No significant line emission is det ect ed for C O(6–5), C O(7–6),

C i ](2–1), or [N ii ]122 μm (as originally found by T. Hashimoto
t al. 2023a and Y. Sugahara et al. 2021 ), while [C ii ]158 μm and
O iii ]88 μm are strongly det ect ed. For the latt er tw o lines, w e
reate clean line + continuum cubes using CASA tclean in ‘cube’
ode with natural weighting and cell sizes of 1 / 5 th the FWHM of 

he minor axis of the synthesized beam. Each cube is continuum
ubtracted in the image plane. 4 using the CASA task imcontsub .
he continuum level in each spaxel is found by fitting the line-

ree channels in the spectrum with a first-order polynomial (using
he same ±1000 km s −1 range as above), and the resulting contin-
um emission is removed. This results in a continuum-free data 
ube. 

.3 JWST /NIRCam 

14-65666 was observed with JWST /NIRCam in multiple filters 
s part of Project 1840 (PI J. Alvar ez-Mar quez; see detailed anal-
sis of Y. Sugahara et al. 2025 ). Of these, we use only the F356W
lter for astrometric correction (see Appendix B ). This NIRCam 

mage was downloaded from the Mikulski Archive for Space 
MNRAS 547, 1–20 (2026) 
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M

Table 2. Details of elliptical apertures used in this work, as adopted from 

JWST /MIRI analysis of C. Prieto-Jiménez et al. ( 2025 ). We include the 
central position (RA and Dec.), half-width at half-maximum (HWHM) 
along the major and minor axes, and position angle (PA). We primarily 
utilize the first two apertur es, which ar e designed to capture emission 
from the two core galaxies. 

Aperture RA Dec. HWHM PA 

Name [ ◦] [ ◦] [ ′′ ×′′ ] [ ◦] 

E 150.4195767 1.9146156 0 . 211 × 0 . 201 112.83 
W 150.4194613 1.9145781 0 . 228 × 0 . 177 112.83 
E + W 150.4195242 1.9145981 0 . 456 × 0 . 343 85.83 
Total 150.4195242 1.9145981 0 . 9 × 0 . 9 - 
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5 ). B y inspecting the position of a Gaia DR3
 efer ence star in the F356W image, we determine a spatial offset
nd align it to Gaia frame. 

 NIRS P E C  ANALYSIS  

ur JWST /NIRSpec IFU data cube allows us to e xplor e line and
ontinuum emission from B14-65666 on a spatially and spectrally
esolved basis. In this section, we first characterize the field by
t ting integr ated spectr a using emission-based apertures (Sec-

ion 3.1 ). We then e x er cise the power of the NIRSpec IFU by
xtracting and fitting spectra from each individual spaxel (Sec-
ion 3.2 ), opening a more detailed view into the ISM conditions
nd morpho-kinematics of B14-65666. 

.1 Spatially int egrat ed spectral analysis 

irst, w e charact erize the emission in the field by extracting int e-
r ated spectr a fr om our NIRSpec data cube using the apertur es
reated by the recent JWST /MIRI analysis of B14-65666 by C.
rieto-Jiménez et al. ( 2025 ), which are listed in Table 2 . These
pertur es wer e cr eated to characterize the two bright cores of 
mission (named ‘E’ and ‘W’), as well as their sum (‘E + W’) and
 larger aperture that is designed to capture all significant line
mission (‘Total’). We proceed with apertures ‘E’ and ‘W’ in this
ubsection. Throughout this w ork, w e will refer t o these apertures
s ‘cores’. After extracting each spectrum, we perform an aperture
oss correction (see Appendix A for details). 

.1.1 Model description 

or the spectrum from each aperture, we assume that the contin-
um is described by a single power law model. Since the bluest
dge of our data ( λrest ∼ 3620 Å) extends slightly bluewards of the
almer break ( λrest ∼ 3646 Å), it is possible that the continuum

s affected by Balmer absorption features and/or in a change in
lope bluewar ds of [N e iii ] λ3869 , as seen in quenched g alaxies
e.g. T. J. Looser et al. 2024 ; F. D’Eugenio et al. 2025 ). How ev er,
e do not detect such features in our data, and the simple model

eturns low residuals (see Fig. 1 ). 
To account for line emission, we include contributions from

O ii ] λλ3726 , 3729 , [Ne iii ] λλ3869 , 3968 , Balmer lines (H η, H ζ ,
 δ, H ε, H β), He i λ3889 , [O iii ] λ4363 , [O iii ] λλ4959 , 5007 , and
e i λ5875 in our model. Because some lines exhibit asymmet-

ic wings, we follow other investigations of high- z galaxies with
NRAS 547, 1–20 (2026) 

 https://mast.stsci.edu/portal/Mashup/Clients/Mast/Portal.html 
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r

IRSpec and fit each emission line with two components: one
arrow ( FWHM ≤ 350 km s −1 ) and one br oad, r epr esenting tidal

eatures or an outflow ( 350 ≤ FWHM ≤ 1000 km s −1 ; e.g. I. Lam-
erti et al. 2024 ; B. Rodríguez Del Pino et al. 2024 ). A one-

Gaussian fit returns large residuals for each of the strong lines
[O iii ] λ5007 , [O iii ] λ4959 , [O ii ] λλ3726 , 3729 ), suggesting that a
wo-Gaussian fit is needed. This approach is preferred to Voigt
r ofiles (e.g . G. C. J ones et al. 2024 ), as it allows for the fitting of 
symmetric lines. 

Due to the spectral blending of multiple lines (e.g. He i λ3889
nd H ζ , [Ne iii ] λ3968 and H η), a global fit of each extracted
pectrum results in poor constraints on line fluxes. To lower the
egr ees of fr eedom in our model, we make the standard assump-
ion of case B recombination (J. G. Baker & D. H. Menzel 1938 ; e.g.

. Hu et al. 2024 ; G. Venturi et al. 2024 ; M. Solimano et al. 2025 ) 6 
nd use the python package PyNeb (V. Luridiana, C. Morisset &
. A. Shaw 2015 ) t o calculat e line ratios based on ISM conditions

i.e. electr on temperatur e T e , electr on density n e , and B − V colour
 x cess E(B − V) ; see further discussion in Appendix C ). 

We fit each extracted spectrum in stages. First, we examine
 broad wavelength range that includes only the strongest line
[O iii ] λ5007 ) and the underlying continuum. Using lmfit , we fit
or the continuum properties (i.e. power law slope and normaliza-
ion) and the fluxes ( F [O iii ] λ5007 , N 

, F [O iii ] λ5007 , B ), widths ( FWHM N 

,
WHM B ), and redshifts ( z N 

, z B ) of the narrow and broad compo-
ents of [O iii ] λ5007 . An initial fit is performed where all vari-
bles are allowed to vary. The results of this fit are inspected,
nd components with poorly determined (i.e. < 3 σ ) or negligible
uxes (i.e. < 10 −21 erg s −1 cm 

−2 ) are removed from the model
efore the fit is repeated. This process repeats until lmfit re-
orts convergence. In the following steps, we assume that these

inewidths and r edshifts ar e applicable to each line, and apply the
omponent rejection criteria at each step. 

N e xt, w e isolat e the w avelength r anges around the strongest
bserved Balmer line (H β) and helium line (He i λ5875 ), and find
he fluxes of the narrow and broad components of each. While the
atio of the two lines in the [O ii ] λλ3726 , 3729 doublet is a useful
racer of electron density (e.g. L. J. Kewley et al. 2019 ), their close
eparation r equir es high spectral r esolution for detailed fitting
 R � 2700 ; J. Comparat et al. 2013 ). This is achievable with high-
esolution JWST /NIRSpec gratings (e.g. J. Chisholm et al. 2024 ;
. Rodríguez Del Pino et al. 2024 ), but our resolution is a factor
f ∼ 3 more coarse. Therefore, we fix n e to the fiducial value
f n e = 200 cm 

−3 (Y. Sugahara et al. 2025 ), calculate the ratio
f [O ii ] λ3726 /[O ii ] λ3729 using PyNeb , and fit for the fluxes of 
ach line with lmfit . 

For the next st ep, w e consider a range that contains the next
w o strongest observ ed Balmer lines (H γ and H δ), as w ell as
wo o xy gen lines ([O iii ] λ4959 , [O iii ] λ4363 ). The flux ratios
f each Balmer line pair are related through ISM conditions
nd dust extinction (here parametrized as E(B − V) , where
e assume a D. Calzetti et al. 2000 dust attenuation curve),
hile [O iii ] λ4363 /[O iii ] λ5007 is a strong function of T e , and

O iii ] λ4959 /[O iii ] λ5007 (which is fixed by atomic physics to be
.984) is only a function of E(B − V ) . Thus, by taking our previ-
usly measured H β flux and assuming a fiducial density, we are
ble to fit for the flux es of the narr ow and br oad components of 
hese four lines self-consistently with few parameters ( T e , N 

, T e , B ,
 Although w e not e that the applicability of this assumption for high- 
 edshift g alaxies has been called into question (e.g . C. Scarlata et al. 2024 ). 

https://mast.stsci.edu/portal/Mashup/Clients/Mast/Portal.html
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Figure 1. Spectra extracted from our JWST /NIRSpec IFU data cube using the two primary apertures (E and W, see Table 2 ). Aperture loss corrections 
(see Appendix A ) have been applied to each spectrum. We zoom in around each emission line and present the observed spectrum, the best-fitting model, 
and its narrow and broad components. The residual is included in the lower panel. The redshift ed wav elengths of each fit line (using the best-fitting 
redshift of the narrow component) are marked with vertical dashed lines. 
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(B − V ) N 

, E(B − V ) B ). The work of Y. Sugahara et al. ( 2025 )
stimated the dust reddening of the stellar continuum in this 
yst em t o be A 

∗
V ∼ 0 . 3 −1 . 2 , which corresponds to ionized gas

olour e x cess of E(B − V ) ∼ 0 . 2 − 0 . 7 . Thus, if our fits return
arge uncertainties on E(B − V) or T e (i.e. best-fitting values that
re < 3 × the reported uncertainty), then we assume a value of 
(B − V ) = 0 . 2 (i.e. the smallest value found by Y. Sugahara et al.
025 ) or T e = 1 . 2 × 10 4 K (Y. Sugahara et al. 2025 ), respectively. 

As a final st ep, w e fit for the flux of [Ne iii ] λ3869 .
he flux of [Ne iii ] λ3968 is calculated using the ratio of 

N e iii ] λ3968 /[N e iii ] λ3869 (as fixed by atomic physics; 0.301),
nd we use the previously determined ISM properties and line 
uxes to calculate the fluxes of each remaining Balmer line (H η,
 ε) and helium line (He i λ3889 ). 
Our fits take the fiducial line spread function (LSF) of NIR-

pec 7 into account. This varies from ∼ 400 km s −1 (FWHM) at 
 As r ecor ded in the JWS T documentation: https://jwst -docs.stsci.edu/ 
wst -near -infrar ed-spectr ograph/nirspec-instrumentation/nirspec- 
ispersers- and- filters 

3

E  

fi  

b

he wavelength of [O ii ] λλ3726 , 3729 to ∼ 300 km s −1 at the wave-
ength of He i λ5875 . We experimented with allowing the LSF to
ary from the fiducial value by 50 per cent (e.g. A. Graaff et al.
024 ), but the resulting fits were not well-constrained. The LSF-
orrected FWHM and redshift of all lines are fixed for each nar-
ow and broad component. 

For each spectrum, our model ther efor e has two contributions:
he power -la w continuum (with a variable slope and normaliza-
ion) and the broad and narrow line-emitting components (each 

ith its variable T e , z , FWHM , E( B − V ) , and dust-corrected
uxes of all independent lines: [O ii ] λ3726 , [Ne iii ] λ3869 , H β,

O iii ] λ5007 , He i λ5875 ). The best-fitting continuum and line
r operties ar e pr esented in Table 3 while the r esulting spectra ar e
hown in Fig. 1 . 

.1.2 Results and further measurables 

ach spectrum features strong line emission (Fig. 1 ), with best-
t ting T e v alues within 1 σ of the fiducial value of 1 . 2 × 10 4 K (Ta-
le 3 ), comparable to conditions in other high-redshift galaxies 
MNRAS 547, 1–20 (2026) 

https://jwst-docs.stsci.edu/jwst-near-infrared-spectrograph/nirspec-instrumentation/nirspec-dispersers-and-filters
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M

Table 3. Best-fitting continuum and observed (i.e. not dust corrected) 
line properties of each component, as derived through spectral fits. 
The best-fitting continuum slope is defined as the power law slope 
of F λ, and the flux density at λobs = 4 μm is given in units of 
[10 −20 erg s −1 cm 

−2 Å−1 ] . For the narrow and broad component, we 
list the intrinsic (LSF-corrected) FWHM (in units of [km s −1 ]) and 
r edshift. The best-fitting flux es of each line ar e given in units of 
[10 −20 erg s −1 cm 

−2 ] . We only list the fluxes of the independent lines, 
and note that the dependent line fluxes ([O ii ] λ3726 , [Ne iii ] λ3869 , 
[O iii ] λ4959 , [O iii ] λ4363 , and multiple Balmer lines) are determined 
using the listed T e , E(B − V) , and the assumed n e = 200 cm 

−3 (see Sec- 
tion 3.1.1 ). 

E W 

Continuum slope −1 . 01 ± 0 . 24 −1 . 45 ± 0 . 17 
F( λobs = 4 μm) 0 . 357 ± 0 . 007 0 . 480 ± 0 . 007 
T e [ 10 4 K] N 1 . 34 ± 0 . 22 1 . 16 ± 0 . 10 

B 1 . 00 ± 0 . 32 (1.2) 
E(B − V) N (0.2) 0 . 38 ± 0 . 07 

B (0.2) (0.2) 
FWHM N 156 ± 13 231 ± 8 

B 653 ± 11 698 ± 26 
z N 7 . 1526 ± 0 . 0001 7 . 1487 ± 0 . 0001 

B 7 . 1533 ± 0 . 0001 7 . 1551 ± 0 . 0007 
F [O ii ] λ3727 N 86 ± 10 224 ± 8 

B 273 ± 13 62 ± 9 
Total 359 ± 17 286 ± 12 

F Ne iii λ3968 N 210 ± 18 174 ± 7 
B 135 ± 24 (0) 

Total 344 ± 30 174 ± 7 
F H β N 273 ± 13 324 ± 8 

B 432 ± 17 104 ± 9 
Total 705 ± 22 428 ± 12 

F [O iii ] λ5007 N 2472 ± 98 2318 ± 57 
B 3133 ± 97 599 ± 59 

Total 5605 ± 138 2917 ± 82 
F HeI λ5875 N 32 ± 12 46 ± 5 

B 75 ± 20 (0) 
Total 107 ± 23 46 ± 5 
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Table 4. Best-fitting line ratios, gas-phase metallicities (M. Curti et al. 
2020 ), H β-based SFRs, and ionization parameter U (see Section 3.1.2 ) of 
each region. All values are dust corrected using the best-fitting E(B − V ) 
values listed in Table 3 . 

E W 

O32 N 9 . 41 ± 1 . 29 2 . 68 ± 0 . 13 
B 3 . 77 ± 0 . 23 3 . 18 ± 0 . 61 

Total 5 . 12 ± 0 . 29 2 . 73 ± 0 . 13 
R3 N 8 . 84 ± 0 . 56 6 . 82 ± 0 . 23 

B 7 . 08 ± 0 . 36 5 . 64 ± 0 . 73 
Total 7 . 76 ± 0 . 31 6 . 67 ± 0 . 22 

R2 N 0 . 94 ± 0 . 13 2 . 54 ± 0 . 12 
B 1 . 88 ± 0 . 12 1 . 78 ± 0 . 33 

Total 1 . 52 ± 0 . 09 2 . 44 ± 0 . 11 
R23 N 12 . 74 ± 0 . 74 11 . 65 ± 0 . 34 

B 11 . 33 ± 0 . 52 9 . 31 ± 1 . 02 
Total 11 . 88 ± 0 . 43 11 . 35 ± 0 . 33 

Ne3O2 N 1 . 00 ± 0 . 16 0 . 31 ± 0 . 02 
B 0 . 20 ± 0 . 04 −

Total 0 . 39 ± 0 . 04 0 . 28 ± 0 . 02 
Z g [ Z �] N 0 . 18 ± 0 . 03 0 . 32 ± 0 . 04 

B 0 . 27 ± 0 . 04 0 . 30 ± 0 . 05 
Total 0 . 23 ± 0 . 03 0 . 32 ± 0 . 04 

SFR H β N 39 ± 19 99 ± 38 
B 61 ± 27 13 ± 6 

Total 100 ± 33 113 ± 38 
log 10 (U ) N −2 . 24 ± 0 . 05 −2 . 68 ± 0 . 02 

B −2 . 56 ± 0 . 02 −2 . 62 ± 0 . 07 
Total −2 . 45 ± 0 . 02 −2 . 67 ± 0 . 02 
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e.g. W. Hu et al. 2024 ; A. T orralba-T orr egr osa et al. 2024 ; T. Y .-Y .
siao et al. 2024a ). Fr om all of the r egions and components, only

he narrow component of component ‘W’ features dust attenua-
ion higher than the fiducial value. 

The r esiduals ar ound [O iii ] λ5007 (lower panels of Fig. 1 ) show
a wtooth-lik e patterns. These residuals are only a few per cent
f the peak flux of [O iii ] λ5007 , and may imply a non-Gaussian
SF or emission profile. While these patterns are similar to

hose obtained when fitting a spectrum with a model that
s lacking complexity (e.g. M. Ginolfi et al. 2020 ), the addi-
ion of another free Gaussian component (representing either
n outflow or an additional emitter) does not improve the
t. At first glance, they appear to be similar to the ‘wiggles’
een in other IFU studies (e.g. M. Perna et al. 2023 ). How-
ver, these features are mostly seen from single-spaxel extrac-
ions that undersample the PSF, resulting in large-amplitude
scillations over a wide wavelength range. Since we extract
pectra using larger apertures and observe artefacts that only
ppear within the FWHM of each line, they are likely not
iggles. 
The use of a single continuum model (measured around

O iii ] λ5007 ) for the full w avelength r ange results in low residuals
or most of the lines e xplor ed her e. One minor e x ception is that
f [Ne iii ] λ3968 + H η in component ‘W’, where the continuum
NRAS 547, 1–20 (2026) 
ppears to be overestimated. Because the continuum of neigh-
ouring lines (H ζ and H δ) are w ell-estimat ed, this may reflect a
alibration issue in this wavelength range (e.g. unflagged cosmic
ay hits or improper background subtraction). But because the
ine flux es of [N e iii ] λ3968 and H η ar e estimated using other line
uxes and ISM conditions, this does not affect any of our findings.
We use the best-fitting line fluxes to calculate standard line

atios: 

(i) O32 ≡[O iii ] λ5007 /[O ii ] λλ3726 , 3729 
(ii) R3 ≡[O iii ] λ5007 /H β

(iii) R2 ≡[O ii ] λλ3726 , 3729 /H β

(iv) R23 ≡([O iii ] λλ4959 , 5007 + [O ii ] λλ3726 , 3729 )/H β

(v) N e3O2 ≡[N e iii ] λ3869 /[O ii ] λλ3726 , 3729 

All of these (with the e x ception of N e3O2) ar e then used to cal-
ulate the gas-phase metallicity using the str ong -line diagnostics
alibrated by M. Curti et al. ( 2020 , see their table 2 and equa-
ion 1). The resulting values are listed in Table 4 . We find total
as-phase metallicities of (Z g /Z �) ∼ 0 . 2 − 0 . 3 for each region, in
eneral agreement with the values derived by Y. Sugahara et al.
 2025 ) using optical-FIR diagnostics (i.e. Z g /Z � 	 0 . 2 ). 

N e xt, we infer the SFR using the best-fitting dust-corrected H β

ux. This is conv ert ed t o an H α flux using the e xtinction-fr ee ratio
f H α/H β (as derived with PyNeb assuming case B recombina-
ion). The conversion of N. A. Reddy et al. ( 2018 ), which is ap-
ropriate for the metallicity of this system ( Z g /Z � ∼ 0 . 28 ), is then
sed to convert the estimated H α flux to SFR . When calculating

he uncertainty of this value, we include the errors on T e , H β flux,
nd E(B − V ) (where a minimum uncertainty of 0.1 is assumed).

The combination of apertures E and W yield a total SFR =
13 ± 50 M � yr −1 , which is in agreement with the SED-based
stimat e of T. Hashimot o et al. ( 2019 , SFR = 200 +82 

−38 M � yr −1 ) as
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Figure 2. Int egrat ed t otal fluxes of emission lines, as deriv ed through 
spax el-by-spax el fit. Only > 3 σ flux es ar e shown. Each panel displays a 
field of view of 2 . 2 × 2 . 2 arcsec centred on 10 h 01 m 40 . s 69 + 1 ◦54 ′ 52 . ′′ 55 . A 

physical scale bar of 2 kpc is included in each panel. 
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P  
ell as the instantaneous ( SFR 0 = 225 +71 
−56 M � yr −1 ) and 10 Myr-

veraged ( SFR 10Myr = 207 +65 
−51 M � yr −1 ) values from Y. Sugahara

t al. ( 2025 ). Since SFR H α traces star formation over the past 5 Myr
e.g. J. A. Flores Velázquez et al. 2021 ; S. Tacchella et al. 2022 ),
his agreement is expected. The fact that our SFR (from only the
wo core galaxies) is comparable to the other values (which were 
erived from the entire field) suggests that the majority of the star
ormation activity originates from the core galaxies rather than 

he diffuse emission. 
We are also able t o det ermine if this source lies on the star-

orming main sequence (SFMS). By combining the best-fitting 
tellar mass of the system ( log 10 (M � / M �) = 9 . 78 +0 . 16 

−0 . 18 ; Y. Sugahara
t al. 2025 ) with the framework of J. S. Speagle et al. ( 2014 ),
he expected SFMS-based SFR of this source is 40 +50 

−22 M � yr −1 .
he framework of R. M. Mérida et al. ( 2025 ) yields a similar
xpected value of SFR = 47 +42 

−22 M � yr −1 . The fact that we find a
uch higher SFR implies that B14-65666 is undergoing a star- 

urst episode, in agreement with T. Hashimoto et al. ( 2019 ). This
s also true for each core independently. 

The O32 ratio has been shown to be an e x cellent tracer of the
onization parameter U (e.g. T. Nagao, R. Maiolino & A. Marconi
006 ; C. Papovich et al. 2022 ). Following other recent works (e.g.
. Witstok et al. 2021 ; K. Boyett et al. 2024 ; S. Zamora et al. 2025 ),
 e conv ert the deriv ed O32 values t o U using the relation of A. I.
íaz et al. ( 2000 ): 

log 10 (U ) = 0 . 80 log 10 ( O32 ) − 3 . 02 (1) 

hich was derived using single-star ionization models. This 
ields values of −2 . 7 � log 10 (U ) � −2 . 2 for the two cor e g alax-
es. Thus, the regions of B14-65666 show similar ionization pa- 
ameters as galaxies in the 2 . 7 < z < 6 . 3 sample of N. A. Reddy
t al. ( 2023 ) and the lower redshift ( 1 . 1 < z < 2 . 3 ) sample of C.
apovich et al. ( 2022 ). 

.2 Spax el-by-spax el fits 

e can exploit the power of the NIRSpec IFU to extract physical
roperties on a spatially resolved basis by fitting combined line 
nd continuum models to the spectra of each spaxel. This is
nhanced through direct comparison to morpho-kinematic maps 
f ALMA data, which we create in an identical fashion. 

.2.1 NIRSpec IFU map creation 

ue to the lower S/N of the spaxel-based spectra, we adopt a
treamlined version of the model and fitting procedure of Sec- 
ion 3.1 to investigate the spatial distribution of emission and 

SM pr operties. First, we e xtract the spectrum fr om each spax el
nd isolate the wavelength range spanning [O ii ] λλ3726 , 3729 to
O iii ] λ5007 8 Instead of the multi-stage approach of Section 3.1 ,
e fit the spectrum of each spaxel using a single model consisting
f a power -la w continuum and narrow and broad line contribu-
ions fr om [O ii ] λλ3726 , 3729 , [N e iii ] λλ3869 , 3968 , Balmer lines
H ζ , H ε, H δ, H ζ , H γ , H β), [O iii ] λ4363 , and [O iii ] λλ4959 , 5007 .
he redshifts and intrinsic linewidths of the narrow and broad 

omponent of each line are set to be equal. 
While we e xplor e a fit with a fiducial n e and free E(B − V ) and

 e (as in the multi-stage model), we find that the S/N is too low to
 This w avelength r ange e x cludes He i λ5875 , which is too faint to spatially 
ap. 

m  

H  

p  

w  
onstrain these conditions. Inst ead, w e fix E(B − V ) = 0 . 2 and
 e = 1 . 2 × 10 4 K thr oughout. B y using the ISM conditions and
yneb , w e low er the degr ees of fr eedom in the model by pr e-
icting line ratios. Thus, the free variables for each spectrum are
he continuum properties (slope and normalization) and inde- 
endent fluxes ( F [O ii ] λ3726 , F [Ne iii ] λ3869 , F H β , and F [O iii ] λ5007 ) of the
arr ow and br oad components of each line. As in Section 3.1.1 ,
e reject components of lines with signal-to-noise levels of < 3 σ .
The resulting total intensity maps are included in Fig. 2 . Note

hat because of our model assumptions, the corresponding map 

f [Ne iii ] λ3968 is identical to that of [Ne iii ] λ3869 , but with a
onstant scaling factor (see Appendix C ). Similarly, each of the
ther Balmer lines can be found from the H β distribution, and
O iii ] λ4959 and [O iii ] λ4363 can be found from the [O iii ] λ5007
istribution. 
Our fits also allow us to e xplor e the kinematics of the field by

xtr acting par ameters fr om each spax el. This is done by consider-
ng the best-fitting [O iii ] λ5007 model, converting it to a cumula-
ive distribution function (CDF), and calculating multiple non- 
ar ametric v N v alues (i.e. velocities at which the CDF reaches
% ). In each case we assume a fiducial zer o-velocity r edshift of 
 = 7 . 1520 . Fig. 3 shows v 50 (the mean velocity) and the asymme-
ry ( | v 50 − v 10 | − | v 50 − v 90 | ), while Fig. 4 shows w 80 ≡ v 90 − v 10 (a

easure of linewidth). We note that in the case that the spectrum
f a spaxel is best fit by a single component (either narrow or
road), the resulting asymmetry is zero. 

.2.2 ALMA map creation 

revious analyses of the ALMA data for this source created mo-
ent maps (T. Hashimoto et al. 2019 ; Y. Sugahara et al. 2021 ; T.
ashimoto et al. 2023a ; Y. Sugahara et al. 2025 ), which are non-

arametric measures of the t otal int ensity (moment 0), int ensity-
 eight ed mean velocity (moment 1), and velocity dispersion (mo-
MNRAS 547, 1–20 (2026) 
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Figure 3. Line of sight velocity maps, as derived through spaxel-by- 
spaxel fits. The top row includes maps of v 50 (i.e. the velocity at 
which each line reaches 50 per cent of its total flux) for [O iii ] λ5007 , 
[C ii ]158 μm, and [O iii ]88 μm. Maps of v 50 for the narrow and broad 
component of [O iii ] λ5007 are shown in the first two panels of the 
lower row. The bottom right panel presents the best-fitting asymmetry 
of [O iii ] λ5007 (see Section 3.2.1 for definition). Each panel displays a 
field of view of 2 . 2 × 2 . 2 arcsec centred on 10 h 01 m 40 . s 69 + 1 ◦54 ′ 52 . ′′ 55 . 
A physical scale bar of 2 kpc is included in each panel. For each, we show 

the PSF as a red ellipse to the lower left. North is up and east is to the 
left. 

Figure 4. Maps of w 80 (i.e. the difference in velocity between the points 
at which each line reaches 10 per cent and 90 per cent of its total flux), 
as derived through spaxel-by-spaxel fits for [O iii ] λ5007 , [C ii ]158 μm, 
and [O iii ]88 μm. Maps of w 80 for the narrow and broad component of 
[O iii ] λ5007 are shown in the lower row. Each panel displays a field of 
view of 2 . 2 × 2 . 2 arcsec centred on 10 h 01 m 40 . s 69 + 1 ◦54 ′ 52 . ′′ 55 . A phys- 
ical scale bar of 2 kpc is included in each panel. For each, we show the 
PSF as a red ellipse to the lower left. North is up and east is to the 
left. 

Figure 5. Line ratio diagnostics, as derived through spaxel-by-spaxel 
fit. Each panel displays a field of view of 2 . 2 × 2 . 2 arcsec centred on 
10 h 01 m 40 . s 69 + 1 ◦54 ′ 52 . ′′ 55 . A physical scale bar of 2 kpc is included in 
each panel. For each, we show the PSF as a red ellipse to the lower left. 
North is up and east is to the left. 
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∼

ent 2). 9 Here, we instead use Gaussian models to fit the ALMA
ata on a spax el-by-spax el basis, r esulting in morpho-kinematic
aps that may be directly compared to our NIRSpec maps. 
Because each ALMA data cube only contains a single line

[C ii ]158 μm or [O iii ]88 μm), the fitting process is much simpler
han that of Section 3.1 or 3.2 . First, we construct an error spec-
rum for each continuum-subtracted data cube by taking the RMS
oise level of each spectral channel. Considering the possibility

hat each line may be fit by two Gaussian components (i.e. narrow
nd broad), the spectrum extracted from each spaxel is fit with
hese two Gaussians and an underlying first-order polynomial
ontinuum using lmfit . How ev er, this appr oach only r eveals
 few spaxels where a two-Gaussian model returns a better fit
i.e. a lower reduced χ2 ) in either cube. Because these potential
r eas ar e smaller than a synthesized beam and are not aligned
ith the broad emission found in [O iii ] λ5007 emission, they

re likely artefacts (e.g. incomplete continuum subtraction, data
ombination, imaging). Thus, we adopt a single-Gaussian model.
he resulting total intensity, v 50 , and w 80 maps are included in
igs 2 , 3 , and 4 , respectively. 

.2.3 Distribution of emission 

ll of the rest-optical lines feature similar morphologies, with
mission focused in the cores (with the E nucleus being brighter),
nd weaker diffuse emission. The r est-FIR lines ar e qualitatively
imilar. The ALMA and JWST lines are further compared in Sec-
ion 4.2 . 

We find that [O iii ] λ5007 , [C ii ]158 μm, and [O iii ]88 μm fea-
ure similar distributions of v 50 (Fig. 3 ), with a strong east–west
elocity gradient. There are slight differences between the maps,
hich may be ascribed to differences in sensitivity and resolution

e.g. beam smearing, spatial binning). As seen in other works
e.g. K. Telikova et al. 2025 ), [C ii ]158 μm and [O iii ]88 μm show
imilar line- of- sight velocity maps. Our v 50 maps of the ALMA-
et ect ed lines are similar to the moment 1 maps created by T.
ashimoto et al. ( 2019 ), but differ slightly due to differences in

maging (e.g . spax el size) and velocity measur ement method (i.e.
aussian fit versus moment 1). While such a symmetric velocity
eld could be int erpret ed as a signatur e of r otation, the disparate
roperties of each core (see Table 4 , Fig. 5 ) suggest a major merger
 See CASA toolkit manual for more details: ht tps://www.aoc.nr ao.edu/ 
kgolap/casa _ trunk _ docs/CasaRef/image.moments.html 

https://www.aoc.nrao.edu/~kgolap/casa_trunk_docs/CasaRef/image.moments.html
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nstead (see Section 4.5 for further discussion). 
The narrow and broad components of [O iii ] λ5007 show dif-

erent spatial distributions (see Appendix D for more details) and 

elocity offsets (Fig. 3 ). Due to this, there is a region of positive
symmetry to the southeast of core W that indicates a more pow-
rful red broad component. Indeed, the channel maps of both 

O iii ] λ4959 and [O iii ] λ5007 contain low-level redshifted emis-
ion in this area, which may indicate a tidal feature or outflow. 

We are also able to calculate w 80 for each line (Fig. 4 ).
ore E has a higher mean w 80 ( ∼ 470 km s −1 ) than core W ( ∼
70 km s −1 ), which is primarily caused by the stronger broad
omponent in core E. The w 80 map of [O iii ]88 μm shows a region
ith elevat ed v elocity dispersion south of core E which slightly

verlaps with the broad [O iii ] λ5007 emission, but the two cores
how similar w 80 , [OIII]88 μm 

. 
The two ALMA v 50 maps ar e mor e similar to that of the nar-

ow component of [O iii ] λ5007 , suggesting that the gas emitting
road [O iii ] λ5007 is not det ect ed in [C ii ]158 μm or [O iii ]88 μm.
e note that the JWST /MIRI observations did not detect broad
 α emission, which appears to be at odds with our detection of 
arr ow and br oad Balmer emission. How ev er, this is likely simply
ue t o low er sensitivity (see discussion in C. Prieto-Jiménez et al.
025 ). 

.2.4 Further measurables 

he best-fitting total line maps (i.e. narrow + broad flux; Fig. 5 )
re used to create maps of gas-phase metallicity, SFR, and U (see
ection 3.1 for ratio definitions and diagnostic information). The 
esulting maps for the combined best-fitting models are shown in 

ig. 5 . 
Each map yields results that broadly agree with the inte- 

r ated spectr al analysis of Section 3.1.2 . That is, the W core fea-
ures higher metallicity and lower log 10 (U ) . In addition, a high-
onization and low- Z arc (which is det ect ed in [O ii ] λλ3726 , 3729 ,
 β, and [O iii ] λ5007 ; Fig. 2 ) is visible to the southeast. The

FR H β map (which is a scaled version of the H β map of Fig. 2 )
s less illustrative, as a uniform dust correction has been applied. 
ecause of this, the SFR density in this map may be treated as a
inimum value. 

 DISCUSSION  

.1 Line ratio diagrams 

ue to the wavelength coverage of our data, we do not have access
o [N ii ] λλ6548 , 6584 or [S ii ] λλ6716 , 6731 , and cannot utilize the
tandard [N ii ]-BPT or [S ii ]-VO87 diagrams (J. A. Baldwin, M.

. Phillips & R. Terlevich 1981 ; S. Veilleux & D. E. Osterbrock
987 ) to search for evidence of AGN excitation. But the wealth
f det ect ed emission lines (see Table 3 ) allows us to e xplor e the
ature of this field using other diagnostics: O32–R23, R3–R2, and 

e3O2 (see definitions in Section 3.1 ). 
The ratios of the E and W cores of B14-65666 are shown

n Fig. 6 . For comparison we also show the dust-corrected line
 atios of low -r edshift g alaxies fr om Sloan Digital Sk y Survey -
II/Baryonic Oscillation Spectroscopic Survey (BOSS; K. S. Daw- 
on et al. 2013 ; D. Thomas et al. 2013 ), 5 . 5 � z � 9 . 5 galaxies
rom the JADES survey (A. J. Cameron et al. 2023 ), 4 . 6 � z � 7 . 9
 alaxies fr om S. Mascia et al. ( 2023 ), 6 . 9 � z � 9 . 0 g alaxies fr om
he CEERS survey (M. Tang et al. 2023 ), A2744-YD4 ( z = 7 . 88 ;
. Witten et al. 2025 ), and the 5 � z � 9 stacks created by G.
oberts-Borsani et al. ( 2024 ). Each of the line ratios from high-
 edshift g alaxies has either been corrected for dust attenuation or
as been measured for galaxies with no significant attenuation. 
enerally, we find that the different components of B14-65666 

ie within the scatter of the JWST -observed galaxies, at the upper
dge of the scatter of the low-redshift galaxies. Below we discuss
he physical interpretation of this line ratio distribution. 

All of these ratios are dependent on the ionization parameter 
 and metallicity Z g (e.g. L. J. Kewley & M. A. Dopita 2002 ; M.
hirazi, J. Brinchmann & A. Rahmati 2014 ; A. J. Cameron et al.
023 ). In general, R23, R2, and R3 ar e str onger tracers of Z g (e.g .
. C. Steidel et al. 2016 ; M. Curti et al. 2020 ), while Ne3O2 and
32 ar e mor e dependent on U (e.g . M. V. Penston et al. 1990 ; E. M.
evesque & M. L. A. Richar dson 2014 ). The low-r edshift g alaxies
how a positive correlation in each diagnostic plot, while the 
igh-r edshift g alaxies lie at higher O32 and Ne3O2 (suggesting
igher U , A. J. Cameron et al. 2023 ). Both regions of B14-65666

ie near the intersection of low-redshift and previously JWST - 
bserved galaxies. 

The metallicity of each region of B14-65666 was found to be ∼
 . 2 − 0 . 3 Z � (Section 3.1 ), allowing us to use these diagrams to
ompare ionization states. Since the B14-65666 regions have low 

32 and Ne3O2 compared to the other high-redshift sources, this 
uggests that our sources hav e relativ ely low ionization param-
ters. The high Z g and low U (compared to other high-redshift
alaxies) suggests that B14-65666 could r epr esent a system of 
v olv ed galaxies in the early Universe where significant star for-
ation has occurred (resulting in a higher M ∗ and Z g ). Indeed,

hey lie at the high- Z g and high- U edge of low-redshift galaxies,
espite having much less time to form stars and enrich their
nvironments. 

.2 ALMA –JWST comparison 

hile JWST is a powerful tool to e xplor e the characteristics
f high-r edshift g alaxies, it also features a strong synergy with
LMA that has only recently begun to be e xplor ed. This in-

ludes the possibility of detecting Lyman continuum leaking 
alaxies by comparing [C ii ]158 μm and [O iii ] λ5007 (e.g. H. Katz
t al. 2020 ; R. Ura et al. 2023 ), using JWST -based gas-phase
etallicities and ALMA-based CO observations t o deriv e molec- 

lar gas masses (e.g. D. Nar ay anan et al. 2012 ), and comparing
O iii ] λ5007 /[O iii ]88 μm to place tight constraints on electron
emperatur e (e.g . M. Stiavelli et al. 2023 ). 

.2.1 Lyman continuum leakage 

he escape of Lyman continuum photons is a key process in the
tudy of how the Universe was reionized, but due to the opacity
f the IGM, this quantity is usually e xplor ed using indir ect tracers
e.g. Y. I. Izotov et al. 2018 ; J. Chisholm et al. 2022 ; S. Mascia et al.
023 ). A novel approach was proposed by H. Katz et al. ( 2020 ),
ho used high-resolution cosmological simulations to train a 

ogistic r egr ession model to pr edict whether a g alaxy has a high
yman continuum escape fraction ( f LyC 

esc > 10 per cent ; ‘Lyman 

eakers’) using multiple strong rest-UV and FIR lines. 
Before the advent of JWST , the most easily applied diagnostic

as between two FIR lines that were observable with ALMA 

 [C ii ]158 μm and [O iii ]88 μm ). From this diagnostic, H. Katz
t al. ( 2020 ) predict that B14-65666 is likely a non-leaker. How-
MNRAS 547, 1–20 (2026) 
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Figure 6. Distribution of line ratios for the apertures E and W: O32–R23 (top left), R3–R2 (top right), and Ne3O2–R23 (bottom left). For comparison 
we also show the dust-corrected line ratios of low-r edshift g alaxies fr om BOSS (D. Thomas et al. 2013 ) and higher r edshift g alaxies pr eviously observed 
with JWST /NIRSpec ( 5 . 5 � z � 9 . 5 , A. J. Cameron et al. 2023 ; 4 . 6 � z � 7 . 9 , S. Mascia et al. 2023 ; 6 . 9 � z � 9 . 0 , M. Tang et al. 2023 ; 5 � z � 9 , G. 
Roberts-Borsani et al. 2024 ; 6 . 4 � z � 7 . 9 , G. Venturi et al. 2024 ; and z = 7 . 88 , C. Witten et al. 2025 ). 
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ver, the str ongest pr edictor of high f LyC 
esc was found to be between

O iii ] λ5007 and [C ii ]158 μm. Since [C ii ]158 μm can trace neu-
ral gas (e.g. D. Vizgan et al. 2022 , but see also e.g. A. Zanella et al.
018 ; S. C. Madden et al. 2020 ) and [O iii ] λ5007 traces ionized
as, a high value of this ratio could indicate a higher level of ion-
zed gas and thus more avenues of escape for Lyman continuum
hotons. Here, we examine this ratio in B14-65666. 
Because the astrometric uncertainty of the ALMA images is

omparable to the spaxel size of our JWST /NIRSpec data (see
ppendix B3 ), we do not consider the spatial distribution of line

atios from ALMA and JWST . Inst ead, w e consider the total line
ux ratios of each using the ‘Total’ aperture (Table 2 ). 
We find log 10 (L [C ii ]158 μm 

[erg s −1 ]) = 42 . 64 ± 0 . 06 , and
og 10 (L [O iii ] λ5007 [erg s −1 ]) = 43 . 65 ± 0 . 02 (with no dust
NRAS 547, 1–20 (2026) 
 xtinction corr ection). Despite this r elatively high value of 
og 10 (L [O iii ] λ5007 ) , these int egrat ed values place B14-65666 in
he ‘non-leakers’ region of the H. Katz et al. ( 2020 ) diagram,
n agreement with the classification based on the [C ii ]158 μm-
O iii ]88 μm diagnostic. While the application of a dust correction
 E(B − V ) > 0 ) will result in a higher [O iii ] λ5007 luminosity
nd push B14-65666 towards the leaker regime, a large correction
 E(B − V ) > 0 . 68 ) is r equir ed for a leaker pr obability of 
 50 per cent . 
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.2.2 Electron density 

 pr evious e xploration of [O iii ] λλ4959 , 5007 /[O iii ]88 μm was
erformed by Y. Sugahara et al. ( 2025 ), who combined ALMA
nd JWST /NIRCam observations of B14-65666 to e xplor e how 

he electron density varies across this source. While these 
revious observations featured higher spatial resolution, our 
WST /NIRSpec data allow us to directly characterize the rest- 
ptical line and continuum emission. We repeat this analysis 
ere using our NIRSpec IFU data. Similarly to above, we do not

nv estigat e the spatial distribution of this ratio due to astrometric
lignment issues, but use the fluxes found using the ‘Total’ aper- 
ure and PyNeb to constrain the density. 

The ratio of the best-fitting [O iii ] λ5007 and [O iii ]88 μm fluxes
 2 . 6 ± 0 . 3 ) falls outside the ratios e xplor ed by PyNeb ( � 3 . 8 ).

hile this could be int erpret ed as v ery low density ( log 10 (n e ) <
0 1 cm 

−3 ), w e not e that w e may recov er our fiducial density
 log 10 (n e ) = 10 2 cm 

−3 ) by adopting a reasonable E(B − V ) �
 . 09 . Since the field contains regions of both high (e.g. ‘W’) and
ow dust extinction (‘E’), this extinction is reasonable. While 
t is not str aightforw ard t o deriv e a global dust correction, this
O iii ] λ5007 /[O iii ]88 μm ratio suggests that B14-65666 does not
eatur e ar eas of e xtr emely high density (which would r equir e a
ery high ratio). 

To inv estigat e this further, w e r equir e higher spectral r es-
lution observations of [O ii ] λλ3726 , 3729 (i.e. JWST /NIRSpec
395H/F290LP) and/or higher spatial resolution and sensitivity 
bservations of [O iii ]88 μm (i.e. ALMA). 

.3 Presence of dust 

he fact that this source is det ect ed in FIR continuum emission
ith ALMA (e.g. T. Hashimoto et al. 2019 ) implies that there

s a significant dust reservoir in the field. Through a detailed 

nalysis of the dust SED (which has three detections and one 
on-detection), Y. Sugahara et al. ( 2021 ) find a total dust mass
f ∼ 10 6 −8 M � (in agreement with previous results; T. Hashimoto 
t al. 2019 ). The recent SED modelling of Y. Sugahara et al. ( 2025 )
ound a stellar continuum dust attenuation of A 

∗
V = 0 . 78 +0 . 07 

−0 . 06 
corresponding to ionized gas E(B − V ) ∼ 0 . 4 ; D. Calzetti et al.
000 ) for the full source. Our JWST /NIRSpec spectra are well
t by models with low E(B − V ) = 0 . 2 − 0 . 4 , but we lack the
ensitivity and wavelength coverage necessary to estimate dust 
ttenuation further (see Appendix C3 for further discussion of 
his). 

Most of the previous studies of the FIR emission used the
patially resolved Band 6 and 8 data to construct SEDs for the
 and W cores, which were then analysed with different models

i.e. a blackbody model, T. Hashimoto et al. 2019 ; Bagpipes, A. C.
arnall et al. 2018 ; Y. Sugahara et al. 2025 ; or CIGALE, S. Noll
t al. 2009 ; M. Boquien et al. 2019 ; C. Prieto-Jiménez et al. 2025 ).
ut since each used slightly different spatial apertures (which 

er e centr ed on line emission rather than continuum emission),
e consider the dust morphology of this field (see Fig. 7 ). 
Our analysis of the r est-UV and r est-optical line emission

hows that these originate primarily from two bright cores, 
ith weaker diffuse emission. Emission from the rest-FIR lines 

C ii ]158 μm and [O iii ]88 μm also is also focused in the two
or e r egions. Similarly, Band 8 continuum emission (underlying 
O iii ]88 μm and tracing the peak of the dust SED) originates from
or e W and featur es a significant diffuse component. But Band 6
mission (underlying [C ii ]158 μm) is focused in an arc-like fea-
ure between the two cor e r egions ( ∼ 0 . 2 arcsec from the centre
f either core). This morphology was also reported by previous 
 orks (T. Hashimot o et al. 2019 ; Y. Sugahara et al. 2025 ), and thus

s likely not an artefact introduced by our calibration or imaging
rocesses. This offset is also larger than the positional uncertainty 
f the related [C ii ]158 μm map ( ∼ 0 . 03 arcsec ; Appendix B3 ).
either Band 7 nor Band 3 maps contain morphological infor- 
ation due to lack of spatial resolution and lack of detection,

espectively. Because the emission in each ALMA band is not 
oincident, it possibly originates fr om differ ent dust r eservoirs:
ne dust reservoir located in core W (see Band 8 image in panel
 of Fig. 7 ), as well as a separate dust reservoir between the cores
Band 6). Alt ernativ ely, dust t emper ature gr adients have been
bserved at high r edshift (e.g . G. Calistr o Rivera et al. 2018 ; C.
ong et al. 2019 ; T. Tsukui et al. 2023 ), which would allow for

his change in morphology. Indeed, the previous SED fits found 

iffer ent dust temperatur es in each cor e (e.g . T. Hashimoto et al.
019 ; Y. Sugahara et al. 2025 ). 

While a spatially resolved FIR SED analysis would unlock a 
eeper understanding of the dust properties and distribution (e.g. 
. Tsukui et al. 2023 ), it r equir es time-int ensiv e observations and

s currently only feasible for bright sources (e.g. starburst galaxies,
SO host galaxies). The lack of detection in Band 3 and the low

patial resolution of Band 7 means that such a spatially resolved
nalysis of the FIR emission would only feature two SED points,
nd would thus be biased by assumptions of flux distribution,
ust properties, and/or the use of a FIR t emplat e. With the data
vailable, we may only state that the B14-65666 field contains dust
hat is spatially offset from the bright cor e r egions. This dust may
ave been expelled by stellar winds (e.g. S. Veilleux, G. Cecil & J.
land-Hawthorn 2005 ), or may be affected by the ongoing galaxy
erger (e.g. Y. Tamura et al. 2023 ). 

.4 Mass-metallicity relation 

t has been well established that the properties of most galaxies at
 set redshift t end t o scale with each other. Examples of this are
een in the observed relations between stellar mass and rotational 
elocity (i.e. the Tully–Fisher relation; R. B. Tully & J. R. Fisher
977 ), SFR and M ∗ (star-forming main sequence; K. G. Noeske
t al. 2007 ), and the surface densities of molecular and stellar
ass (molecular gas main sequence; L. Lin et al. 2019 ). Here, we

nv estigat e the placement of B14-65666 on the relation between
tellar mass and gas-phase metallicity, or the mass-metallicity 
elation (MZR; J. Lequeux et al. 1979 ). 

To examine the location of B14-65666 with respect to the high-
edshift MZR, we display Z g (derived using the line diagnostics 
f M. Curti et al. 2020 ; Section 3.1.2 ) and M ∗ (derived by a BAG-
IPES fit to the observed SED; Y. Sugahara et al. 2025 ) for core E
nd core W in Fig. 8 . These values are compared to existing best-
tting MZR relations (K. E. Heintz et al. 2023 ; K. Nakajima et al.
023 ; M. Curti et al. 2024 ) as well as z > 5 galaxies with Z g and
 ∗ from JWST /NIRSpec IFU observations (S. Arribas et al. 2024 ;
. Marconcini et al. 2024 ; G. Venturi et al. 2024 ; C. Marconcini
t al. 2025 ; M. Messa et al. 2025 ; J. Scholtz et al. 2025 ). We find
hat the observed galaxies lie above the MZR as derived by K. E.
eintz et al. ( 2023 ) and M. Curti et al. ( 2024 ), and are closer to

he relation of K. Nakajima et al. ( 2023 ). 
How ev er, ther e ar e important caveats to this interpretation that
ust be discussed. Primarily, the IFU targets (which mainly orig- 

nate from the GA-NIFS survey) are not a representative sample 
MNRAS 547, 1–20 (2026) 
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Figure 7. Gallery of multi- w avelength continuum data (see Table 5 for details) in or der of incr easing λobs . Each panel displays a field of view of 1 . 8 ×
1 . 8 arcsec ( ∼ 9 . 3 × 9 . 3 kpc 2 ), centred on 10 h 01 m 40 . s 6858 + 1 ◦54 ′ 52 . ′′ 553 . An angular and physical scale is shown in each panel. The regions of study 
(which are adopted from C. Prieto-Jiménez et al. 2025 ) are shown in panel h. For each, we show the PSF as a red ellipse to the lower left. North is up 
and east is to the left. The JWST /NIRSpec continuum map (panel b; λobs = 4 μm), which was derived thr ough spax el-by-spax el fit (see Section 3.2 for 
details), is displayed in a different colour map for emphasis. 

F
e
M
W
K

NRAS 547, 1–20 (2026) 

igure 8. Gas-phase metallicities of z > 5 galaxies observed with the JWST /N
t al. 2024 ; X. Ji et al. 2024 ; C. Marconcini et al. 2024 ; G. Venturi et al. 2024 ; H.
essa et al. 2025 ; J. Scholtz et al. 2025 ). Each point is coloured by redshift. Valu
e also show previously determined MZR fits from local studies (B. H. Andrew
. Nakajima et al. 2023 ; M. Curti et al. 2024 ). Our values of core E and core W 
IRSpec IFU as a function of stellar mass (H. Übler et al. 2023 ; S. Arribas 
 Übler et al. 2024a ; S. Fujimoto et al. 2025 ; C. Marconcini et al. 2025 ; M. 

es that represent entire fields rather than regions are shown as diamonds. 
s & P. Martini 2013 ) and high-redshift studies (K. E. Heintz et al. 2023 ; 

are shown by ‘’E’ and ‘W’, respectively. 
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Table 5. List of continuum data. For each data set, we list a r epr esen- 
tativ e wav elength in the observed and rest frame (assuming z = 7 . 1520 ): 
piv ot wav elengths for each JWST imaging filter and aver age w avelengths 
for each ALMA band. 

Instrument Name λobs λrest 
[ μm] [ μm] 

JWST /NIRCam imaging F356W 3.563 0.437 
JWST /NIRSpec IFU 4 μm 4.000 0.491 
ALMA Band 8 740.228 90.803 
ALMA Band 7 999.308 122.584 
ALMA Band 6 1332.411 163.446 
ALMA Band 3 3331.027 408.615 
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f g alaxies, but ar e inst ead biased t owards bright, w ell-studied
bjects (e.g. SPT0311-58-E with log 10 (M ∗/ M �) = 10 . 55 +0 . 05 

−0 . 06 , S.
rribas et al. 2024 ). While these observations result in the de-

ection of smaller satellite galaxies (e.g. SPT0311-58-L1 with 

og 10 (M ∗/ M �) = 8 . 54 ± 0 . 05 , S. Arribas et al. 2024 ), we lack a
ore complete, unbiased data set of IFU-detected galaxies in 

his redshift range ( 6 � z � 9 ). The galaxies at log 10 (M ∗/ M �) < 7
riginate from the work of M. Messa et al. ( 2025 ), where grav-
tational magnification ( μ ∼ 20 ) allows for the characterization 

f dwarf galaxies. The high-metallicity source is SPT0311-58-C3, 
hich lies near the edge of the IFU field of view and thus may

uffer from low sensitivity. As not ed abov e, these w orks also use
ifferent methods to derive Z g and M ∗. A uniform analysis of 
IRSpec IFU data will be performed in a future work. 
We find that the cores of B14-65666 are among the most mas-

ive galaxies in our collected sample, but they still lie on an
xtrapolation of the K. Nakajima et al. ( 2023 ) MZR trend. This
uggests that the masses of each cor e ar e not dominated by a
arge reservoir of pristine gas (which would result in a lower 

etallicity), but they are also unlikely to have lost large amounts
f gas via outflows or tidal interactions (which would result in a
igher metallicity). Instead, it appears that the cores of B14-65666 
ave formed stars and enriched their gas in a similar fashion to
ther high-redshift galaxies. 

.5 N atur e of cor e components 

he two cor e g alaxies of B14-65666 are closely associated, with a
rojected distance of ∼ 0 . 43 arcsec (corresponding to ∼ 2 . 2 kpc)
nd a velocity offset of ∼ 175 km s −1 . Both cores appear to be
ndergoing a starburst episode (Section 3.1.2 ). Despite this, some 
f their pr operties r eveal distinct natur es. On one hand, cor e E
ppears to have a significant molecular reservoir (as suggested by 
ts strong [C ii ]158 μm emission; e.g. A. Zanella et al. 2018 ; S. C.

adden et al. 2020 ), lower Z g , and higher ionization parameter
 . With a compact JWST /NIRCam morphology and high M ∗,

his core likely represents a galaxy undergoing a burst of star
ormation activity. 

Core W is the opposite in multiple aspects: it has a lower M ∗
nd amount of molecular gas (i.e. weaker [C ii ]158 μm), higher
 g , and lower U . As seen in Fig. 8 , this core lies above the high-
 MZR, putting it closer to more ev olv ed, low er- z populations.
hus, this core appears to be a galaxy that has used much of its
olecular gas in star formation. 
Fig. 3 shows that there is a clear velocity gradient between 

hese two galaxies, with a br oad, r edshift ed component betw een
hem. Such a velocity gradient could be interpreted as a sign of 
otation, but this is unlikely here due to the presence of two
learly separated galaxies (i.e. core E and core W) with different
roperties. Since the line and continuum emission peak in one 
or both) of the cores rather than between them (e x cept for the
LMA Band 6 continuum, see Section 4.3 ), it is unlikely that this
 epr esents a single rotating galaxy, even accounting for the effects
f dust obscuration. 

Instead, it is likely that these cor es r epr esent merging galaxies
hat have undergone multiple close interactions in the past, as 
uggested by previous works (T. Hashimoto et al. 2019 ; C. Prieto-
iménez et al. 2025 ; Y. Sugahara et al. 2025 ). Such interactions
ould strip gas off of each galaxy (explaining the presence of the

urrounding diffuse emission), and could boost or lower star for- 
ation in each source (e.g. P. Di Matteo et al. 2008 ; K. Horstman

t al. 2021 ; S. L. Ellison et al. 2022 ). The r edshifted, br oad line
mission between the clumps (which is found here for the first
ime) could then r epr esent stripped g as fr om a pr evious interac-
ion. 

This behaviour has been observed in other systems, such as 
R7 (C. Marconcini et al. 2025 ): a z = 6 . 6 field composed of three
rimary components, an extended Ly α halo, and multiple minor 
omponents. An SED fit yielded SF histories (SFHs) for each com-
onent, revealing evidence for a past merger-induced starburst. 
ED fitting of B14-65666 by Y. Sugahara et al. ( 2025 ) suggest that
he SFH of this field is dominated by a starburst ∼ 10 Myr prior to
 = 7 . 1520 . Additional observations with JWST /NIRSpec (e.g. to
bserve Ly α and enable further SED modelling) could be useful 
or characterizing this field. 

 CONCLUSIONS  

n this w ork, w e hav e present ed new JWST /NIRSpec IFU ob-
ervations of the z = 7 . 1520 galaxy B14-65666 as part of the
 A-NIFS survey. Thr ough combination with archival data from 

WST /NIRCam and ALMA, we are able to e xplor e the morpho-
inematics and ISM conditions on a spectral and spatial basis. 
We confirm that the emission from this object primarily 

riginates from two bright cores (‘core E’ and ‘core W’), sur-
ounded by low-level diffuse emission. Spectra extracted from 

ach cor e r eveal significant emission of [O ii ] λλ3726 , 3729 ,
Ne iii ] λλ3869 , 3968 , [O iii ] λλ4959 , 5007 , several Balmer lines
H β, H γ , H δ, H ε, H ζ , H η), He i λ5875 , He i λ3889 , and weak
O iii ] λ4363 . By using PyNeb to calculate line ratios for given
lectron conditions ( T e and n e ), we are able to account for blended
ines and the relatively low spectral resolution of the data ( R ∼
000 ). By combining these data with previous ALMA [C ii ]158 μm
nd [O iii ]88 μm data, we are able to characterize the field with
nprecedented detail. 
Using strong line diagnostics (M. Curti et al. 2020 ), we con-

train the gas-phase metallicity of each core to be ∼ 0 . 2 −0 . 3 Z �.
he line ratios of each core lie within the scatter of other z ∼
 . 5 −9 . 5 galaxies observed with JWST /NIRSpec (A. J. Cameron
t al. 2023 ; M. Tang et al. 2023 ), but with low O32 and Ne3O2 (i.e.
ow U ) and high R23 and R2 (i.e. higher Z g ). Since these prop-
rties are more similar to the high-ionization tail of the distribu-
ion of low-r edshift g alaxies observed in BOSS (D. Thomas et al.
013 ), we propose that B14-65666 r epr esents a system of currently
tarbursting galaxies in the early Universe, where significant star 
ormation has already occurred. 

N e xt, we maximize the potential of our three-dimensional data
et by performing spax el-by-spax el fits. This reveals that the emis-
ion of each JWST /NIRSpec- and ALMA-det ect ed lines are con-
entrated in the two cor es. B y fitting the rest-UV and rest-optical
MNRAS 547, 1–20 (2026) 
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ines with a broad and narrow component, we find a region of 
 edshifted, br oad emission between the two cores. This likely
 epr esents a tidal int eraction betw een the tw o cores (or possibly
n outflow). On the other hand, the narrow emission shows a
lear east–west red–blue velocity gradient, which is also seen in
C ii ]158 μm and [O iii ]88 μm. 

The ALMA and JWST data are combined t o t est optical-FIR
ine diagnostics of the full field. These suggest that B14-65666

ay not be a significant Lyman continuum leaker and is unlikely
o feature a high n e (but this depends on the adopted dust ex-
inction). A comparison of the continuum and line maps suggests
hat B14-65666 may have a complex dust distribution. 

The M ∗ of B14-65666 (as derived by Y. Sugahara et al. 2025 ) is
ombined with our precise estimate of Z g to examine if this source
ies on the high-redshift MZR. By comparing these values with
ther JWST /NIRSpec IFU-derived values and best-fitting trends
f r epr esentative g alaxies, we find that cores of B14-65666 lie on
he high-redshift MZR. This suggests the lack of a large molecular
 eservoir or g as e xpulsion via feedback, which would result in
ignificant offset from the relation. 

By combining multiple tracers (e.g. Z g , line morpho-
inematics), w e det ermine that the tw o cor es featur e drastically
iffer ent pr operties. Cor e W is a less massiv e, low er-metallicity
alaxy that appears to have already used up much of its molecular
 as r eservoir in star formation (based on the less significant
C ii ]158 μm peak). Core E features a higher M ∗ and a higher
C ii ]158 μm luminosity, suggesting higher potential for future
tar formation. When combined with the kinematics we have
bserv ed, the tw o cores of B14-65666 likely r epr esent a massive
erger of two disparate galaxies in the early Universe, which

av e creat ed tidal featur es thr ough their past interactions. 
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Figure B1. Comparison of JWST /NIRCam F356W data with position of 
star from the Gaia DR3 catalogue. The Gaia position is shown as a red 
X, while the best-fitting centroid of the NIRCam image is shown by a red 
circle. The PSF is shown as a circle to the lower right. 
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P P E N D I X  A:  P S F  T R E AT M E N T  

he JWST /NIRSpec IFU PSF is known to vary strongly with
avelength (e.g, F. D’Eugenio et al. 2024 ). Recent works (e.g. G.
. Jones et al. 2025a ) have used NIRSpec IFU observations of 

tandard stars to demonstrate that the python package stpsf 10 is
ble to accurately characterize the PSF. Following the approach
f other works (e.g. C. Prieto-Jiménez et al. 2025 ; G. C. Jones et al.
025b ), we first use stpsf to find the PSF of each spectral channel
n our data cube. We then homogenize the PSF of our data cube
o the coarsest PSF by convolving each spectral channel with a
ernel determined using the phoutils (L. Bradley et al. 2023 )
ask cr eate_matching_k ernel . 

N e xt, w e det ermine the aperture loss correction for each aper-
ure of Table 2 using the common PSF. Assuming an unresolved
oint sour ce (e.g . C. Priet o-Jiménez et al. 2025 ), w e take the
atio of the total flux and the flux inside each aperture. While
he higher spatial resolution JWST /NIRCam observations of Y.
ugahara et al. ( 2025 ) found that the eastern core is indeed com-
act ( r e < 0 . 016 arcsec ), the w est ern core is instead elongated
ith a length of ∼ 0 . 3 arcsec and may feature small-separation

lumps. Our data feature a PSF with FWHM ∼ 0 . 19 arcsec , so
ur assumption of a point source is appropriate for the eastern
ore but may result in a slight underestimation of the w est ern
ux. 

P P E N D I X  B :  ASTROMET RIC  CORRECTION  

n this w ork, w e compare JWST /NIRSpec IFU data with ALMA
bservations. This comparison r equir es a trustworthy astromet-
ic correction, as even small offsets can introduce artificial fea-
ur es (e.g . spatial gr adients in line r atio maps). Here, we align
n archival NIRCam image to the Gaia DR3 frame (Gaia Collab-
ration et al. 2016 , 2021 ) using a comparison to NIRCam data
NRAS 547, 1–20 (2026) 

0 https://stpsf.readthedocs.io/en/latest/ 

p  

1

Appendix B1 ), use this aligned NIRCam image to correct the
strometry of our NIRSpec data (Appendix B2 ), and discuss the
strometric uncertainty of the ALMA data (Appendix B3 ). 

1 NIRCam alignment 

o begin, we search the Gaia archive 11 for reference stars near
14-65666, and select the closest Gaia star with proper motion

nformation (Gaia DR3 3836051483531923200). Although B14-
5666 benefits from multiple archival NIRCam data sets (see
ection 2.3 ), our chosen Gaia star is masked in all but one filter
F356W). After correcting the position of this star for proper mo-
ion (an offset of 31 . 6 ± 0 . 4 mas, where the uncertainty takes the
ositional uncertainty and error on proper motion into account)
nd fitting a 2D Gaussian to the NIRCam image using lmfit , we
nd that the centroid is offset by 20 . 5 ± 0 . 7 mas (where the error

s taken from the lmfit output). This offset is small (Fig. B1 ) but
ignificant, so we align the NIRCam data by adjusting the image
eader. 

2 NIRSpec alignment 

o determine if our data are affected by a pointing error, we
se the Gaia -aligned JWST /NIRCam F356W image. By con-
olving our IFU data cubes with the corresponding NIRCam
lter transmission curve, we compare the spatial distribution
f emission. The resulting comparison is shown in the top
anel of Fig. B2 . The NIRSpec IFU and NIRCam data are mis-
ligned, with an offset of 92 ± 8 mas (where the uncertainty
s taken from a 2D Gaussian fit to the western emission with
mfit ). This is fully consistent with the pointing uncertainty
f JWST (e.g. J. Rigby et al. 2023 ), but to enable comparison
ith other data sets, we correct our NIRSpec IFU cube for

his offset. By combining all relevant uncertainties (i.e. on Gaia
osition and proper motion, NIRCam centroid, and NIRSpec
1 https://gea.esac.esa.int/archive/ 
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Figure B2. Comparison of JWST /NIRCam images and JWST /NIRSpec 
IFU data cube int egrat ed ov er F356W NIRCam filt er bandpass. In each 
panel, the collapsed NIRSpec emission is depicted as the back gr ound 
colour and illustrative black contours, while the NIRCam data are shown 
as red contours. The JWST emission in the top panel is shown without 
the astrometric correction, while the lower panel includes the alignment 
to the NIRCam data. 
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entroid), w e det ermine an absolut e astrometric uncertainty of 
 mas. 

3 ALMA astrometry 

 ccor ding to the ALMA technical handbook 

12 , the positional
ncertainty of ALMA is a function of the resolution and peak 

/N: 

acc = 

FWHM beam 

0 . 9 × S / N pk 
(B1) 

sing this, we first consider the moment 0 map of [C ii ]158 μm
tudied here, which features a beam of FWHM 0 . 268 ×
 . 218 arcsec (i.e. geometric mean of 0 . 242 arcsec ) and an S / N pk ∼
 . This results in �acc = 34 mas. Applying the same process to
2 https://almascience.eso.org/documents- and- tools/cycle12/alma- tec 
nical-handbook 

d  

(  

t  

w

he moment 0 map of [O iii ]88 μm implies �acc = 52 mas. How-
v er, the ALMA t echnical handbook not es that the true posi-
ional uncertainties are likely higher due to extended structure 
nd high frequencies. Because the ALMA positional uncertainty 
ay be improved through better sensitivity or resolution, future 

dditional [C ii ]158 μm or [O iii ]88 μm observations will result in
ighter constraints. 

Because these uncertainties are comparable to the spaxel size 
f our NIRSpec data (50 mas), any detailed spatial comparison of 
IRSpec and ALMA data is not advisable. How ev er, int egrat ed
ux comparisons using large apertures are still possible. 

P P E N D I X  C :  L I N E  R AT I O  DE  T E R M I N  AT I ON  

hroughout this w ork, w e use line ratios derived using PyNeb .
his allows us to self-consistently fit and analyse line emission 

sing a single framework. The details of these assumptions are 
iven here. 

1 Dust-free line ratios 

ne vital pair of ISM properties are the electron density and
emperatur e. The electr on density in g alaxies has been derived for
 ∼ 2 . 3 galaxies ( n e = 250 cm 

−3 ; e.g. R. L. Sanders et al. 2016 ), as
ell as for z > 6 galaxies using JWST data ( n e = 100 −500 cm 

−3 ;
.g. M. Curti et al. 2023 ; K. Nakajima et al. 2023 ; Z. Chen et al.
024 ; W. Hu et al. 2024 ; A. T orralba-T orr egr osa et al. 2024 ). More
enerally, Y. Isobe et al. ( 2023 ) characterize the redshift evolution
f n e , yielding a range of n e ∼ 200 −1000 cm 

−3 for a source at
 ∼ 7 . Below we will e xplor e a range of n e = 100 −1000 cm 

−3 (as
uggested by M. Tang et al. 2023 ). 

Similarly, the electron temperature is found to be ∼ 1 . 5 × 10 4 K
or high-r edshift sour ces (e.g . W. Hu et al. 2024 ; A. Torralba-
orr egr osa et al. 2024 ; T. Y .-Y . Hsiao et al. 2024b ). While a
road range of T e = [0 . 5 −20] × 10 4 K is e xplor ed by Z. Chen
t al. ( 2024 ), we restrict our exploration to temperatures where
yNeb is able to calculate each dust-corrected Balmer ratio ( T e =
0 . 5 −3 . 0] × 10 4 K). 

Previously, Y. Sugahara et al. ( 2025 ) assumed T e = 1 . 2 × 10 4 K
nd n e = 200 cm 

−3 when interpreting JWST /NIRCam observa- 
ions of B14-65666. Through a comparison of the observed 

O iii ] λλ4959 , 5007 /[O iii ]88 μm ratio to r esults fr om CL OUDY
G. J. Ferland et al. 1998 , 2017 ), they were able to rule out low
 < 10 2 cm 

−3 ) and high electron densities ( > 10 3 cm 

−3 ). For our
xploration, we mark the locations of these fiducial values of 
 e = 200 cm 

−3 and T e = 1 . 2 × 10 4 K in each plot, and the result-
ng ratio values are listed in Table C1 . 

First, we e xplor e Balmer line ratios using the PyNeb task getE-
issivity . The resulting distribution of H γ /H β values (first panel

f Fig. C1 ) shows that this ratio features a much stronger de-
endence on T e than n e . The other Balmer ratios show a similar
ependence on T e , with a < 6 per cent deviations from their
ducial value over our e xplor ed parameter space. 
N e xt, we e xplor e the range of multiple o xy gen line ra-

ios. The first ratio ([O iii ] λ5007 /[O iii ] λ4959 ) is fixed by
tomic physics and ther efor e does not vary with n e or T e .
n the other hand, [O ii ] λ3729 /[O ii ] λ3726 is strongly depen-
ent on n e , ([O iii ] λ5007 /[O iii ] λ4363 ) is dependent on T e , and
[O iii ] λ5007 /[O iii ]88 μm) is dependent on both parameters. Due
o the large variation in the latter two ratios (i.e. more than 1 dex),
e present the logarithm of each in Fig. C1 . 
MNRAS 547, 1–20 (2026) 
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M

Figure C1. Demonstration of how line ratios vary with respect to T e and n e , with E(B − V ) = 0 . 0 . The fiducial values ( n e = 200 cm 

−3 and T e = 1 . 2 ×
10 4 K) are marked with dashed black lines, while the resulting ratio is marked in the colour bar with a whit e line. Whit e lines in each panel show ISM 

conditions that produce the same ratio as the fiducial values. 

Figure C2. Demonstration of how line ratios vary with respect to T e and E(B − V ) , with a constant n e = 200 cm 

−3 . The fiducial temperature ( T e = 

1 . 2 × 10 4 K) and B − V colour e x cess ( E(B − V ) = 0 . 2 ) ar e marked with dashed black lines, while the r esulting ratio is marked in the colour bar with a 
white line. White lines in each panel show ISM conditions that produce the same ratio as the fiducial values. 

Table C1. Dust-corrected line ratios found using PyNeb using fidu- 
cial electron properties ( n e = 200 cm 

−3 and T e = 1 . 2 × 10 4 K) and either 
E(B − V ) = 0, 0.1, or 0.4. Italicized entries are independent of density and 
temperature. 

E(B − V ) 0.0 0.1 0.4 

H α/H β 2.828 3.179 4.517 
H γ /H β 0.471 0.448 0.388 
H δ/H β 0.261 0.252 0.194 
H ε/H β 0.160 0.147 0.113 
H ζ /H β 0.106 0.096 0.072 
H η/H β 0.074 0.066 0.049 
[ O iii ] λ5007 /[ O iii ] λ4959 2.984 2.996 3.032 
[O ii ] λ3729 /[O ii ] λ3726 1.246 1.246 1.247 
[O iii ] λ5007 [O iii ]88 μm 6.282 4.165 1.213 
[O iii ] λ5007 /[O iii ] λ4363 88.623 93.972 112.035 
[N e iii ] λ3968 /[N e iii ] λ3869 0.301 0.305 0.315 
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Like [O iii ] λ5007 /[O iii ] λ4959 , the ratio
N e iii ] λ3869 /[N e iii ] λ3968 is fix ed by atomic physics, and
hus is not dependent on n e or T e . Because of this, we present the
ducial value in Table C1 but do not show a distribution. 

2 Dust reddening 

n addition, line ratios may be affected by dust extinction. In
he case of a dust-free environment, E(B − V ) = 0 , and the line
atios discussed in the previous subsection would be appro-
NRAS 547, 1–20 (2026) 
riat e. How ev er, ev en for E(B − V ) � 0 . 5 , line ratios will dif-
er significantly from their extinction-free values. To demon-
trate this, Fig. C2 shows the T e − E(B − V ) grid for H γ /H β,
O iii ] λ5007 /[O iii ] λ4959 , and [N e iii ] λ3968 /[N e iii ] λ3869 . 

For each of the Balmer r atios, over the r ange of par ameters
onsidered, E(B − V ) has more of an effect on the observed ratio
han T e . This is also true for the o xy gen and neon ratios, which are
emperature-independent. While the oxygen and neon ratios only
ary a few per cent from the fiducial values ( � 3 per cent ), the
almer ratios have larger variations that increase with transition
umber (e.g. ∼ 15 per cent for H γ /H β and ∼ 30 per cent for
 ζ /H β). 

3 Line ratio interpretation 

t is clear that some line ratios are strong tracers of 
SM conditions. A high [O iii ] λ5007 /[O iii ] λ4959 or
N e iii ] λ3968 /[N e iii ] λ3869 ratio implies strong dust reddening,
hile in the absence of reddening a low [O ii ] λ3729 /[O ii ] λ3726

atio will suggest a high electron density, and a high Balmer ratio
e.g. H γ /H β) traces a high electron temperature. But there is
ome ambiguity between n e , T e , and E(B − V ) , as shown by the
urved lines of constant ratio in Figs C1 and C2 . 

While [O iii ] λ5007 /[O iii ] λ4959 and
N e iii ] λ3968 /[N e iii ] λ3869 appear to be good tracers of 
(B − V ) , their small wavelength separations result in

mall changes in the observed ratio (e.g. � 1 per cent for
(B − V ) � 0 . 5 ) which would r equir e high-S/N observations to
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onstrain. In addition, we have assumed case B recombination 

ere, while case A recombination would result in altered Balmer 
atios (e.g. C. Scarlata et al. 2024 ). We fit each observed profile in
his work with two components (i.e. narrow and broad), adding 
n additional complication to ratio interpretation. 

With these notes in mind, we make several assumptions for our
tting pr ocedur e. First, since we lack any str ong tracers of n e (i.e.

he spectral resolution t o resolv e the [O ii ] λλ3726 , 3729 doublet),
e fix n e to the fiducial value of 200 cm 

−3 used by Y. Sugahara
t al. ( 2025 ). N e xt, w e conservativ ely fix E(B − V ) to the value
ound by Y. Sugahara et al. ( 2025 ) for the full B14-65666 system
0.2). Finally, we assume that all lines originate from the same

edium, such that each line may be characterized by the same
SM conditions ( n e , T e , and E(B − V ) ). 
igure D1. Int egrat ed fluxes of narrow (top row) and broad (bottom 

ow) components of H β (left column) and [O iii ] λ5007 (right column), as 
erived through spaxel-by-spaxel fit. Each panel displays a field of view 

f 1 . 0 × 1 . 0 arcsec centred on 10 h 01 m 40 . s 69 + 1 ◦54 ′ 52 . ′′ 55 . For each, we 
how the PSF as a red ellipse to the lower left. North is up and east is to 
he left. We mark the locations of four spax els (A thr ough D), fr om which 
e extract spectra (Fig. D2 ). 
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P P E N D I X  D:  COMPARISON  OF  NARROW  AND  

ROAD  EMISSION  

n Section 3.2 , we extract the spectra from each spaxel of our
ata and fit them t o det ermine the spatial distribution of line and
ontinuum emission, as well as ISM properties. While most of our
iscussion focuses on the total emission, our model includes both 

arrow and broad components. To demonstrate the significance 
f these det ect ed components, w e show the best-fitting narrow
nd broad emission maps of the two brightest lines (H β and
O iii ] λ5007 ) in Fig. D1 . 

Emission from the narrow components of both lines is focused 

n the two cores, while the broad emission primarily emanates 
rom the E core. We emphasize that the fitting of each spaxel-
ased spectrum was performed independently, and a signal-to- 
oise limit of > 3 σ was enforced for each fit to be accepted. 
This is further demonstrated in Fig . D2 , wher e we show ex-

r acted spectr a fr om four spax els between the cor es (see positions
–D in Fig. D1 ), their best-fitting models, and the residuals. Each
 α and [O iii ] λλ4959 , 5007 line shows significant broad emis-

ion, with differ ent str engths and velocity offsets fr om the narr ow
mission. 
MNRAS 547, 1–20 (2026) 
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Figur e D2. Spectra e xtracted fr om four spax els of our JWST /NIRSpec 
IFU data cube (see Fig. D1 ). We isolate the wavelength range containing 
H β and [O iii ] λλ4959 , 5007 , and present the observed spectrum, the best- 
fitting model, and its narrow and broad components. The residual is 
included in the lower panel. 
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