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A B S T R A C T 

Recent observations revealed that distant galaxies have bursty star formation histories, regulated by stellar or active galactic 
nuclei (AGNs) feedback and gas inflows. According to theoretical models, feedback preferentially removes metal-rich 

gas, while subsequent starbursts are triggered by mergers and newly accreted gas that is generally less enriched than 

the galaxy’s interstellar medium (ISM). Therefore, gas-phase metallicity provides key insights into the baryonic processes 
shaping early galaxies. We present the first NIRSpec/integral-field unit (IFU) study of spatially resolved ISM properties in 

the MACS0647-JD system ( z = 10 . 17 ). The system consists of two stellar components detected in NIRSpec/IFU (Near- 
InfraRed Spectrograph Integral Field Unit) and NIRCam (Near-InfraRed Camera) photometry. The main component 
(log ( M∗/ M�) = 7 . 77 ± 0 . 09 ; 12 + log ( O / H) = 7 . 89 ± 0 . 16 ) is more massive and significantly more metal-rich compared 
to its companion (log ( M∗/ M�) = 7 . 42 ± 0 . 07 ; 12 + log ( O / H) = 7 . 47 ± 0 . 20 ), suggesting an older stellar population and 
a prolonged chemical enrichment history. We find that the H γ line emission centroid is spatially offset by ∼ 0 . 1 arcsec 
(150 pc in the source plane) from the stellar continuum centroid; the latter coincides with the location of the main stellar 
component. This offset provides possible evidence of a merger-driven starburst in this system. By comparing the spatial 
distributions of the metallicity, velocity dispersion, and the burstiness of star formation history, we infer the presence of 
turbulent, metal-poor gas outside the stellar components. This metal-poor, dynamically unstable gas is likely responsible 
for the enhanced recent star formation in the north-east region of the system. 

Key words: ISM: kinematics and dynamics – galaxies: abundances – galaxies: evolution – galaxies: high-redshift –
galaxies: ISM. 

1

T
m
i
(  

2  

2  

(  

e  

(  

�

J  

W  

e  

o  

t
o  

O  

D  

a
l  

B  

©
P
C
r

D
ow

nloaded from
 academ

ic.oup.com
/m

nras/article/551/1/stag1369/8738560 by Luisa Ferrini user on 18 August 2026
 INTRODUCTION  

heoretical models posit that early galaxies had variable star for- 
ation histories (SFHs), characterized by multiple episodes of 
ntense star formation, each followed by periods of lower activity 
X. Ma et al. 2018 ; C.-A. Faucher-Giguère 2018 ; K. G. Iyer et al.
020 ; S. Tacchella, J. C. Forbes & N. Caplar 2020 ; T. Dome et al.
024 ; W. McClymont et al. 2025 ). James Webb Space Telescope
 JWST ) observations are confirming this picture, with the discov-
ry of a plethora of galaxies in each of these phases: starbursts
K. Boyett et al. 2024 ; A. Dressler et al. 2024 ; D. Langeroodi &
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. Hjorth 2024 ; R. Endsley et al. 2025 ; T. J. Looser et al. 2025 ; C.
itten et al. 2025 ) and quenched (V. Strait et al. 2023 ; T. J. Looser
t al. 2024 ; W. M. Baker et al. 2025 ; A. Covelo-Paz et al. 2026 ). One
f the key tracers of SFHs is gas-phase metallicity, which carries
he imprint of a number of mechanisms shaping the evolution 
f galaxies before Cosmic Noon (R. Davé, K. Finlator & B. D.
ppenheimer 2011 ; S. J. Lilly et al. 2013 ; R. S. Somerville & R.
avé 2015 ; C. Péroux & J. C. Howk 2020 ). SFHs are regulated by
 combination of baryonic processes, including mergers, cosmo- 
ogical gas accretion, and gas outflows driven by stellar (W. M.
aker et al. 2023 ; S. Zamora et al. 2025a ) or active galactic nuclei
AGNs) feedback (A. C. Fabian 2012 ; R. Weinberger et al. 2017 ;
. A. Bourne & H.-Y. K. Yang 2023 ). Such outflows can efficiently
emove metal-enriched gas and suppress star formation, leading 
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o quiescent phases (A. C. Fabian 2012 ; P. F. Hopkins et al. 2014 ,
023 ). Conversely, mergers and metal-poor inflows of dense gas
an rejuvenate galaxies by triggering intense episodes of star for-
ation (D. Kereš et al. 2005 ; A. Dekel et al. 2009 ; J. Schaye et al.
010 ; M. Sparre et al. 2017 ; G. Sun et al. 2023 ; D. Langeroodi &
. Hjorth 2023 ; C. A. Mason, M. Trenti & T. Treu 2023 ; H. Yajima
t al. 2023 ). 
It has been suggested that gas accretion and bursty star forma-

ion lead to increased scatter of the mass–metallicity relation (J.
equeux et al. 1979 ; C. A. Tremonti et al. 2004 ; L. J. Kewley &
. L. Ellison 2008 ; R. Maiolino et al. 2008 ; S. F. Sánchez et al.
017 ), as reported by simulations (M. E. De Rossi et al. 2017 ; O.
gertz et al. 2020 ; A. M. Garcia et al. 2024 ) and semi-analytical
odels (e.g. G. De Lucia et al. 2020 ). Furthermore, simulations
eveal a link between stellar feedback and the spatial distribution
f metals: models with enhanced stellar feedback lead to effi-
ient mixing of metals in the interstellar medium (ISM), resulting
n flatter radial metallicity gradients on average in these cases
B. K. Gibson et al. 2013 ; A. Mott, E. Spitoni & F. Matteucci
013 ; X. Sun et al. 2025 ; A. M. Garcia et al. 2026 ). However,
uch metallicity gradients are physically stable only if these sys-
ems had evolved long enough to reach a nearly steady state.
bservational evidence for correlations between very recent star
ormation activity and metallicity on spatially resolved scales
n the early Universe remains scarce (e.g. C. Marconcini et al.
024 ). 
Following the launch of the JWST (J. P. Gardner et al. 2023 ; J.
igby et al. 2023 ), it became possible to study rest-frame optical
nd near-infrared spectra and photometry of distant galaxies less
han 1 Gyr after the big bang (A. J. Bunker et al. 2023 , 2024 ; E.
urtis-Lake et al. 2023 ; S. Fujimoto et al. 2023 , 2024 ; D. Kashino et
l. 2023 ; P. A. Oesch et al. 2023 ; G. Roberts-Borsani et al. 2023 ; B.
. Robertson et al. 2023 ; B. Wang et al. 2023b ; F. D’Eugenio et al.
024b , 2025b ; K. N. Hainline et al. 2024 ; Y. Harikane et al. 2024 ;
. T. Donnan et al. 2025 ; C. Marconcini et al. 2025 ; L. Napolitano
t al. 2025 ; S. H. Price et al. 2025 ), even up to z > 14 ( < 300 Myr
fter the big bang; S. Carniani et al. 2024 ; R. P. Naidu et al. 2026 ).
n order to understand how galaxies evolve across cosmic time, it
s necessary to constrain the properties of their ISM. 
Owing to its unprecedented near-infrared sensitivity, and its
bility to provide high spatial resolution (sub-kpc scales) and R ∼
000 − 3000 spectra unaffected by telluric lines and atmospheric
ffects, JWST /NIRSpec (P. Jakobsen et al. 2022 ) has completely
evolutionized our understanding of galaxy formation and evolu-
ion before Cosmic Noon. These early galaxies have truly extreme
SM conditions, including hard radiation fields, high ionization
arameters (A. J. Cameron et al. 2023 ; S. Mascia et al. 2023 ; R.
. Sanders et al. 2023b ; M. Tang et al. 2023 ; K. Boyett et al. 2024 ;
. Calabrò et al. 2024 ; M. W. Topping et al. 2024 , 2025b ), high
lectron number densities (Y. Isobe et al. 2023b ; N. A. Reddy
t al. 2023 ; J. Li et al. 2025 ; M. W. Topping et al. 2025a ), and
igher electron temperatures combined with lower metallicities
ompared to lower- z galaxies of similar M∗ and star formation
ates (SFRs; D. Langeroodi et al. 2023 ; J. R. Trump et al. 2023 ; M.
urti et al. 2024 ; I. H. Laseter et al. 2024 ; C. L. Pollock et al. 2026 ).
ll these observational results are in agreement with the findings
f theoretical hydrodynamical simulations such as megatron
N. Choustikov et al. 2026 ). Moreover, JWST observations have
ubstantially increased the number of detections of auroral lines
t 2 < z < 10 (K. Nakajima et al. 2023 ; I. H. Laseter et al. 2024 ;
. Morishita et al. 2024 ; R. L. Sanders et al. 2024 ; D. Scholte et al.
NRAS 551, 1–26 (2026)
025 ; A. E. Shapley et al. 2025 ; M. Stiavelli et al. 2025 ), allow-
ng for accurate calculations of gas-phase metallicities based on
he direct- Te method (M. Peimbert 1967 ; D. E. Osterbrock 1989 ).
apitalizing on the capabilities of the NIRSpec integral-field unit
IFU) mode (T. Böker et al. 2022 ) to reveal spatial and spectral
nformation, a number of recent studies have focused on spatially
esolved gas-phase metallicity and ISM properties in galaxies at
 = 2 − 8 . One key strength of IFU studies is their ability to pro-
ide in-depth analyses of systems with complex morphologies
nd intricate kinematics (B. Rodríguez Del Pino et al. 2024 ; G.
. Jones et al. 2024 , 2025b , 2026b ; H. Übler et al. 2024 ; M. A.
arshall et al. 2025a ; E. Parlanti et al. 2025b ; P. G. Pérez-González
t al. 2025 ; S. Zamora et al. 2025b ), including the discovery of 
ual/multiple AGN (M. Perna et al. 2025 ; H. Übler et al. 2025 ). A
obust characterization of the true nature of such systems is chal-
enging without IFU spectroscopy (F. D’Eugenio et al. 2025d ). 
At higher redshifts, galaxies are, on average, smaller than

heir low- z counterparts, as demonstrated by observations (e.g.
. Shibuya, M. Ouchi & Y. Harikane 2015 ; M. Huertas-Company
t al. 2024 ; J. Matharu et al. 2024 ; T. B. Miller et al. 2025 ; H. M.
. Stephenson et al. 2025 ; L. Yang et al. 2025 ; A. L. Danhaive
t al. 2026b ) and recent simulations (e.g. W. J. Roper et al. 2022 ;
. Costantin et al. 2023 ; X. Shen et al. 2024 ; W. McClymont et
l. 2025 ). Resolving the ISM in such compact early galaxies is
herefore difficult, except in cases where gravitational lensing
rovides sufficiently high magnification to resolve otherwise in-
ccessible physical scales (L. Mowla et al. 2022 ; A. Claeyssens
t al. 2023 ; E. Vanzella et al. 2023 ; T. Y.-Y. Hsiao et al. 2024a ;
. Mowla et al. 2024 ; S. Fujimoto et al. 2025b ). Furthermore,
dditional caution is needed when interpreting metallicity gra-
ients and ISM properties in high- z targets because a substan-
ial fraction of them either consist of multiple clumps (O. Le
èvre et al. 2020 ; R. Herrera-Camus et al. 2025 ) or are observed
uring a merger event (as expected given the increasing merger
ates at higher redshifts; Q. Duan et al. 2025 ; D. Puskás et al.
025b ) during which gas and metals are redistributed across the
ystem. 
MACS0647-JD is a star-forming galaxy (SFG) at zspec = 10 . 17

T. Y.-Y. Hsiao et al. 2023 , 2024a ), with a stellar mass of 
og ( M∗/ M�) = 8 . 1 ± 0 . 3 . Its instantaneous SFR, SFRH α = 5 . 0 ±
 . 6 M� yr−1 (T. Y.-Y. Hsiao et al. 2024b , probed by H α ((narrow-
ine emission) places this galaxy 0.6–0.8 dex above the star-
orming main sequence at its redshift (e.g. W. McClymont et
l. 2025 ), implying that the galaxy is undergoing a starburst
pisode. The system is triply lensed by the foreground galaxy
luster MACSJ0647.7 + 7015 ( z = 0 . 597 ; H. Ebeling et al. 2007 ).
n this study, we analyse the image with the highest magnifi-
ation, MACS0647-JD1 ( μ = 8 ± 1 ; B. M. Y. Chan et al. 2017 ).
his system consists of two closely separated main components
MACS0647-JD A and B) with a third component (C) located far-
her away from this pair (T. Y.-Y. Hsiao et al. 2023 ). It was further-
ore determined (based on integrated aperture spectroscopy)
hat component A of the system has a gas-phase metallicity of 
2 + log ( O / H ) = 7 . 79 ± 0 . 09 (T. Y.-Y. Hsiao et al. 2024b ) and an
onization parameter of log U = −1 . 9 ± 0 . 2 , indicating a metal-
oor but strongly ionized ISM, in line with other high-redshift
bservations (A. J. Bunker et al. 2023 ; M. Castellano et al. 2024 ;
. Curti et al. 2025 ). However, no conclusion has been reached
bout the kinematic properties and the interactions between the
wo main components of this system, leaving open the question
f whether they are distinct components of a merger or simply gas



MACS0647-JD1: resolved ISM properties 3

Figure 1. Composite RGB image of MACS0647-JD1 obtained by su- 
perposing F 115 W, F 200 W, and F 444 W NIRCam photometry images. 
We also overlay the field of view of our IFU observations (dashed 
square), as well as the central 0 . 7 arcsec × 0 . 7 arcsec aperture (solid 
square), used for determining the integrated spectrum emission-line 
fluxes and ISM properties. As discussed in Section 3.2 , we only fit 
the emission lines in the spectra of the spaxels contained within this 
aperture. 
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lumps in a rotating disc. In this work, we present NIRSpec/IFU
edium-resolution spectroscopy of this target and argue that the 
ormer scenario is more likely. 
This paper is organized as follows. In Section 2 , we discuss the
ata reduction pipeline, outlining the pre-processing applied to 
he raw data before using it in our analysis. Section 3 describes
ur point-spread-function (PSF) matching algorithm for spaxel 
pectra and the methods that we used to fit emission lines in
he datacube, both spaxel by spaxel, as well as in spectra ex-
racted from custom apertures. Section 4 also presents various 
omponents of our analysis and highlights the key results. Sec- 
ion 5 discusses the most probable nature of the MACS0647- 
D system based on its resolved SFHs, gas kinematics, and ISM
roperties. Our conclusions are outlined in Section 6 . We as-
ume a flat Lambda-cold dark matter cosmology with H0 = 

7 . 4 km s−1 Mpc−1 and �m 

= 0 . 315 (Planck Collaboration VI 
020 ), giving a physical scale of 4.2 kpc arcsec−1 at a redshift of 
 = 10 . 17 (before applying the lensing correction), correspond-
ng to 1.5 kpc arcsec−1 in the source plane (for our assumed
agnification of μ ∼ 8 ). Stellar masses refer to the total stel-
ar masses formed, assuming a G. Chabrier ( 2003 ) initial mass
unction (IMF), integrated between 0.1 and 120 M�. All mag- 
itudes are in the AB system: AB mag = 31 . 4 − 2 . 5 × log FnJy (J.
. Oke & J. E. Gunn 1983 ), and all EWs (equivalent widths)
re in the rest frame, with negative EWs corresponding to line 
mission. All the logarithms in this paper are base-10 logarithms: 
og ≡ log . 
10 1
 DATA  

.1 NIRSpec/IFU observations 

ACS0647-JD (ICRS coordinates of the MACS0647-JD1 im- 
ge analysed in this paper: RA = 06h 47m 55 . 746s ; Dec. = 

70◦14′ 35 . 93′′ ) was first observed with the Hubble Space Tele-
cope using the Wide Field Camera 3 (R. A. Kimble et al.
008 ) and the Advanced Camera for Surveys (H. C. Ford et
l. 2003 ); at the time, it was one of the most distant photo-
etric candidates (D. Coe et al. 2013 ). Spectroscopic confir- 
ation was obtained with JWST 10 yr later (T. Y.-Y. Hsiao
t al. 2024a ). Our observations are part of the Galaxy As-
embly with NIRSpec Integral Field Spectroscopy 1 (GA-NIFS; 
Is: S. Arribas and R. Maiolino). GA-NIFS is a NIRSpec/IFU 

uaranteed Time Observations programme, and our target 
s included in the JWST Cycle 3 Programme ID no. 4528
PI: K. Isaak). The observations used the medium-resolution 
 395 M / F 290 LP disperser/filter setup. We used a medium-
ycling pattern with 8 dithers, 27 groups per integration, 
nd one integration per exposure (with the NRSIRS2 readout 
ode; B. J. Rauscher et al. 2017 ), giving an on-source time
f 4 . 4 h . 

.2 NIRSpec data reduction and processing 

he data reduction used the JWST science calibration pipeline 
1.17.1 with CRDS jwst_1322.pmap. To improve the quality 
f the datacube, we performed a number of further data 
rocessing steps, in addition to the default pipeline. The 
ustomized procedures used for flagging cosmic rays snowballs 
nd correcting pink noise (1/ f noise) are described in detail
n M. Perna et al. ( 2023 ) and D. Kashino et al. ( 2023 ). These
ere applied to the Stage 1 count-rate products, before the 
tage 2 and Stage 3 calibrations. For outlier removal, we used
he outlier-detection algorithm described in F. D’Eugenio 
t al. ( 2024a , see also H. Übler et al. 2023 ) and executed after
tage 2. This is adapted from the original lacosmic (P. G.
an Dokkum 2001 ) algorithm. The background subtraction 
ollows the procedure described in R. G. Pascalau et al. ( 2026 ),
ut here we used H γ and [Ne iii ] λ3869 to obtain the source
ask. The datacube was obtained using the cube_build 

lgorithm with a pixel size of 0 . 05 arcsec and ‘drizzle’ 
eighting. 

.3 Imaging and photometry 

e retrieved NIRCam photometric data from the DAWN JWST 
rchive v7.0 (K. E. Heintz et al. 2025 ). We used the v7.0
ACS0647 mosaics for the F 115 W, F 150 W, F 200 W, F 277 W,
 356 W, and F 444 W filters. These imaging data were obtained
s part of the JWST Cycle 1 Programme ID no. 1433 (PI: D.
oe). Data reduction procedures have been described in detail 
y G. Brammer ( 2023 ) and F. Valentino et al. ( 2023 ). We pro-
uced 3 arcsec × 3 arcsec cutouts (similar to the IFU field of 
iew) and applied background subtraction. We first removed 
right sources using a 3 σ mask produced with the SigmaClip 
lgorithm from astropy (Astropy Collaboration 2022 ). We then 
sed Background2D from photutils (L. Bradley et al. 2024 ) 
MNRAS 551, 1–26 (2026)
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ICRS coordinates of the NIRSpec/IFU synthetic F 444 W image (Fig. 2 a) 
and the NIRCam F 444 W photometry (b). In (a), we overlay contours 
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centroid). We highlight the brightest spaxels in the two clumps in the 
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quent maps in this paper. We also indicate the PSF FWHM (determined 
as described in Section 3.1 ) with a circle of diameter equal to the FWHM, 
shown with a green edge and pale green Gaussian shading to illustrate 
our assumption of a 2D Gaussian PSF. 
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o divide the masked cutouts into 0 . 35 arcsec × 0 . 35 arcsec re-
ions. We used MedianBackground as our background esti-
ator. The background values from neighbouring background-
stimation regions are smoothed using a median filter and in-
erpolated across the full image to produce a full 2D background
mage. 

.4 Astrometry re-alignment of the datacube 

he field of view of the NIRSpec/IFU pointing is 3 . 1 arcsec ×
 . 1 arcsec , which is large enough to contain our target even with-
ut an accurate pointing procedure. The no-target acquisition
ode provides an astrometric precision of ∼ 0 . 1 arcsec (M. Perna
t al. 2023 ; H. Übler et al. 2023 ). Because our study focuses on
patially resolved ISM properties, we refine the NIRSpec/IFU as-
rometry by matching the synthetic F 444 W image obtained from
he datacube to the NIRCam F 444 W imaging data. This filter was
hosen because its wavelength range covers the brightest part of 
he rest-frame optical continuum in young stellar populations,
s well as key rest-frame optical emission lines in our spectra
hat we aim to map and study in detail. We find an offset of 
.19 arcsec between the NIRCam astrometry and our IFU data,
omparable to those found in other studies (e.g. S. Arribas et al.
024 ; I. Lamperti et al. 2024 ; H. Übler et al. 2024 ; S. Fujimoto
t al. 2025a , b ; E. Parlanti et al. 2025b ). In Fig. 2 , we mark the
rightest spaxel in the synthetic F 444 W image with the yellow
 + ’ cross mark. We regard this spaxel as the centroid of the stellar
ontinuum light. However, the peak line emission centroid for
he brightest emission lines in the system, H γ and [ Ne iii ] λ3869
marked with a pink ‘ ×’ cross symbol) is offset by 0 . 1 arcsec from
he stellar continuum centroid. We further discuss this spatial
ffset, together with the different morphologies of continuum
nd line emission in Section 5 . 

.5 Wavelength range extension and H β recovery 

he nominal wavelength range of NIRSpec G 395 M grating
eaches λ = 5 . 27 µm . However, wavelengths λ � 5 . 5 µm are still
ecorded on the detector, and can therefore be recovered, which
s particularly useful for the brightest emission lines at high
edshifts. The possibility of extending the recovered wavelength
overage beyond the nominal range has been demonstrated by
everal recent studies (F. D’Eugenio et al. 2025a ; A. Torralba
t al. 2026 using high-resolution data; E. Parlanti et al. 2025a ;
. Valentino et al. 2025 using medium-resolution data). In this
ork, we aim to measure H β, with a method similar to that
mplemented in F. D’Eugenio et al. ( 2025a ), but focusing on the
ed end of the G 395 M grating. 
At z ∼ 10 . 17 , H β emission lies at λobs ≈ 5 . 43 µm , outside

he nominal wavelength range covered by the G 395 M / F 290 LP
isperser/filter setup. The line is well detected because the
 290 LP filter does not suppress longer wavelengths and the
ransmission of the grating does not drop sharply beyond λobs >
 . 27 µm (F. D’Eugenio et al. 2025a ). On the other hand,
he [ O iii ] λλ4959 , 5007 doublet lines would fall at observed
avelengths of ≈ 5 . 54 and ≈ 5 . 59 µm , respectively. At these
avelengths, the detector efficiency decreases, suppressing the

 

O iii ] λλ4959 , 5007 emission, which is therefore not detected.
e extract the spectra by extrapolating the flat-field curves and
he wavelength calibration solution beyond the nominal range.
here are only 89 spectral pixels (in the case of our medium-
esolution grating) between the observed wavelength of H β and
NRAS 551, 1–26 (2026)
he red end of the nominal spectral range of G 395 M . As a result
f the well-characterized behaviour of the grating, the error on
he wavelength solution is small. 
To derive the flux calibration of our extended data, we rely
n extrapolating the background level. We perform an initial
ata reduction in which we extend the existing calibration files
or the flat-field correction and flux calibration. We initially use
 linear extrapolation of the existing calibrations to the range
.27–5.55 µm . The calibrations consist of an illumination flat, a
etector flat, and a spectrograph flat. After this initial step, the
esulting datacube displays a sharp drop at λ � 5 . 35 μm. This is
hown in Fig. 3 (a), where the grey spectrum was extracted in an
mpty circular aperture from the initial datacube. Since the signal
n this region is expected to increase smoothly with wavelength,
e use data in the well-calibrated spectral region λ < 5 . 27 μm
o model the background (black line) and to derive an extended
ux-calibration term, fcal , defined as the ratio between the extrap-
lated model background and the smoothed data. This additional
erm rises rapidly at λ � 5 . 35 μm (as shown in Fig. 3 c), while
t λ � 5 . 27 μm it oscillates between 1 . 00 ± 0 . 02 (Fig. 3 b). We
onsider the latter oscillations to be artefacts of our background
odel; hence, our additional flux-calibration term is equal to
nity at λ ≤ 5 . 27 µm and is equal to the derived fcal at λ >

 . 27 µm . 
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Figure 3. In (a), we display the raw and smoothed spectra from the 
circular aperture discussed in the main text in Section 3.2 , together with 
the extrapolation towards longer wavelengths, outside the nominal wave- 
length range, but where the detector is still sensitive enough for us to 
extract meaningful data. (b) Illustrates the variation of the derived flux 
calibration factor fcal across the wavelength range; we zoom in to fcal ∼ 1 
in (c). 
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 ANALYSIS  

.1 PSF matching for individual spaxels spectra 

n the case of individual spaxels ( 0 . 05 arcsec × 0 . 05 arcsec ), it is
rucial to take into account the size of the NIRSpec/IFU PSF. We
ssume the PSF to be a 2D Gaussian, allowing for the observed
symmetry in the directions along and perpendicular to the IFU 

lices. The first such determination of the NIRSpec/IFU PSF size 
as performed by F. D’Eugenio et al. ( 2024a ) using three different
ethods that yielded consistent results. The authors report that 
he major axis of the 2D PSF is preferentially aligned with the
ross-dispersion direction (corresponding to the long dimension 
f the slices). However, we can estimate the expected axial ratio
f the PSF using the parametrization in eqs (3) and (4) from F.
’Eugenio et al. ( 2024a ). We find that, for our wavelength range
f interest 4 µm < λobs < 5 . 3 µm , the difference between the PSF
izes along and perpendicular to the direction of the slicers is less
han 10 per cent. It is therefore reasonable to approximate the PSF
hape as circular with the FWHM (full width at half-maximum) 
iven by the geometric mean of the PSF FWHM values along and
cross the slicers. 
In a more recent work, G. C. Jones et al. ( 2026a ) compared the
avelength-dependent PSF FWHM predicted by the stpsf soft- 
are 2 with PSF sizes estimates based on observations of two M- 
ype stars and one white dwarf star in calibration programmes, as
ell as point-like quasi-stellar objects from M. A. Marshall et al. 

 2023 , 2025b ). G. C. Jones et al. ( 2026a ) found a good agreement
etween these measurements and the stpsf calculations. Conse- 
uently, we use the PSF sizes determined by stpsf throughout 
ur analysis. The emission line with the longest wavelength in 
ur study is H β, and the PSF FWHM at this observed wavelength
 ∼ 5 . 43 µm ) is 0 . 22 arcsec . Thus, we chose to PSF-match our
 https://stpsf.readthedocs.io/en/latest/ 

S  

3

pectra to FWHMPSF , max = 0 . 22 arcsec ( σPSF , max = 0 . 093 arcsec ). 
irst, we retrieve the PSF sizes at all wavelengths in our datacube,
PSF ( λ) . The parametrization we used was obtained by fitting 
he same functional form for σPSF ( λ) as in F. D’Eugenio et al.
 2024a ): 

PSF [ arcsec] = 0 . 076 + 0 . 013 × λ [ µm] × exp ( −7 . 6 /λ [ µm] ) . (1) 
t each wavelength, we construct a 2D circular Gaussian kernel, 
( λ) , with a dispersion σK ( λ) =

√ 

σ 2 
PSF , max − σ 2 

PSF ( λ) . We con- 
olve the collapsed images of the datacube at each wavelength λ
ith K ( λ) , and the collapsed variance datacube slices with K2 ( λ) 
sing the convolve_fft routine from astropy . 

.2 Emission-lines-fitting procedure 

e consider a square aperture of 0 . 7 arcsec × 0 . 7 arcsec centred
n the H γ emission centroid, and fit only the spaxels inside this
perture. This aperture contains most of the stellar continuum 

ight (as shown in Fig. 1 ) and the fluxes of key rest-frame optical
ines (as shown in Fig. A1 ). We do not correct for aperture losses,
s we estimate them to be � 10 per cent at λobs ∼ 4 − 5µm . This
xpectation is based on the calculations of B. Rodríguez Del 
ino et al. ( 2026 ) for a circular aperture of radius r ∼ 0 . 4 arcsec ,
hich is comparable to the half-width of our square aperture 
nd larger than the PSF FWHM at these wavelengths ( 0 . 21 −
 . 22 arcsec , as argued in Section 3.1 ). We show the aperture
pectrum in Fig. 4 (a), covering the wavelength range 3600 Å < 

rest < 4700 Å. The key emission lines that we study are the 
 

O ii ] λλ3726 , 3729 doublet, the [ Ne iii ] λλ3869 , 3968 doublet, 
 δ, H γ , the [ O iii ] λ4363 auroral line, and H β (see Section 2.5 for
etails on how it was extracted). H η is not detected, as expected
iven the high order of this Balmer transition. H ζ and He i λ3889
re blended so we perform a crude deblending by adopting a
runcated Gaussian prior on the H δ/ H ζ ratio. The prior is centred
n the case-B value of H δ/ H ζ = 2 . 46 , computed using pyneb (V.
uridiana, C. Morisset & R. A. Shaw 2015 ). This is a reasonable
ssumption because the system does not have significant dust 
ttenuation (as discussed in Section 4.3 ). We choose a standard
eviation of 0.3 for this Gaussian prior because it is sufficiently
road to account for our most pessimistic estimates of the flux cal-
bration uncertainties ( ∼ 10 per cent − 15 per cent ). We selected 
 δ because it is the closest Balmer line to H ζ that is not blended.

 

Ne iii ] λ3968 and H ε are blended, but we can recover their fluxes
y fixing [ Ne iii ] λ3968 / [ Ne iii ] λ3869 = 0 . 301 (e.g. R. Tripodi 
t al. 2024 ; G. C. Jones et al. 2026b ). All emission lines are fitted
ith a Gaussian profile; we tie the kinematics (the centroid and
he intrinsic dispersion) of all lines. We fit the emission lines
rom [ O ii ] λλ3726 , 3729 to [ O iii ] λ4363 . We clip and mask > 3 σ
utliers (in line-free spectral regions) in the aperture and spaxel 
pectra, using the sigma_clip procedure from astropy (Astropy 
ollaboration 2022 ). 
We explored several parametriZations for the underlying con- 

inuum, including low-order polynomials and power-law models, 
ut found strong degeneracies among the parameters govern- 
ng the continuum shape in these approaches. These issues are 
voided by adopting a ppxf (M. Cappellari 2017 , 2023 ) fit for the
ontinuum. In this work, we used templates built using Flexible 
tellar Population Synthesis ( fsps) v3.2 3 (C. Conroy et al. 2009 ; C.
MNRAS 551, 1–26 (2026)

 https://github.com/cconroy20/fsps 

https://stpsf.readthedocs.io/en/latest/
https://github.com/cconroy20/fsps
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Figure 4. (a) Shows the observed integrated aperture spectrum in the rest-frame wavelength range between 3600 and 4700 Å, highlighting the key 
emission lines discussed in the main text, including the [ O ii ] doublet and blended features. (b) Represents a zoom-in over the spectral wavelength range 
4800 Å < λrest < 4900 Å, which, for z = 10 . 17 , is redder than the nominal wavelength coverage of NIRSpec/ G 395 M ( 2 . 87 − 5 . 27µm ). The plot highlights 
the best fit of the H β line assuming only one Gaussian component, constrained by the kinematics of multiple emission lines shown in the left panel. 
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onroy & J. E. Gunn 2010 ), with the miles stellar library for the
ptical region (P. Sánchez-Blázquez et al. 2006 ; J. Falcón-Barroso
t al. 2011 ) and the mist isochrones (J. Choi et al. 2016 ). We
dopted a G. Chabrier ( 2003 ) IMF. During the continuum fitting,
pectral regions within ±10 Å of the rest-frame wavelengths of 
he main emission lines indicated in Fig. 4 were masked to pre-
ent nebular emission from biasing the stellar continuum and
bsorption modelling. The continuum was fitted in the unmasked
egions using both stellar and gas templates; the latter were kept
nabled to account for possible residual contributions from faint
ebular lines not included in the main emission-line mask. It is
mportant to note, however, that the stellar continuum in our data
s intrinsically very weak, and as a result the continuum fit does
ot strongly constrain detailed stellar population properties. Con-
istent with this, the underlying stellar Balmer absorption fea-
ures are modest: in the full-aperture spectrum we measured rest-
rame equivalent widths of EW (H γ ) ≈ 0 . 36 Å and EW (H δ) ≈
 . 57 Å in the best-fitting stellar model. These values imply that
ncertainties in the modelling of the continuum and stellar ab-
orption features have a negligible impact on the emission-line
uxes (which are calculated at a later step), which represent the
ore part of our analysis. 
To take into account the possible systematics in the errors mea-
ured within the pipeline, we rescaled the nominal flux uncer-
ainties (extracted from the datacube ‘ERR’ extension file) such
hat the median value of the noise in a given spaxel (measured
cross wavelength slices free of emission lines) matches the stan-
ard deviation of the residuals from the spectral fit in the line-free
pectral regions. Because the noise rescaling factor is not known
eforehand, we allowed it to be a free parameter in our fitting
lgorithm. A similar noise rescaling approach was implemented
y G. C. Jones et al. ( 2025a ) in their study of a z ∼ 4 . 26 rotating
isc SFG. For individual spaxels, rescaling factors vary between
.9 and 2.5 (H. Übler et al. 2023 , 2024 ; G. Venturi et al. 2025 ).
inally, in the case of aperture spectra (obtained by adding the
pectra of individual spaxels within each aperture), we obtain the
NRAS 551, 1–26 (2026)

H  

a

ncertainties by adding in quadrature the rescaled uncertainties
n the spaxel spectra. 
We first identify the minimum χ2 solution of our emission-

ine-fitting algorithm using a least-squares procedure. To de-
onvolve the intrinsic line profiles from the observed features,
e assume that the wavelength-dependent line spread function
LSF) of NIRSpec is given by the nominal, pre-launch resolution,
WHM LSF pre- launch (P. Jakobsen et al. 2022 ), assumed to be Gaus-
ian and improved by a factor of 0.8, following A. J. Shajib et al.
 2025 , and roughly in agreement with e.g. J. E. Greene et al. 2024 ).
he pre-launch estimates for the LSF width were too conservative
ecause JWST provides a lower than expected wavefront error.
he intrinsic FWHMintr is thus: 

WHMintr =
√ 

FWHM2 
obs −

(
0 . 8 × FWHMLSF pre- launch 

)2 
. (2) 

fter this step, we use the least-squares solution to initialize
he chains used to compute the posterior distributions of our
odels using a Markov Chain Monte Carlo (MCMC) method
nd the software emcee (D. Foreman-Mackey et al. 2013 ). The
ducial parameters are the median values of the marginal-
zed posterior distributions, and the uncertainties are derived
rom the 16th and 84th percentiles. We assumed flat priors
n all parameters and set the following prior bounds: 0 <
og 

(
Fint / 10−20 erg s−1 cm−2 ) < 3 for integrated fluxes, 10 . 15 <

 < 10 . 20 and 100 km s−1 < FWHM < 500 km s−1 . For the ratio
 

O ii ] λ3729 /[ O ii ] λ3726 , we assume a range of [ 0 . 34 , 1 . 5] (R. L.
anders et al. 2016 ). We fitted the two [ O ii ] λλ3726 , 3729 dou-
let components individually and tied their kinematics to those
f other features (including the other, non-blended features).
e note that, although we fitted the [ O ii ] λλ3726 , 3729 doublet
omponents individually and tied their kinematics to those of 
ther, non-blended features, our medium-resolution data cannot
ully break the degeneracy between the red-to-blue line ratio
 

O ii ] λ3729 / [ O ii ] λ3726 and the flux of the blue component.
owever, the total [ O ii ] λλ3726 , 3729 flux is well constrained
nd we will focus on this parameter from now on. 
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Figure 5. Top panels: maps of the diagnostic ratios O3 Hg and Ne3 O2 
(allowing only spaxels with S / N > 3 for each emission line involved). The 
bottom panels show the spaxel-by-spaxel maps of gas-phase metallicity (c; 
showing only the spaxels with S / N > 3 for [ O iii ] λ4363 , H γ , and inferred 
[ O iii ] λ5007 ) and the intrinsic, deconvolved gas FWHM (d; we only show 

spaxels with a S / N > 5 detection of H γ ). The FWHM map shows two 
high-dispersion regions which coincide with the locations of the metal- 
poor gas. The ‘ ×’ and ‘ + ’ crosses mark the H γ emission line and the 
F 444 W stellar continuum centroids, respectively (as in Fig. 2 ). We also 
show the PSF size on the top-left panel for comparison. 
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Additionally, we tested an alternative fitting model for the inte- 
rated aperture spectrum in which we assumed that all emission 
ines are fitted with two Gaussians from two sets of kinemati-
ally tied components. The broader Gaussians are allowed to vary 
ver a range of 100 km s−1 < FWHM < 1000 km s−1 . However,
 simple Bayesian Information Criterion (BIC; G. Schwarz 1978 ) 
est yields that �BIC ≡ BIC2 comp − BIC1 comp ≈ 11 . Hence, the 
wo-Gaussians model is statistically disfavoured relative to the 
ingle-Gaussian model (even in the high- S / N aperture spec-
rum). We repeated this analysis for the spaxel spectra in the
avelength range 3600 Å < λrest < 4700 Å, but found that no 
paxel simultaneously satisfied both �BIC < −10 (which would 
ndicate that a two-component fit is statistically favoured), and 
 / N > 3 for the secondary, high-FWHM component. Therefore,
t is reasonable to adopt single-Gaussian fits for all spaxels. H β

s fitted separately from the other rest-frame optical emission 
ines, given the higher uncertainties of the continuum at λobs > 

 . 27µm , outside the nominal range covered by G 395 M / F 290 LP .
he kinematics of H β were tied to the lower wavelength lines
y imposing the posteriors of redshift and FWHM (derived from 

ur 3600 Å < λrest < 4700 Å emission-line fit) as the priors on the 
 β redshift and FWHM. This approach allows some flexibility 
n deriving the H β kinematics and better accounts for possible 
avelength calibration uncertainties than simply fixing zH β and 
WHMH β to the median values of the posterior distributions from 

he 3600 Å < λrest < 4700 Å fit. Only the H β flux was fitted as a 
ree parameter with a flat prior distribution. 
Following these methods, we obtain the integrated aper- 

ure spectra over the 3600 Å < λrest < 4700 Å wavelength range 
Fig. 4 a) and in the spectral region around H β (Fig. 4 b). The latter
llows us to estimate the uncertainties in our flux calibration 
utside the nominal wavelength range of the G395M/F290LP 
etup. We estimate an integrated H β flux of ( 3 . 69 ± 0 . 23) ×
0−18 erg s−1 cm−2 from the full-aperture spectrum (shown in 
ig. 4 b). T. Y.-Y. Hsiao et al. ( 2024b ) presented MIRI/MRS IFU
Mid InfraRed Instrument, Medium Resolution Spectroscopy In- 
egral Field Unit) observations of the MACS0647-JD1 lensed im- 
ge of our target but did not detect H β directly. The authors esti-
ated an H β flux of ( 3 . 29 ± 0 . 37) × 10−18 erg s−1 cm−2 by extrap- 
lating from the detected H α flux of ( 9 ± 1) × 10−18 erg s−1 cm−2 

nd assuming a case-B ratio of H α/ H β ∼ 2 . 74 at Te = 20 000 K .
hile it is possible that a small amount of dust may be present,

ts effect on the inferred H β flux would be much smaller than
he error bars on the flux measurement itself (as we argue in
ore detail in Section 4.3 ). We therefore conclude that, within
he associated uncertainties, the H β flux inferred by T. Y.-Y. Hsiao
t al. ( 2024b ) is consistent with the full-aperture H β flux in our
atacube. This suggests that the flux calibration uncertainties 
n the extended spectral region of the datacube are less than
15 per cent . 
Using the same methods described above, we obtained the 

ine ratios maps for O3 Hg ≡ log ( [ O iii ] λ4363 / H γ ) and Ne3 O2 ≡
og ( [ Ne iii ] λ3869 / [ O ii ] λλ3726 , 3729) . These are displayed in 
igs 5 (a) and (b), respectively, together with the gas FWHM map
n Fig. 5 (d). 

.3 Combined SED fitting of photometry and spectroscopy 

o study the link between the spatially resolved ISM proper- 
ies and SFHs, we measure the stellar-population properties of 
he MACS0647-JD system using prospector , a Bayesian SED 

Spectral Energy Distribution) modelling tool (B. D. Johnson et 
l. 2021 ), built around the fsps (C. Conroy et al. 2009 ; C. Con-
oy & J. E. Gunn 2010 ) tool. We fit the NIRCam photometry
nd NIRSpec/ G 395 M spectroscopy of MACS0647-JD1 simultane- 
usly for all spaxels in the cutout described in Section 3.2 . We
se the miles stellar spectral library (P. Sánchez-Blázquez et al. 
006 ; J. Falcón-Barroso et al. 2011 ) and the mist isochrones (J.
hoi et al. 2016 ). Our stellar mass prior is informed by the ob-
erved stellar mass function (B. Wang et al. 2023a ; Q. Duan et al.
026a ), and the composite stellar populations are constructed as 
n the prospector - β model (B. Wang et al. 2023a ). The stel-
ar metallicity follows a truncated Gaussian prior, log ( Z∗/Z�) ∼
( −1 . 0 ; 0 . 5) , truncated to [ −2 . 0 ; 0 . 0] . We adopt a flexible non- 

arametric SFH continuity prior (J. Leja et al. 2019 ) with eight age
ins. Nebular emission is modelled using cloudy (v13.03; G. J. 
erland et al. 2013 , 2017 ) as implemented in fsps (N. Byler et al.
017 ). Dust attenuation is modelled using the two-component 
odel of S. Charlot & S. M. Fall ( 2000 ), with a diffuse dust com-
onent optical depth τ2 ∼ N ( 0 . 3 ; 1) , truncated to [ 0 ; 4] , and a 
irth-cloud-to-diffuse dust ratio τ1 /τ2 ∼ N ( 1 ; 0 . 3) , truncated to 
 

0 ; 2] . The attenuation curve slope ndust is drawn from a uniform 

rior over [ −1 . 2 ; 0 . 4] (S. Noll et al. 2009 ). We do not include
ust emission in our model, as it is negligible at the rest-frame
avelengths � 5000 Å probed here. We also account for absorp- 
ion by the intergalactic medium following the prescription of 
. K. Inoue et al. ( 2014 ). To account for flux calibration and
lit-loss effects, we model the spectral response using an eighth- 
rder polynomial distortion that allows the observed spectrum 

o match the continuum shape predicted by the SED model. We
dditionally include a single jitter parameter that rescales the 
MNRAS 551, 1–26 (2026)



8 R. G. Pascalau et al.

M

Figure 6. (a) Illustrates the position of individual spaxels on the O3 Hg versus Ne3 O2 diagnostic diagram from G. Mazzolari et al. ( 2024 ). The dashed 
demarcation line separates regimes that are fully dominated by AGN photoionization (AGN only) from regions in which both AGN and/or star formation 
may have similar contributions. Squares are individual spaxels, colour coded by the FWHM from the single Gaussian component fit. We only show the 
pixels in which S / N > 5 for H γ and [ Ne iii ] λ3869 and S / N > 3 for [ O iii ] λ4363 and for [ O ii ] . The pink error bars from the bottom-left corner of the 
left panel are the median uncertainties from spaxels measurements. The ratios from the full-aperture, NW-C and SE-C spectra lie below the demarcation 
line. On the spatially resolved map (b), we identify the spaxels with either AGN or SF/AGN classification. 

s  

a  

fi
p  

S  

e
 

i  

f  

s  

1  

p  

p  

i

4

4

T  

s  

(  

b  

u  

S  

W  

t  

d  

t  

t  

s  

a  

t  

e  

a
 

d
O  

F  

a
a  

t  

l  

a

4

T
i  

T  

fl  

c  

[

I  

c  

b  

S  

s  

(  

D
ow

nloaded from
 academ

ic.oup.com
/m

nras/article/551/1/stag1369/8738560 by Luisa Ferrini user on 18 August 2026
pectral uncertainties, capturing residual calibration systematics,
nd ensuring a statistically consistent fit. Overall, the model con-
guration and prior choices are motivated by a broad range of 
revious studies of high-redshift galaxies (e.g. J. Leja et al. 2019 ;
. Tacchella et al. 2022a , b , 2023 ; Q. Duan et al. 2024 ; T. Harvey
t al. 2025 ). 
We present our results in Section 5.4 , where we discuss the

mplications of the spatial distributions of stellar mass and star
ormation burstiness, defined as SFR10 / SFR100 , the ratio of the
tar formation rates averaged over lookback time-scales of 10 and
00 Myr. We report the SFHs and the corner plots showing the
osterior distributions and the correlations between various SED
arameters for the two main stellar components (Figs D1 and D2
n Appendix D ). 

 RESULTS  

.1 Identification of AGN-dominated spaxels 

o constrain the dominant ISM excitation mechanism, we use the
tar-forming/AGN diagnostic diagram from G. Mazzolari et al.
 2024 ), which can classify spectra as AGN-only, or consistent with
oth AGN and star formation. These diagnostics are commonly
sed in studies of high-redshift AGN (e.g. G. Mazzolari et al. 2025 ;
. Geris et al. 2026 ; L. R. Ivey et al. 2026b ; I. Juodžbalis et al. 2026 ).
e focus on the emission-line ratios O3 Hg and Ne3 O2 . According
o eq. (5) of G. Mazzolari et al. ( 2024 ), the ‘AGN-only’ scenario is
isfavoured for the integrated spectrum of MACS0647-JD1 and
he SE clump (SE-C), but it is consistent within the 1 σ uncer-
ainties for the NW clump (NW-C). A number of spaxels in the
outh-west region (SW-R) are identified as AGN dominated, lying
bove the demarcation line from Fig. 6 (b), and others lie below
NRAS 551, 1–26 (2026)
he demarcation line, but still close to it (Fig. 6 a). Given the large
rror bars and the predominant location of ‘AGN-only’ spaxels
way from the centre, we disfavour an AGN interpretation. 
Supporting this interpretation, no spaxel is identified as purely
ominated by AGN if we instead use the O3 Hg − O32 or O3 Hg −
33 ( ≡ log ([ O iii ] λ5007 / [ O iii ] λ4363 ) diagnostics (as shown in
ig. B1 in Appendix B ). However, in this case, the uncertainties
re larger than for the previous diagram because: (i) both the O32 
nd O33 ratios require a reddening correction, and (ii) our spa-
ially resolved [ O iii ] λ5007 fluxes are obtained using the extrapo-
ation method described in Section 4.2 . In summary, we disfavour,
lthough do not completely rule out, an AGN interpretation. 

.2 Direct-method gas-phase metallicities 

o calculate the electron temperatures from the spectra of 
ndividual spaxels (which are required to infer the direct-
e metallicities), we need to estimate the [ O iii ] λ5007
uxes. We use eq. (1) from J. Witstok et al. ( 2021 ), which
onnects the observed [ O iii ] λ5007 / [ O ii ] λλ3726 , 3729 and
 

Ne iii ] λ3869 / [ O ii ] λλ3726 , 3729 ratios for SFGs: 

log 
(

[ O iii ] λ5007 
[ O ii ] λλ3726 , 3729 

)

= 0 . 905 log 
(

[ Ne iii ] λ3869 
[ O ii ] λλ3726 , 3729 

)
+ 1 . 078 . (3) 

n this paragraph, we discuss possible caveats. This empirical
onversion relation has a mean scatter of 0.22 dex, calculated
ased on the full sample of SDSS (Sloan Digital Sky
urvey) SFGs (K. N. Abazajian et al. 2009 ). However, the
ubset of galaxies with a higher ionization parameters
log ( [ Ne iii ] λ3869 / [ O ii ] λλ3726 , 3729) > −1 ; a regime
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Figure 7. This figure shows the map of the electron temperature of the 
[ O iii ] emitting gas in the central region of the system. We only show 

spaxels with S / N > 3 for the auroral [ O iii ] λ4363 line. The white ‘ + ’ and 
‘ ×’ crosses mark the centroids of stellar continuum and H γ line emission, 
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hat is more common in the case of high- z, low-metallicity 
alaxies) have a scatter of 0.12 dex around the J. Witstok
t al. ( 2021 ) equation. As a conservative approach, we 
ropagate this source of uncertainty by adding 0.22 dex in 
uadrature to the numerical uncertainties associated with 
he [ O iii ] λ5007 fluxes (for integrated-aperture or individual 
paxels spectra). Another possible caveat is that equation ( 3 ) is
ainly valid for SF-dominated (rather than AGN-dominated) 
paxels. However, we notice (based on Figs 6 b and 5 b)
hat the AGN-dominated spaxels all have Ne3 O2 > 0 . 08 , a
egime in which the [ O iii ] λ5007 / [ O ii ] λλ3726 , 3729 −
 

Ne iii ] λ3869 / [ O ii ] λλ3726 , 3729 empirical conversion 
elations for SFGs and Seyfert-1 galaxies are offset by 
 0 . 03 dex (fig. 4 of J. Witstok et al. 2021 ). This source of 
ystematic uncertainty is therefore negligible compared to, 
or example, the mean scatter of the empirical relation itself. 
e can therefore reasonably adopt the [ O iii ] λ5007 fluxes 
redicted by equation ( 3 ). This method of estimating the
ux of [ O iii ] λ5007 has also been used by several studies of 
he physical properties of the ISM (including the metallicity 
nd ionization parameter) in z > 10 galaxies (A. J. Bunker
t al. 2023 ; J. Scholtz et al. 2026 ). Although the empirical
quation ( 3 ) was derived using z ∼ 0 galaxies from SDSS, such
 correlation between [ O iii ] λ5007 / [ O ii ] λ3726 , 3729 and 
 

Ne iii ] λ3869 / [ O ii ] λ3726 , 3729 has recently been shown to 
xist at least up to z ∼ 9 . 5 , as illustrated in fig. 6 of S. Zamora
t al. ( 2025a ), based on a compilation of z > 5 JWST observations
K. Z. Arellano-Córdova et al. 2022 ; A. J. Cameron et al. 2023 ; M.
urti et al. 2023 , 2025 ; R. L. Sanders et al. 2023a ; K. E. Heintz et al.
024 ; D. Schaerer et al. 2024 ; M. W. Topping et al. 2024 ). For the
ntegrated-aperture spectrum of MACS0647-JD1, the inferred 
 

O iii ] λ5007 line flux is ( 2 . 24 ± 0 . 52) × 10−17 erg s−1 cm−2 , 
onsistent with the value obtained from MIRI medium-resolution 
pectroscopy of this target (T. Y.-Y. Hsiao et al. 2024b ). This result
emonstrates the potential of the method proposed by J. Witstok 
t al. ( 2021 ) to extrapolate [ O iii ] λ5007 based on [ Ne iii ] λ3869 
t z > 10 , where [ O iii ] λ5007 falls outside the wavelength range 
f NIRSpec. 
The electron temperature is calculated using 

 

O iii ] λ4363 / [ O iii ] λ5007 . We first assume that dust attenuation 
s negligible ( AV, cont � 0 . 1 mag ; T. Y.-Y. Hsiao et al. 2024a ).
or the full aperture spectrum, pyneb (V. Luridiana et al. 
015 ) predicts a mean temperature of the [ O iii ] -emitting gas 
e [ O iii ] = ( 1 . 9 ± 0 . 4) × 104 K for an auroral-to-strong-line ratio 
f 0 . 031 ± 0 . 009 , assuming an electron density of 2000 cm−3 (as
etermined by Abdurro’uf et al. 2024 , using high-resolution 
pectroscopic data for our target). We also tested a wide range of 
lectron densities 100 cm−3 < ne < 10 000 cm−3 which extends 
eyond the typical range of [ O ii ] λλ3726 , 3729 based electron 
ensities in high-redshift galaxies (Y. Isobe et al. 2023b ; C. 
arconcini et al. 2024 ; J. Scholtz et al. 2025a ) and found that
he dependence of our Te [ O iii ] estimate on the assumed ne is 
egligible. A similar procedure is applied to compute the electron 
emperatures from the spectra of individual spaxels, and our 
esults are displayed in Fig. 7 (b). 
Once we calculate our Te [ O iii ] values, we can determine the 
lectron temperature of the [ O ii ] emitting gas using eq. (14) 
rom Y. I. Izotov et al. ( 2006 ). We then compute the gas-phase
etallicities (as given by the oxygen abundances). O. L. Dors et al.

 2020 ) showed that the contribution of O3+ is negligible even in
ighly AGN-dominated regimes. Thus, we can assume all oxygen 
toms are either singly or doubly ionized in these conditions. 
e use [ O ii ] λλ3726 , 3729 / H β and [ O iii ] λ5007 / H β to compute
he abundances of the O+ and O++ ions using pyneb . For the
perture spectrum, we obtain 12 + log ( O / H) = 7 . 59 ± 0 . 17 , in
greement with the result of T. Y.-Y. Hsiao et al. ( 2024b ) and
imilar to the direct- Te metallicities reported for a number of 
ther SFGs at z ∼ 4 − 9 (e.g. M. Curti et al. 2023 ; K. E. Heintz et al.
023 ; K. Nakajima et al. 2023 ; T. Morishita et al. 2024 ). To further
est the consistency of our method, (given the indirect approach 
sed to extract H β fluxes), we repeat our calculation but using
he ratios [ O ii ] λλ3726 , 3729 / H γ and [ O iii ] λ5007 / H γ (instead 
f their counterparts involving H β). We obtain 12 + log ( O / H) = 

 . 52 ± 0 . 18 in agreement with our previous value, and acting as
 cross-validation of both the method and the flux calibration. 
or individual spaxels, we additionally perform the dust attenua- 
ion corrections described in Section 4.3 . The resulting metallicity 
ap is shown in Fig. 5 (c). 
To assess the impact of dust reddening on our calculated pa-

ameters, we adopted a stellar continuum dust attenuation fol- 
owing the Calzetti law (D. Calzetti et al. 2000 ) with AV, cont =
 mag for the full-aperture spectrum (although this value is 
nreasonably high from a physical point of view; A. Ferrara, 
. Pallottini & L. Sommovigo 2025 ). This would imply a gas-
hase metallicity of 12 + log ( O / H) = 7 . 71 , which is within the
uoted uncertainties of our AV, cont = 0 estimate. For an assumed 
V, cont = 2 mag , we obtain 12 + log ( O / H) = 7 . 90 . Thus, as a
rst-order approximation, the change in calculated metallicity 
nd the change in assumed dust attenuation are related by 
log ( O / H) / �AV, cont ≈ 0 . 18 dex mag−1 . 

.3 Dust attenuation corrections 

arious recent studies use the Balmer decrement ratios to com- 
ute the nebular dust attenuation for individual spaxels (G. Ven- 
uri et al. 2024 ; L. R. Ivey et al. 2026b ). In our case, thanks to
ur custom H β extraction procedure (Section 2.5 ), the lowest 
rder Balmer lines are H β and H γ . We use pyneb to compute
he theoretical case-B Balmer ratio ( H β/ H γ ) 0 = 2 . 105 (assuming 
e = 19 000 K as derived in Section 4.2 ). The stellar continuum
MNRAS 551, 1–26 (2026)
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Table 1. Physical parameters of the MACS0647-JD1 system and of its 
main stellar components. 

Parameter Full aperture SE clump NW clump 

Gas FWHM ( km s−1 ) 228 ± 19 215 ± 34 189 ± 41 
12 + log ( O / H) (dir) 7 . 59 ± 0 . 17 7 . 89 ± 0 . 16 7 . 47 ± 0 . 20 
12 + log ( O / H) (str) 7 . 66 ± 0 . 14 7 . 71 ± 0 . 13 7 . 49 ± 0 . 15 
Te [ O iii ] / 104 K 1 . 90 ± 0 . 37 1 . 52 ± 0 . 29 2 . 38+0 . 32 

−0 . 40 
log U −2 . 05 ± 0 . 07 −1 . 84 ± 0 . 06 −1 . 84 ± 0 . 09 
SFRH γ ( M� yr−1 ) 5 . 5 ± 1 . 0 1 . 0 ± 0 . 2 0 . 50 ± 0 . 15 
SFR100 ( M� yr−1 ) 2 . 9 ± 0 . 4 0 . 56 ± 0 . 10 0 . 24 ± 0 . 05 
log ( M∗/ M�) 8 . 38 ± 0 . 21 7 . 78 ± 0 . 07 7 . 41 ± 0 . 08 
AV, cont ( prospector ) 0 . 26 ± 0 . 15 0 . 13 ± 0 . 05 0 . 18 ± 0 . 07 

Notes. The top rows in this table present our results for some properties de- 
rived directly from large integrated aperture spectra and from the spectra 
corresponding to the SE and NW clumps. The bottom rows, on the other 
hand, give the values of various parameters resulting from spectrophoto- 
metric SED modelling (see Sections 3.3 and 5.4 ). 
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ust attenuation is: 

V, cont = −2 . 5 × 0 . 44 × log ( φobs /φ0 ) × RV /
(
kλ, H β − kλ, H γ

)
, (4) 

here the factor of 0.44 comes from the relation between
tellar and nebular dust attenuation (D. Calzetti et al. 2000 ),
nd we define φ ≡ H β/ H γ . We assume RV = 4 . 05 (D. Calzetti
t al. 2000 ). For the dust attenuation law, we assume a slightly
odified version of the Calzetti law that is suitable for low-
ass, low-metallicity galaxies (I. Shivaei et al. 2020 ). We find
hat, for all spaxels considered in computing the direct-method
etallicity map, except for three outliers, AV, cont � 0 . 3 mag
and consistent with 0 within the uncertainties) whereas the
ighest outlier has AV, cont ≈ 0 . 6 mag . According to our previ-
usly calculated � log ( O / H) / �AV, cont ≈ 0 . 18 dex mag−1 (Sec-
ion 4.2 ), this implies that the effect of dust attenuation correction
n the derived spaxels metallicities is less than 0.11 dex. We will
herefore, as a first-order approximation, correct the line ratios
rom spaxels spectra assuming the Calzetti dust attenuation curve
ith the AV, cont derived using this method. 
We now separately discuss individual spaxels with H β/ H γ <

( H β/ H γ ) 0 (which cannot be explained by dust attenuation as-
uming case-B recombination). In all but four cases of spaxels
ith below case-B H β/ H γ decrement ratios and S / N > 3 for
 β, H γ , and H δ, we notice that the H γ / H δ remains above the
orresponding case-B Balmer ratio. In principle, stronger stellar
bsorption in H β could be responsible for this behaviour (B.
roves, J. Brinchmann & C. J. Walcher 2012 ; S. Tacchella et al.
023 ); while our ppxf continuum modelling allows for stellar
bsorption (as described in Section 3.2 ), the weakness of the con-
inuum of our z ∼ 10 . 17 target implies that any stellar absorption
as a negligible impact on the measured emission-line fluxes.
oreover, potential calibration uncertainties in the extrapolated
avelength range ( λobs > 5 . 27µm ) could also contribute to ar-
ificially low H β fluxes. Because of the wavelength proximity
f H γ and H δ, this Balmer decrement ratio is not suitable for
ccurately calculating the dust attenuation, especially in low- S / N
argets. As a result, we assume that AV, cont = 0 mag for these
paxels. 
There are only four spaxels for which both H β/ H γ and H γ / H δ

re more than 1 σ below their expected case-B values and all
re located west of the SE-C, in the region where we expect a
on-negligible contribution from AGN (as discussed in Section
.1 ). Indeed, below case-B Balmer ratios, including H β/ H γ and
 α/ H β, have been reported for stacked Type-2 AGN (J. Scholtz
t al. 2025b ). Case-B assumptions may not be fulfilled under
ptically thin or non-equilibrium conditions (C. Scarlata et al.
024 ). While such conditions typically require high electron tem-
eratures and/or low electron densities, which are not indicated
y our measurements, we cannot exclude localized departures
rom case-B assumptions in these regions. We adopt a similar
pproach of assuming AV, cont = 0 mag for these spaxels. We ex-
ect this assumption to have a negligible impact on the derived
as-phase metallicities, given the findings of T. Y.-Y. Hsiao et al.
 2024a ), who report AV, cont � 0 . 3 mag for the integrated aperture
pectrum (covering the SE-C within the slit). 
As an additional sanity check, we estimate AV, cont based on our
ombined spaxel-by-spaxel prospector SED fits (described in
ection 3.3 ). Taking into account that both diffuse dust (optical
epth τ2 ) and dust from the birth clouds (optical depth τ1 ) con-
ribute to the total dust attenuation, we approximate AV, cont ≈
 . 5 × 0 . 44 × log 10 ( e) × ( τ1 + τ2 ) . In reality, this formula gives an
pper limit on AV, cont , with the actual value depending on the
NRAS 551, 1–26 (2026)
xact fraction of light coming from young stars ( < 10 Myr ) rela-
ive to the total. Constraining this parameter is beyond the scope
f this paper. From this calculation, we find that, in the case of 
paxels with S / N[ O iii ] λ4363 > 3 , the highest AV, cont is ∼ 0 . 5 mag ,
lthough most spaxels have AV, cont ∼ 0 . 0 − 0 . 4 mag . The values
btained for the two clumps and for the full cutout aperture are
eported in Table 1 . Overall, the results obtained with these meth-
ds are in agreement, illustrating the difficulty of providing ac-
urate dust corrections on spatially resolved scales (as also men-
ioned by T. A. Hutchison et al. 2025 ). However, we demonstrate
hat, regardless of the dust correction method implemented, the
ffect on the inferred metallicities is expected to be smaller than
he measurement uncertainties. 

.4 Gas-phase metallicities (strong-line method) 

he strong nebular emission lines provide an alternative method
or estimating gas-phase metallicities in high-redshift SFGs (e.g.
. Nakajima et al. 2022 ; M. Curti et al. 2024 ; E. Cataldi et al.
025 ; D. Scholte et al. 2025 ; R. L. Sanders et al. 2026 ). These
alibrations are valid only for SFGs and link strong emission-line
atios to metallicities based on the more reliable and more gen-
ral ‘direct’ method. However, it is important to note that these
tudies use integrated aperture spectra, so they do not account
or spatial variations in the ISM conditions and/or systematic
hysical effects (e.g. localized shocks, and AGN) that can affect
he metallicity measurements on resolved scales. In this work, we
hoose to use the robust SFG R3 versus Ne3 O2 photoionization
rid from J. Gutkin et al. ( 2016 ), as shown in Fig. 8 . We use R3 ≡
og ( [ O iii ] λ5007 / H β ) as a primary tracer of metallicity, with
 

O iii ] λ5007 fluxes calculated based on the J. Witstok et al. ( 2021 ,
q. 3). To break the degeneracy with the ionization parameter, we
dditionally use Ne3 O2 (R. Maiolino & F. Mannucci 2019 ). This
hotoionization grid method has the further advantage that both
ine ratios are insensitive to dust attenuation, since all the emis-
ion lines involved in our calculations have similar wavelengths. 
T. Y.-Y. Hsiao et al. ( 2025 ) measure a carbon abundance of 

og ( C / O) = −0 . 44 ± 0 . 07 for MACS0647-JD1. Given the value of 
( C / O) � = 0 . 44 assumed by J. Gutkin et al. ( 2016 ), we select the
rid with a carbon abundance of ( C / O) = 0 . 72 ( C / O) � which is
he closest available value to 0 . 82+0 . 13 

−0 . 09 ( C / O) � measured by T. Y.-
. Hsiao et al. ( 2025 ). We choose an upper stellar mass cut-off
or the IMF of 100 M� for our grid and a fiducial hydrogen gas
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Figure 8. This figure shows the R3 -Ne3 O2 photoionization grid (with 
varying metallicity and ionization parameter) of SFGs from J. Gutkin, 
S. Charlot & G. Bruzual ( 2016 ) based on cloudy models (G. J. Fer- 
land et al. 2013 , 2017 ). The choice of the grid is motivated in the main 
text of Section 4.4 . Individual spaxels (with S / N > 5 on [ Ne iii ] λ3869 , 
[ O ii ] λ3726 , 3729 , and H β lines) are plotted as dark-cyan small squares 
and their median uncertainties are shown in the bottom-left part. The 
circle, diamond, and star symbols denote the results from the full aperture 
and the two main SE and NW components. These two line ratios also offer 
the advantage that they do not require dust reddening correction. 
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Figure 9. Metallicity map based on R3 -Ne3 O2 line ratios (Section 4.4 ). 
Here, we only highlight the spaxels that have S / N > 5 for all lines in- 
volved and additionally S / N > 3 for [ O iii ] λ4363 enabling a direct com- 
parison to the direct method metallicity map (Fig. 5 ). We overplot the 
contours of the integrated fluxes of [ O ii ] λλ3726 , 3729 (teal, solid lines) 
and [ Ne iii ] λ3869 (fire-brick, dashed lines). Both the contours and the 
inset panels show that [Ne iii ] has a more compact distribution, while 
[ O ii ] is more extended. The ‘ ×’ and ‘ + ’ crosses in the inset panels are 
the centroids of peak H γ (and [ Ne iii ] λ3869 ) emission and of stellar 
continuum, respectively. 
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ensity of nH = 103 cm−3 , similar to the average electron density 
eported by Abdurro’uf et al. ( 2024 ) for this system. However, no
ignificant changes in the grid positions occur even if we instead
hoose nH = 102 or 104 cm−3 . We assume a low dust-to-metal 
ass ratio of ξd = 0 . 1 , suitable for z > 10 galaxies (A. Ferrara
t al. 2025 ). The results are shown in Fig. 9 , where we illustrate
he positions of individual spaxels spectra on the chosen pho- 
oionization grid. To convert from Z� to oxygen abundance, we 
se 12 + log ( O / H) = 8 . 80 + log ( Z/Z�) , where 8.80 is the solar
xygen abundance computed by J. Gutkin et al. ( 2016 ) for ξd =
 . 1 . We obtain an excellent agreement between the results of the
trong-line and direct- Te methods, except for the southwestern 
egion of the system. This is where line ratios show tentative evi-
ence of photoionization influenced by other processes (Fig. 6 b), 
n addition to star formation (such as AGN, shocks or diffuse
onized gas, DIG; the latter two will be discussed in Sections 5.2
nd 5.3 , respectively). 
Indeed, previous studies have suggested that such abundance 
iscrepancy factors between the two gas-phase metallicity cal- 
ulation methods may be caused by ISM inhomogeneities (G. 
tasińska et al. 2007 ; Y. Chen et al. 2023 ). We also note that, using
ultiple emission lines and assuming a stratified ISM with mul- 
iple density zones, numerical models indicate that the contribu- 
ion of the dense gas component to [ O iii ] λ4363 flux can increase 
he inferred total metallicity (e.g. A. Marconi et al. 2024 ). As a
esult, we provide a cautionary note regarding the interpretation 
f strong-line metallicities in the southwestern region. 

.5 Ionization parameter 

or the ionization parameter, one standard approach is to use the
iagnostic O32 ≡ log [ O iii ] λ5007 / [ O ii ] λλ3726 , 3729 as these 
ines trace different ionization stages of the same atomic species 
A. I. Díaz et al. 2000 ; L. J. Kewley & M. A. Dopita 2002 ; C.
apovich et al. 2022 ). [ O iii ] λ5007 is unavailable in our spectra, 
espite our recovery of spectral data outside the nominal range 
f G 395 M grating. We therefore use Ne3 O2 which closely tracks
32 and has the advantage that the wavelengths of these lines are
lose to each other, so their ratio is insensitive to dust reddening
T. Nagao, R. Maiolino & A. Marconi 2006 ; E. Pérez-Montero et al.
007 ; E. M. Levesque & M. L. A. Richardson 2014 ; R. Maiolino
 F. Mannucci 2019 ). To determine the ionization parameter, 
e use eq. (3) from J. Witstok et al. ( 2021 , based on the original
quation by A. I. Díaz et al. 2000 from single-star photoionization
odels). 
With this standard approach, we obtain log U = −2 . 05 ± 0 . 07

or the full aperture spectrum and log U = −1 . 84 ± 0 . 06 for both
he south-east and the north-west components, consistent with 
he result obtained by T. Y.-Y. Hsiao et al. ( 2024a ). However, given
he non-negligible spatial variations in gas-phase metallicity be- 
ween different regions of the system (notably, between the SE-C 

nd the NW-C), an alternative, more robust calculation of log U 

hould take this effect into account. The most straightforward 
ay to perform this calculation is to use the J. Gutkin et al. ( 2016 )
etallicity − ionization parameter photoionization grid (Fig. 8 ; 
lso described in Section 4.4 ). By interpolating the measured 
ositions of the data points corresponding to the full-aperture, 
E- C, and NW- C spectra on the R3 −Ne3 O2 plane onto the grid,
e obtain log U = −1 . 79 ± 0 . 15 , −1 . 41 ± 0 . 19 , and −1 . 47 ± 0 . 24
or the full-aperture, SE-C, and NW-C, respectively. The values 
alculated using this alternative method are higher than those 
etermined using the standard, Ne3 O2 -based method that does 
ot treat the metallicity dependence of this line ratio explicitly. 
MNRAS 551, 1–26 (2026)
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his implies that, in the case of a metal-poor ISM, the usual
e3 O2 − log U calibrations may substantially underestimate the
onization state. The calculated log U values are also higher than
hose of other SFGs at 3 . 5 < z < 10 (L. Christensen et al. 2012 ; P.
roncoso et al. 2014 ; A. E. Shapley et al. 2017 ; C. Marconcini et al.
024 ; B. Rodríguez Del Pino et al. 2024 ; M. J. Hayes et al. 2025 ; E.
arlanti et al. 2025b ), suggesting a more intense radiation field.
ur values are instead similar to other z > 10 galaxies such as
HZ2 (M. Castellano et al. 2024 ; J. A. Zavala et al. 2025 ) and GN-
11 (A. J. Bunker et al. 2023 ). On spatially resolved scales, Fig. 5 (b)
hows a relatively uniform Ne3 O2 (and, by extrapolation, log U )
n the central regions of MACS0647-JD1, with a radial decrease
f 0 . 33 ± 0 . 14 dex from the centre of the system towards its outer
egions, with substantially lower ionization in the southwest-
rn region, a feature possibly indicating ionization stratification,
hich we discuss in greater detail in Section 5.1 . 

 THE  NATURE  OF  THE  MACS0647-JD  SYSTEM  

.1 Emission-line spatial distribution 

o characterize the morphology of the ISM within the
ACS0647-JD1 system, we first identify the brightest spaxel

n the emission-line maps of H γ and [ Ne iii ] λ3869 . This spaxel
s shifted by two spaxels (corresponding to a physical, delensed
istance of ∼ 150 pc , as shown in Fig. 2 ) relative to the centroid of 
he synthetic F 444 W image obtained by convolving the datacube
ith the response function of the NIRCam/ F 444 W bandpass.
uch a shift could arise from differential dust attenuation
etween the emission lines and the stellar continuum. However,
ACS0647-JD is dust poor (as shown in Section 4.3 and by T. Y.-
. Hsiao et al. 2024a ), making this possibility unlikely. Thus, the
bserved offset likely implies a different spatial distribution of 
he line-emitting gas relative to the stars. Since the instantaneous
FR directly determines the strength of the Balmer lines (R. C.
ennicutt & N. J. Evans 2012 ), it means that the central region
etween the two stellar clumps (Fig. 2 b) hosts the most intense
ecent star formation activity, while the two stellar components
re dominated by older stellar populations. This could favour a
erger scenario for this system, in agreement with the findings
f Q. Duan et al. ( 2026b ) and D. Puskás et al. ( 2025a ), who report
hat, on average, high-redshift mergers trigger short-lived star
ormation enhancements if the components become separated
y a proper distance of less than 20 kpc. 
There is a striking difference between the spatial distributions
f the [ O ii ] λλ3726 , 3729 and [ Ne iii ] λ3869 emission. The latter
s a representative tracer of the high-ionization compact central
egion of the system (with very similar morphologies revealed by
oth Balmer recombination lines and [ O iii ] λ4363 , all of which
re shown in Appendix A ). In contrast, the [ O ii ] λλ3726 , 3729
mission is both clumpier and more spatially extended, primarily
racing the low ionization gas in the system. Since we observe
hat log (Ne3 O2 ) > 0 even in the outskirts, the most plausible
xplanation is a classical, inside–out stratification of the system,
lthough we cannot completely rule out more exotic scenarios
uch as the presence of DIG (e.g. K. Zhang et al. 2017 ), which
ypically boosts [ O ii ] λλ3726 , 3729 emission (D. A. Hunter & J. S.
allagher III 1990 ; R. C. Kennicutt 1998 ) and metal lines strength
P. Garg et al. 2024 ; W. McClymont et al. 2024 ; A. Clarendon,
. Strom & C. von Raesfeld 2025 ). A recent NIRSpec/IFU study
y T. A. Hutchison et al. ( 2025 ) tentatively identified DIG in
 highly lensed z ∼ 5 massive post-starburst galaxy. However,
NRAS 551, 1–26 (2026)
hile [ O ii ] λλ3726 , 3729 emission truly appears enhanced rela-
ive to hydrogen lines in the southern and southwestern regions
f our target (compared to the central regions), T. Y.-Y. Hsiao
t al. ( 2025 ) report non-detections of [ N ii ] λ6548 and [ N ii ] λ6583
these lines are expected to be prominent in regions with DIG) in
he MIRI spectra. This challenges the interpretation that DIG is
resent in the southern-southwestern region of the MACS0647-
D1 system. Of course, at z > 10 , intrinsically low N / O abun-
ance ratios could also explain the undetected [ N ii ] doublet in
he extended region, given that N/O-enhanced systems tend to
e very compact (e.g. X. Ji et al. 2026 ). 

.2 Shock-driven photoionization modelling 

iven the tentative position of the spaxels in the southwestern
egion of the system in the AGN-dominated region of the G.
azzolari et al. ( 2024 ) diagnostic diagram, as well as the subtle
iscrepancy between the gas-phase metallicities calculated using
he direct- Te and the strong-line methods, we test the possibil-
ty that shocks may have a significant contribution to the pho-
oionization. We use an approach similar to that of F. D’Eugenio
t al. ( 2025c ), who report shock-driven photoionization in an
FG at z ∼ 4 . 6 . We use the shock models from the 3MdB data
ase. 4 The grids are computed using the mappings v code (R.
. Sutherland & M. A. Dopita 2017 ). We tested both shock only
nd shock with precursor models (M. G. Allen et al. 2008 ; A.
larie & C. Morisset 2019 ) spanning a large parameter space
the BnZv space): magnetic field 10−4 µG < B < 10 µG , shock
elocity 100 km s−1 < v < 1000 km s−1 , pre-shock (upstream)
ensity 1 cm−3 < nsh < 10 000 cm−3 and metallicity 10−4 < Z <
 . 04 . The metallicities are converted to oxygen abundance values
ssuming Z� = 0 . 01524 and 12 + log ( O / H) � = 8 . 8 (using the
ame chemical abundances from J. Gutkin et al. 2016 as used
y A. Alarie & C. Morisset 2019 in the shock grid calculations
nd adopting a dust depletion ξd = 0 . 1 , similar to Section 4.4 ).
s before, we choose the C / O = 0 . 72 ( C / O) � photoionization
arameters from J. Gutkin et al. ( 2016 ). 
In our particular case, we select a fixed magnetic field strength
f B = 10 µG for all models displayed in Fig. 10 . This value is
omparable to the magnetic field in the solar neighbourhood ( 2 −
5µG ; J. P. Vallee 2022 ). However, there is plausible evidence that
he galactic magnetic fields are likely larger in starburst galaxies
 50 − 100µG ; R. Beck 2015 ), and at earlier cosmic times (A. M.
olfe et al. 2008 ). Because 10 µG is the highest value available in
he computed shock grids, we regard this value as the most sensi-
le choice. The diagnostic line ratios considered here (O3 Hg and
e3 O2 ) are only weakly sensitive to the magnetic field strength
ver the range of parameter space probed by our data. In par-
icular, magnetic-field-dependent effects become significant only
t very low O3 Hg ratios, log ( [ O iii ] λ4363 / H γ ) < −1 . 5 , where
odel tracks corresponding to different magnetic fields diverge. 
We explore shock model grids with pre-shock densities, nsh =
00 , 1000 , and 10 000 cm−3 . Models with nsh � 100 cm−3 are
nable to reproduce the observed O3 Hg and Ne3 O2 measure-
ents in any configuration, so they are strongly disfavoured. For
sh = 103 − 104 cm−3 , shock-plus-precursor grids (Figs 10 e and
) intersect the data only for parameter combinations that im-
ly oxygen abundances of 12 + log ( O / H) ∼ 8 . 2 − 8 . 4 , exceeding
he metallicities inferred from spaxel or clump aperture spectra

https://sites.google.com/site/mexicanmillionmodels/
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Figure 10. In this figure, we illustrate the various shock models overlaid on the G. Mazzolari et al. ( 2024 ) diagnostic diagram, in order to compare with 
our data points. Individual spaxels are marked with squares (with the standalone error bars showing their median uncertainties), whereas the large 
star, diamond and circle symbols have similar meanings to Fig. 6 (a): the diamond represents the full aperture, the star is the SE-C, and the circle is the 
NW-C. The black, dashed line is the demarcation between the AGN-dominated regime and the regions where SF and AGN have similar contributions 
to photoionization (SF or AGN regime). We display a number of shock and shock + precursor grids computed using mappings v (R. S. Sutherland & 

M. A. Dopita 2017 ) at fixed pre-shock density, nsh , fixed magnetic field, B = 10µG and varying metallicity 7 < 12 + log ( O / H) < 8 . 4 and shock velocity 
2 < log 

(
vshock / km s−1 

)
< 3 . Our observations can only be reproduced with either high metallicities or high pre-shock densities, which, although not 

completely ruled out locally, are difficult to reconcile with the gas-phase metallicities (Fig. 5 c) and electron densities inferred by Abdurro’uf et al. ( 2024 ) 
for our system. 
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 12 + log ( O / H) ∼ 7 . 2 − 8 . 0 using either the direct or the strong-
ine method). It is generally true that the metallicities calculated 
ith the direct method might be biased low if shocks are present
nd not accounted for. This is because shocks alter the ionization 
tructure of the ISM and can create large temperature variations 
n small spatial scales. As a result, the electron temperature and 
xygen abundance may be decoupled, causing metallicities to 
e underestimated in shock-heated regions. However, the shock 
rid displayed in Fig. 10 (e) further requires high velocity shocks
 ∼ 500 − 1000 km s−1 ) to match our data. Such velocities are
ubstantially larger than the characteristic ionized gas kinematic 
idths in our system ( FWHM ∼ 100 − 350 km s−1 ). Additionally, 
ur spectral fits show no statistical requirement for an additional 
roader component, together suggesting that these shock-plus- 
recursor models are unlikely to dominate over star-formation- 
riven photoionization on large scales, but they may be important
ocally. 
A shock-only model with B = 10 µG and nsh = 104 cm−3 

Fig. 10 c) can reproduce the observed line ratios for the SE-
 and NW- C apertures at lower metallicities and lower shock
elocities than the shock-plus-precursor cases. However, such 
 model requires an upstream density of 104 cm−3 . Moreover, 
hocks compress the gas by at least a factor of four in the strong
diabatic shock limit (and potentially more if radiative), imply- 
ng post-shock densities � 4 × 104 cm−3 . While these required 
ensities are at least one order of magnitude above the aver-
ge electron density of log 

(
ne / cm−3 ) = 3 . 3+0 . 7 

−0 . 6 , derived from 

he full-aperture spectrum of the MACS0647-JD1 image (Ab- 
urro’uf et al. 2024 ), this direct comparison is not fully con-
lusive for ruling out shock-driven photoionization processes. 
he reported electron density was obtained by Abdurro’uf et 
l. ( 2024 ) by spectrally resolving the [ O ii ] λ3726 , 3729 doublet
ith high-resolution JWST spectroscopy. pyneb predicts criti- 
al densities of ∼ 1500 and ∼ 5000 cm−3 (assuming an electron 
emperature of 1 . 9 × 104 K , similar to the one derived from the
ull aperture spectrum) for [ O ii ] λ3729 (first upper level) and 
 

O ii ] λ3726 (second upper level), respectively. These values are 
n agreement with those obtained by W. Wang et al. ( 2004 ). As
 result, this doublet primarily traces low-ionization and lower 
ensity phases of the ISM. In a multizone ISM, the [ O ii ] -based 
ensity may not fully capture denser gas that might produce the
ulk of [ O iii ] λ4363 ( ncrit ∼ 3 × 107 cm−3 ; B. Moreschini et al. 
MNRAS 551, 1–26 (2026)
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026 ) emission or shocks. Recent observational and ISM mod-
lling studies have further revealed that metallicities inferred
nder a low-density ISM assumption may be underestimated (A.
arconi et al. 2024 ; Y. Harikane et al. 2025 ; Z. Martinez et al.
025 ; B. Moreschini et al. 2026 ). This is because auroral lines
uch as [ O iii ] λ4363 , commonly used in direct- Te method cal-
ulations, typically probe higher density regions (T. Jones et al.
020 ; S. Yang & A. Lidz 2020 ; S. Yang, A. Lidz & G. Popping
021 ; Y. Nakazato, N. Yoshida & D. Ceverino 2023 ). In high-
ensity regimes, collisional de-excitation and radiative decays
ave comparable contributions to de-populating the atomic up-
er levels associated with the key emission lines, which could
ias our estimated abundances. Invoking a substantial fraction
f the ionized gas mass with a density of ∼ 105 − 106 cm−3 (to
ccommodate the high pre-shock densities required to match the
bserved emission-line ratios; Fig. 10 ) would be difficult to recon-
ile with a starburst-dominated system exhibiting only marginal
nd localized evidence for non-SF processes. A complete pic-
ure would require high-resolution JWST IFU observations of the
ystem using the G 235 H or G 395 H gratings. Such observations
ould provide spatially resolved maps of both low- and high-
ensity gas (by spectrally resolving the [ O ii ] λ3726 , 3729 and the
ar-ultraviolet C iii ] λλ1907 , 1909 doublets, respectively). 
Furthermore, as a simplified, illustrative approach, under the
ssumption that shocks are the main excitation mechanism of 
he ISM in MACS0647-JD1, we can estimate the average pho-
oionization mass rate associated with this process. If shocks
ather than star formation dominate the emission-line produc-
ion, it means that at least half of the [ O iii ] λ5007 flux (to-
al of ( 2 . 24 ± 0 . 52) × 10−17 erg s−1 cm−2 ) would arise from the
hock line component. Taking into account the luminosity dis-
ance and the magnification of the system, this would imply
[ O iii ] λ5007 , shocks � 2 × 1042 erg s−1 . According to the first equa-
ion from A. Laor ( 1998 ), and adopting a typical maximum
hock velocity of v ∼ 1000 km s−1 (similar to the maximum value
ithin the shock grids from the 3MdB data base), we would ob-
ain Mshocked gas � 100 M� yr−1 . This value is significantly larger
han the inferred H γ -based SFR of ∼ 5 . 5 ± 1 . 0 M� yr−1 , consis-
ent with our starting assumption. If the gas mass in the system is
omparable to the stellar mass (see the discussion in Section 5.5 ),
uch a high rate of shock-driven photoionization of the cold gas
ould imply that this reservoir would be consumed on � 1 −
 Myr time-scales, shorter than the stellar ages of ∼ 20 − 30 Myr
f the two clumps derived from SED fitting. Overall, while we
annot firmly rule out shocks affecting the structure and ISM
roperties of MACS0647-JD1, the existing observations favour a
tarburst-dominated ISM. 

.3 Spatially resolved properties of the ISM gas 

ased on our methods for calculating the strong-line metallicity
discussed in Section 4.4 ), we obtain the map shown in Fig. 9 .
e applied similar spatial cut of the map in order to facilitate
he comparison with the direct metallicity map (Fig. 5 c). We find
hat our results are consistent between these methods. Both the
irect- Te and the strong-line methods reveal that the SE-C is more
nriched than both the NW-C and the turbulent, metal-poor gas
ocated in the NE region (NE-R) of the system (i.e. between the
wo clumps). 
To provide quantitative evidence of the different nature of the

SM at various locations, we divide the observed system within
he field of view in four regions, as shown in Fig. 2 : the NW-
NRAS 551, 1–26 (2026)
C and SE- C, together with the NE-R and SW-R. We illustrate
he resulting direct- Te and strong-line metallicities from the in-
egrated spectra of these four apertures (obtained by adding the
paxels within each aperture) in Fig. 12 . We find that, for each
perture, the two methods of calculating the metallicity give con-
istent results. Moreover, Fig. 12 shows that, although some non-
egligible spaxel-to-spaxel variations may occur in our maps, our
onclusion that the SE-C is more metal-rich than its surrounding
nvironment is statistically robust. 
Fig. 5 (a), (c), and (d) reveal spatial variations in gas kinematics,
xcitation, and chemical properties across the system, suggesting
ossible connections between gas velocity dispersion, excitation-
ensitive line ratios (particularly O3 Hg), and gas-phase metal-
icity on spatially resolved scales. We quantify these trends by
esting for spaxel-scale correlations between gas velocity disper-
ion (FWHM) and ISM properties. We find a significant anticor-
elation between FWHM and the O3 Hg line ratio (with a p -value
f 1 . 2 × 10−3 and a Spearman correlation coefficient ρ ∼ −0 . 62 ;
ig. 11 a). While this correlation is intriguing, its physical origin is
ifficult to pinpoint because the [ O iii ] λ4363 / H γ ratio depends
imultaneously on multiple ISM properties, including metallicity,
lectron temperature, ionization parameter, and the local SFR.
e find only a marginal anticorrelation between FWHM and
etallicity, and a tentative positive correlation between FWHM
nd electron temperature (as shown in Figs 11 b and c). Our analy-
is does not find any correlation between FWHM and Ne3 O2 ( p ∼
 . 38 ; Spearman correlation coefficient of ρ ∼ −0 . 12 ), although
entral spaxels tend to have both high O3 Hg and high Ne3 O2 
atios. Similar to our calculation in Section 4.5 for the integrated-
perture spectrum, we compute the ionization parameters for the
pectra of all individual spaxels, based on the J. Gutkin et al.
 2016 ) photoionization grid. We find only a weak, statistically
nsignificant correlation between FWHM and log U of individ-
al spaxels ( p ∼ 0 . 08 ; ρ ∼ +0 . 24 ). Remarkably, we also obtain
 correlation of higher significance between FWHM and the star
ormation burstiness ( SFR10 / SFR100 ), with ρ ∼ +0 . 39 ; p ∼ 10−3 .
e note that, in this case, the total number of spaxels considered
s larger than for the anticorrelation reported between FWHM
nd O3 Hg, and the tentative FWHM − Te and FWHM–metallicity
orrelations. This is because in the latter case, we take into ac-
ount all spaxels with S / NH γ > 5 , whereas in the former case, we
re restricted to the central region of the system for which we
mposed S / N[ O iii ] λ4363 > 3 for a statistically significant detection
f this auroral line. We caution that the reported Spearman co-
fficients and p -values are based on median estimates using face-
alue measurements in the individual spaxels considered for each
air of physical parameters or observables. A bootstrap analysis
ccounting for per-spaxel uncertainties yields p -values exceeding
.05 for the FWHM–Te and FWHM–metallicity relations, indicat-
ng that these trends are not robust. Only the correlation between
WHM and O3 Hg remains significant, with an 84th-percentile p -
alue of 0.028. 
The differing strengths of these correlations likely reflect the

act that O3 Hg is a direct and unbiased observable that is sen-
itive to both the local excitation and thermal conditions of the
onized gas in the ISM, and also to the local instantaneous SFR.
y contrast, the electron temperature and the inferred metallic-
ty are derived quantities subject to additional assumptions and
ssociated systematic uncertainties. The most important of these
nclude a secondary dependence on the ionization parameter, the
ossibility of a multizone ISM, as well as possible uncertain dust
orrections in calculations of metallicities and electron temper-
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Figure 11. This figure shows the variation of gas velocity dispersion (FWHM) as a function of O3 Hg line ratio (a), electron temperature (b) or gas-phase 
metallicity calculated using the direct method (c). As before, we only show the spaxels with S / N[ O iii ] λ4363 > 3 , but we also show the values corresponding 
to the SE-C and NW-C and for the full-aperture spectra. We display the individual and the typical median uncertainties for the per-spaxel measurements. 
The bootstrapped median Spearman correlation coefficient ρ and the p -value are reported for the set of correlations considered. 

Figure 12. This figure shows the calculated gas-phase metallicities (us- 
ing both the direct- Te and the strong-line methods) and the uncertain- 
ties for the spectra of the four apertures identified in Fig. 2 (b). For each 
aperture and method, violin plots illustrate the ranges of metallicities of 
spaxels within the said aperture. Darker-shade violins show the kernel 
density estimate (KDE) of median metallicities, while lighter-shaded vi- 
olins include ±1 σ spaxel-level uncertainties. 
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tures. Importantly, a locally elevated temperature of the O++ 

as may not necessarily imply a higher [ O iii ] λ4363 / H γ ratio. 
hile the effective H γ recombination rate has a weak inverse 
ependence on electron temperature, this effect can be easily out- 
eighed by spatial variations in electron and ion densities or gas
lling factor, particularly in a complex, multizone ISM. The gas 
WHM traces emission-line broadening due to both thermal and 
on-thermal processes. The presence of dynamically turbulent 
nd hot gas (as shown in Figs 5 d and 7 b) between the clumps may
ndicate enhanced energy injection into the ISM. This may arise 
rom localized shocks (see the discussion in Section 5.2 for ar-
uments disfavouring large-scale shock-driven photoionization), 
r from a combination of turbulent star formation-driven feed- 
ack and complex gravitational interactions between the clumps 
nd the surrounding metal-poor gas. Our observational findings 
gree with recent theoretical models, which posit that turbulent 
as in low-mass bursty galaxies at high redshift, being highly 
ynamically unstable, favours clumpy star formation, and an ISM 

ith large density and temperature variations, even on relatively 
mall spatial scales (G. Sun, C.-A. Faucher-Giguère & J. Stern 
026 ), providing a possible explanation for why there is a statisti-
ally significant correlation between FWHM and star formation 
urstiness. 
Our results disagree with results from the local Universe and 

ower redshift studies, which find positive correlations between 
as-phase metallicity and (stellar) velocity dispersion for massive, 
volved galaxies (e.g. H. Li et al. 2018 ; M. Cappellari 2023 ). Such
 positive correlation is also seen in individual galaxies within the
PT0311 −58 protocluster at z ∼ 6 . 9 (S. Arribas et al. 2024 ). The
ossible anticorrelation observed in the case of MACS0647-JD is 
ikely not the result of secular, interconnected processes shaping 
he co-evolution of various galaxy properties. Such processes have 
ot yet been established in low-mass systems at z > 10 . Instead,
ur findings suggest that our target is observed in an early, short-
ived evolutionary phase. 

.4 Spatially resolved stellar populations: bursty star 
ormation in the northeastern region of the system 

e compute the burstiness of star formation on spaxel-by-spaxel 
cales using the SFR averaged over the last 100 Myr in lookback
ime ( SFR100 from our prospector SED fits) as a probe of the
ong-time-scale SFR. For instantaneous or short-time-scale SFR, 
e use two alternative tracers: (i) SFR10 (similar to SFR100 but 
t probes only the last 10 Myr in lookback time; this is also com-
uted by prospector ); and (ii) SFRH γ inferred from the H γ inte-
rated line flux. To estimate SFRH γ , we first correct the H γ fluxes
f each spaxel based on the observed H β/ H γ Balmer decrement
n that spaxel (we assume no dust correction in the cases where
he H β/ H γ ratio from the spectrum is lower than the case-B value
f 2.105). We then assume an intrinsic, case-B H α/ H γ = 5 . 79
atio, valid for an electron temperature Te ∼ 20 000 K (B. Groves
t al. 2012 ) and we adapt the relation between H α intrinsic lu-
inosity and SFR from eq. (12) of R. C. Kennicutt & N. J. Evans

 2012 ) as follows: 

log SFRH γ
(
M� yr−1 

) = log LH γ
(
erg s−1 

) − 40 . 5 − log μ − 0 . 3 . 
(5) 

ere, for delensing, we assume a lensing magnification of μ = 

 ± 1 (B. M. Y. Chan et al. 2017 ). However, the SFR–H α equa-
MNRAS 551, 1–26 (2026)
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ion derived by R. C. Kennicutt & N. J. Evans ( 2012 ) is cali-
rated in the local Universe, assuming a solar metallicity and a
. Calzetti et al. ( 2000 ) dust attenuation law. At higher redshifts,
alaxies typically have different properties from local targets, so
 more suitable set of assumptions is a different dust attenuation
aw and a lower metallicity. N. A. Reddy et al. ( 2022 ) and A. E.
hapley et al. ( 2023 ) showed that the correction term is around
0 . 3 dex if we instead assume a Small Magellanic Cloud dust
ttenuation law and a metallicity of 0 . 27 Z�. 
We show our results in Figs 13 (a) and (b). Both panels indi-
ate a significant enhancement of recent star formation in the
E-R, the same location where the gas is both more turbulent
Fig. 5 d) and metal-poor (Fig. 5 c). By contrast, the more mas-
ive, more metal-enriched SE-C does not undergo a noticeable
tarburst episode within the time-scales probed. As shown in
ig. 13 (b), we find only moderate burstiness in the two clumps
more pronounced for the NW-C). Fig. 13 (c) confirms the more
assive nature of the two clumps compared to the surrounding
egions. The stellar mass densities of the spaxels in the NE-R are
ypically ∼ 1 dex below the values within the two clumps, which
mplies that this region may be associated with a metal-poor gas
nflow. Another plausible scenario is that this region contains gas
tripped from the NW-C by gravitational interactions with the
assive SE-C. Indeed, the metallicities of NE-R and NW-C are
onsistent within the uncertainties as shown in Fig. 12 . 
More puzzlingly, the SW-R of the system, which is intrinsically

ainter than either of the clumps, appears to be substantially more
assive than the bursty, low- M∗ NE-R. In addition, SFRH γ in-
icates negligible star formation enhancement (Fig. 13 a). When
ecent star formation is instead probed via SFR10 , a starburst
ffect is observed in the SW-R, although it is less intense than in
he NE-R. Physically, the SW-R could represent gas and stars that
riginated in the SE-C, but were redistributed during a merger
vent. 

.5 Merging galaxies or clumps in a disc? 

he observed properties of MACS0647-JD1 allow, in principle,
wo broad interpretations: either the system represents a gas-rich
otating disc hosting multiple clumps, or it is caught during an
arly-stage merger between two distinct components. Disc galax-
es are generally characterized by a ratio of ionized gas velocity
o velocity dispersion of Vgas /σ � 1 and by ordered rotation on
patially resolved scales (N. M. Förster Schreiber & S. Wuyts 2020 ;
. L. Danhaive et al. 2025 ). In Appendix C , we show that the
bserved rotational pattern in the velocity field of the MACS0647-
D1 system may be dominated by instrumental systematics, mak-
ng it difficult to recover the intrinsic velocity field. One reason
hy we cannot firmly dismiss the hypothesis of a real rotating
tructure is the fact that the rotational gradient is spatially more
xtended than the FWHM of the PSF (the latter being ∼ 4 . 4 spa-
ial pixels). In addition, as we argue in Appendix C , the amplitude
f the artificial rotation pattern produced by the slit-width effect
described in Y. Isobe et al. 2023a and Appendix C ) is noticeably
maller (2.6 times) than the observed velocity gradient in our
ata. It is, however, crucial to note that we only provide a sim-
lified calculation that illustrates that the slit-width effect could
otentially mimic a rotational pattern in JWST /NIRSpec IFU
ata. Disentangling instrumental effects from genuine galaxy
inematics would require additional IFU observations obtained
t a position angle rotated by 90◦ relative to the current setup
Fig. C2 a). 
NRAS 551, 1–26 (2026)
In this section, we argue that the morphological, chemical, and
inematic properties of this system are more naturally explained
y a gas-rich merger between the NW-C and the SE-C. First and
oremost, the two main components exhibit markedly different
as-phase metallicities (see Section 5.3 ), with the SE-C being
ignificantly more enriched than both the NW-C and the sur-
ounding gas. Using the values in Table 1 , we obtain a metallicity
ifference of 0 . 42 ± 0 . 18 dex (using direct-method metallicities;
r 0 . 22 ± 0 . 12 dex using the metallicities derived based on the
trong-line method) between the two main components of the
ystem. Such metallicity contrasts over short projected physical
cales ( ∼ 300 pc in the source frame, assuming a magnification
f μ ∼ 8 ) are difficult to reconcile with in-situ clump formation
ithin a single disc, where clumps primarily form from the exist-
ng ISM gas reservoir. While several studies have revealed metal-
icity inhomogeneities in proto-disc systems at z > 6 (S. Arribas
t al. 2024 ; G. Venturi et al. 2024 ; L. R. Ivey et al. 2026b ), the
eported metallicity gradients are

∣∣∇r log ( O / H) 
∣∣ � 0 . 2 dex kpc−1 .

he amplitude of the variations we measure in the MACS0647-JD
ystem suggests that additional processes beyond simple in-situ
ragmentation (such as external fresh gas accretion or mergers)
ay be involved. 
Second, the highest gas velocity dispersions are observed out-
ide the two massive clumps (Fig. 5 d) and are anticorrelated with
xcitation-sensitive line ratios (Fig. 11 a). This suggests that tur-
ulence is not primarily driven by star formation feedback, as
xpected in clumpy discs, but by gravitational interactions pos-
ibly leading to a large-scale circulation of the gas, consistent
ith a merger scenario. The observation of this dynamically hot
as in the regions outside the main components is facilitated
y the lack of strong stellar sources in these locations, allowing
he emission lines to probe large path lengths along the line of 
ight and therefore trace large-scale gas motions. In addition, the
tar formation burstiness maps show a clear asymmetry (Fig. 13 ):
he most intense enhancement of recent star formation is in the
E-R, cospatial with confidently identified metal-poor, highly
urbulent gas. 
Third, the centroid of nebular emission is offset from the stellar
ontinuum peak by at least two spatial pixels ( ∼ 0 . 1 arcsec , mea-
ured using the H γ emission map; see Fig. 2 ). The spatial offset is
arger if we consider, for instance, H β, H δ, or [ Ne iii ] λ3869 cen-
roids. While instrument systematics can sometimes create an ar-
ificial shift of the centroid of point sources as a function of wave-
ength, the magnitude of this effect is too small ( ∼ 0 . 02 arcsec ; T.
eck 2025 ) to justify the different spatial distributions of stellar
ontinuum and emission lines. In a clumpy disc, the most intense
ine emission is generally cospatial with the dominant stellar
lumps (e.g. A. B. Romeo & K. M. Mogotsi 2017 ), whereas star for-
ation between stellar components is more naturally explained
y merger-driven gas instability. 
Although an accurate estimate of the gas mass in the sys-

em requires the completion of the existing allocated NOEMA
bservations, we can provide a crude estimate using a method
imilar to K. Nakajima et al. ( 2026 ). The angular separation be-
ween the two clumps is approximately 0 . 15 arcsec (as shown in
igs 2 a and 13 c), corresponding to ∼ 220 pc in the source plane.
s a result, given our delensed value of the SFRH γ estimated for
he full-aperture spectrum, SFRH γ = 5 . 5 ± 1 . 0 M� yr−1 (Table 1 ),
nd assuming an approximate radius of ∼ 200 ± 50 pc for the gas
eservoir in the inter-clump region, we obtained an SFR density of 
og 

(
�SFRH γ / M� yr−1 kpc−2 ) = 1 . 35 ± 0 . 30 . We use eq. (2) from

. Bouché et al. ( 2007 ) to estimate the gas mass surface density.
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Figure 13. In this figure, we display the spatially resolved star formation burstiness in MACS0647-JD1 system. The burstiness probes the recent versus 
prolonged star formation activity in our target, and is defined in two alternative ways: SFRH γ / SFR100 (a) and SFR10 / SFR100 (b). The rectangles are 
the apertures corresponding to the two clumps (SE and NW, as identified from NIRCam F 444 W imaging; see Fig. 2 ). Both maps consistently show a 
remarkable recent star formation enhancement in the NE-R and a less bursty SFH in the region of the more massive SE-C. (c) Shows the stellar mass 
density map of this system and confirms the more massive nature of the two clumps, compared to other regions. On all panels, we only show the spaxels 
with a S / N > 5 detection of H γ from our analysis of NIRSpec/IFU data. We also show the PSF size in all panels, together with the centroid of stellar 
continuum (‘ + ’ cross) and of the H γ emission-line map (‘ ×’ cross). 
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n this equation, �SFR ∝ �1 . 71 ±0 . 05 
gas and the power-law index of 

 . 71 ± 0 . 05 is significantly larger than the 1 . 4 ± 0 . 15 value given
n R. C. Kennicutt ( 1998 ). This substantial difference arises from
ollisionally enhanced star formation efficiency in high-density 
as ( ∼ 1000 cm−3 ), a regime which is more commonly observed 
n the ISM of high-redshift galaxies. With our previous value of 
og �SFRH γ , we obtain log 

(
�gas / M� pc−2 ) = 3 . 15 ± 0 . 20 , imply-

ng log 
(
Mgas / M�

) = 8 . 6 ± 0 . 3 . This indicates that the gas mass
n MACS0647-JD1 is likely larger than the stellar mass within the
E-C and NW-C. 
If the system is a rotating disc, we can estimate its dynamical
ass using the following equation (adapted from M. Cappellari 
t al. 2006 ): 

Mdyn ≈ 5 Reff σ 2 
∗

G 

. (6) 

e assume an effective radius Reff = 70 ± 24 pc (T. Y.-Y. Hsiao
t al. 2024a ) and estimate the stellar velocity dispersion from the
as velocity dispersion, σgas = FWHMgas / 2 . 355 = 97 ± 8 km s−1 
rom the full-aperture spectrum. Adopting the empirical relation 
∗ ≈ 1 . 26 × σgas (R. Bezanson et al. 2018 ), we obtain σ∗ = 122 ±
0 km s−1 and therefore log (Mdyn / M�) = 9 . 1 ± 0 . 5 . The quoted
ncertainty accounts for the standard scatter of the virial mass 
stimator equation and the systematics associated with choos- 
ng a factor of 5 in equation ( 6 ), instead of using eq. (7) from
. van der Wel et al. ( 2022 ). The latter equation accounts more
ccurately for variations due to the object’s axial ratio and Sérsic
ndex. However, given the two-clump morphology of our target 
Fig. 2 b), a simple single Sérsic profile fit to the F 444 W image of 
ACS0647-JD1 would not be suitable. This caveat prevents us 
rom applying morphology-dependent virial corrections such as 
hose discussed in A. van der Wel et al. ( 2022 ). 
The estimated dynamical mass of the system is statistically 
onsistent (within the 1 σ uncertainties) with the combined mass 
f the stars (see Table 1 ) and gas. However, this comparison does
ot provide a decisive diagnostic of the dynamical state of the sys-
em. The dark matter (DM) mass, on the other hand, is even more
ifficult to accurately constrain at such high redshifts. Galaxies at 
 > 4 and log ( M∗/ M�) < 9 are expected to be strongly DM dom-
nated, as revealed by recent JWST spectroscopic observations (A. 
e Graaff et al. 2024a ; A. L. Danhaive et al. 2026a ) and simulations
A. de Graaff, A. Pillepich & H.-W. Rix 2024b ; W. McClymont et al.
026 ). We can provide a simple estimate of the DM mass in the
entral region between the two clumps as follows. The total stel-
ar mass of the two clumps is log ( M∗, NW+SE / M�) = 7 . 94 ± 0 . 09 .
e assume that the DM density follows the classical NFW pro-
le (with the inner slope γ = −1 ) satisfying the equation (J. F.
avarro, C. S. Frenk & S. D. M. White 1996 ; J. S. B. Wyithe, E. L.
urner & D. N. Spergel 2001 ): 

DM 

( r) ∝ 1 
( r/rb ) −γ · ( 1 + r/rb ) 3+ γ

. (7) 

ere, rb is the so-called break radius of the DM halo of 
ACS0647-JD1. Using the stellar mass–halo mass (SMHM) re- 

ation from P. Behroozi et al. ( 2019 ), we obtain a virial halo
ass of log ( Mh / M�) ≈ 10 . 5 ± 0 . 3 . Here, the quoted uncertainty
ombines the intrinsic scatter of the SMHM parametrization at 
 ∼ 10 and the systematic uncertainty introduced by summing 
he stellar masses within the two clumps (rather than including 
ll the spaxels in Fig. 13 c). The virial radius of the halo can be
stimated using: 

h = 4 π
3 

�vir ρm 

( z) R3 vir . (8) 

n this equation, we assume that the density contrast is �vir =
00 , obtaining Rvir ≈ 8 . 8 ± 2 . 2 kpc. Next, we estimate the con-
entration parameter c200 = Rvir /rb = 4 . 2 ± 0 . 2 from fig. 7 of L. Y.
. Yung et al. ( 2024 ). This implies rb = 2 . 1 ± 0 . 5 kpc . Under the
MNRAS 551, 1–26 (2026)
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pherical symmetry assumption, integrating the DM density pro-
le would yield the following formula for the DM mass enclosed
ithin a radius r: 

DM 

( < r) = Mvir 

ln 
(
1 + r 

rb 

)
− r/rb 
1 + r/rb 

ln ( 1 + cvir ) − cvir 
1 + cvir 

. (9) 

ithin the innermost r = 200 pc corresponding to the two
lumps, we thus obtain log ( MDM 

/ M�) = 8 . 2 ± 0 . 3 . These find-
ngs suggest that stars, gas, and DM have similar contributions
o the total mass budget of the system. Therefore, it is currently
ifficult to estimate the spatial distribution of gas or DM in this
ystem. Fig. 13 (c) illustrates a clear double-peaked stellar-mass
ensity distribution, with two spatially distinct mass concentra-
ions corresponding to the southeastern and northwestern stellar
omponents. For a disc-like galaxy to maintain long-term gravita-
ional stability, however, the total mass (including stars, gas, and
M) profile should be centrally peaked (A. B. Romeo & K. M.
ogotsi 2018 ). Because a detailed analysis of the distributions
f gas and DM within this system is currently impossible, the
patially resolved map of the total mass cannot be determined
ccurately. In conclusion, it is not possible to infer the dynamical
ature of the system based entirely on the available M∗ spatial
istribution. 

 SUMMARY  AND  CONCLUSIONS  

n this paper, we present a spatially resolved analysis of the
SM in MACS0647-JD1, the brightest galaxy currently known at
 > 10 (owing to gravitational lensing), using medium-resolution
IRSpec/IFU G 395 M observations from the GA-NIFS GTO pro-
ramme. We present a novel method for extrapolating the JWST
pectra outside the nominal wavelength range of the G 395 M
rating, enabling us to obtain the H β-wavelength collapsed flux
ap for a target at z ∼ 10 . 2 . By combining these spectroscopic
ata with archival JWST imaging, we infer SFHs across different
egions of the system, enabling a detailed investigation of the
hysical processes governing its early assembly. This approach
rovides new insight into the complex interplay between star
ormation activity and chemical enrichment in one of the earli-
st known starburst systems. We summarize our conclusions as
ollows: 

(i) The system consists of two bright components detected in
IRSpec/IFU and NIRCam imaging. The stellar continuum cen-
roid coincides with the more massive component, which is spa-
ially offset relative to the emission-line centroid by 150 pc (in
he source plane). This is most likely a signpost of recent star
ormation activity in between the two components, potentially
riggered by a pre-coalescence merger event. 
(ii) Our target provides the highest redshift direct-metallicity
easurement obtained with NIRSpec, and the second highest
edshift measurement with any instrument, surpassed only by
N-z11 (A. J. Bunker et al. 2023 ; J. Álvarez-Márquez et al. 2025 ).
e compute metallicities from spaxel spectra using two indepen-
ent approaches: the direct method (based on the electron tem-
erature) and a customized strong-line calibration. Both meth-
ds yield consistent results within the uncertainties. We find
hat the brighter southeastern clump is more metal-rich ( 12 +
og (O / H)direct = 7 . 89 ± 0 . 11 ), while the northwestern clump is
ess enriched ( 12 + log (O / H)direct = 7 . 47 ± 0 . 14 ). Such a pro-
ounced asymmetry would be difficult to explain if the two com-
NRAS 551, 1–26 (2026)
onents were clumps within a single rotating disc. Although
e attempted to reconstruct the velocity field (see Appendix C ),
he current data do not provide conclusive evidence for ordered
otation. 
(iii) The strong-line metallicities are less reliable in the
outhwestern part, where the unusual morphology of the
 

O ii ] λλ3726 , 3729 emission (as compared to high-ionization or
ydrogen recombination lines), together with tentative AGN-like
ignatures on one of the G. Mazzolari et al. ( 2024 ) diagnostic dia-
rams, may imply the presence of DIG or a complex stratification
tructure. We have additionally shown that shocks are strongly
isfavoured, although not completely ruled out by our observed
mission-line ratios. 
(iv) We analyse the ISM conditions on spatially resolved scales
y focusing on various diagnostic ratios. Analysing the spectra of 
ndividual spaxels, we find a meaningful anticorrelation between
he gas velocity dispersion (FWHM; a tracer of turbulence) and
 

O iii ] λ4363 / H γ line ratio (a proxy for the excitation state of 
he ISM), but statistically weaker trends between FWHM and
as-phase metallicity or electron temperature, both of which are
ikely influenced by a secondary dependence on the ionization
arameter. 
(v) Combining our spectroscopic and stellar populations anal-
ses, we demonstrate that, remarkably, the northeastern region
as a small stellar mass and predominantly contains metal-poor
as, while its star formation burstiness is significantly elevated
ompared to the surroundings. This suggests that a very recent
tar formation event has been initiated in that region, which
ould be either associated with a fresh gas inflow or a redistri-
ution of the metal-poor gas already present in the northwestern
omponent, as a result of gravitational interaction. These two
cenarios could explain the metallicity difference between the
outheastern and northwestern components, which are massive
as clumps, with only low to moderate burstiness. 
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PPENDIX  A:  EMISSION-LINE  MAPS  

his appendix presents images of integrated fluxes maps for a
umber of key rest-frame optical emission lines, together with the
orresponding wavelength slices of the datacube. All these maps
how that high-ionization and Balmer recombination emission
re mostly constrained to the very central part of MACS0647-
D1. The central region between the two stellar clumps (Fig. 2 b)
osts the most intense recent star-formation activity, and, conse-
uently, the most intense line emission. In contrast, the outskirts
f the system show more pronounced emission from the low-
onization gas traced via [ O ii ] λ3726 , 3729 emission. 
NRAS 551, 1–26 (2026)

igure A1. This figure displays a comparison between the images obtained by
SF-matching method) along the wavelength slices corresponding to our key e
uxes of these emission lines which were determined by our MCMC spectral-fitt
mission lines (identified by the coordinates yb and xb of the brightest spaxe
ifferences are on the order of ∼ 1 spaxel . This centroid drift as a function of w
ffects and imperfect NIRSpec/IFU calibrations. 
PPENDIX  B:  FURTHER  SPATIALLY  

ESOLVED  EMISSION-LINES  DIAGNOSTICS  

n Fig. B1 , we report spaxel-by-spaxel maps of O33 and O32 di-
gnostic ratios (as defined in the main text of Section 4.1 and
ollowing the criteria and demarcation lines identified by G. Maz-
olari et al. 2024 ). In the case of both diagnostics, all spaxels reside
elow the ‘AGN-only’ regime, revealing that AGN is likely not
he main excitation source of the ISM in neither region of this
alaxy. 
 collapsing the PSF-matched datacube (see Section 3.1 for details of the 
mission lines and the images resulting from mapping out the integrated 
ing analysis. We remark on small shifts between the centroids of different 
l for each emission-line map) but this is not worrying given that these 
avelength is likely to be caused by a combination of filter transmission 

p.com
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Figure B1. This diagram is equivalent (in terms of labelling and the meaning of various symbols) to Fig. 6 , which presents the O3 Hg versus Ne3 O2 
diagnostic diagram on a spatially resolved spaxel-by-spaxel scale. However, alternative AGN versus SFG diagnostics (G. Mazzolari et al. 2024 ) are 
illustrated: O3 Hg–O32 ( top panels ) and O3 Hg–O33 (bottom panels). We can remark that, in contrast to the results based on the diagnostic O3 Hg − Ne3 O2 
(from Fig. 6 , showing the presence of a south-southwest AGN-dominated region), if we use either O3 Hg − O32 or O3 Hg − O33 diagnostics, we would 
observe that all regions of the MACS0647-JD1 system are either dominated by star-formation-driven photoionization or the contribution of SF and AGN 

are similar. 
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Figure C1. In this figure, we present a simplified explanation of the 
slit width effect. The main panel shows the flux profile projected onto 
the JWST NIRSpec/IFU detector (black dashed curve) and the measured 
fluxes Fi −1 , Fi , and Fi +1 on three adjacent slices. In this approach, the 
original flux profile is approximated with a quadratic function (the red 
solid curve) within a wavelength range −w < λ < w . The inset panel 
schematically shows an hypothetic circular object on the sky. The X ( Y) 
direction denotes the direction of the slice length (width). The blue ver- 
tical lines in the inset panel show the position of the edges of the central 
slice. The light coming into the slice (blue hatched) is projected onto the 
detector, and the Y-direction in the sky is parallel to the dispersion (or 
wavelength) direction on the detector. 
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PPENDIX  C:  ON  THE  VELOCITY  FIELD  OF  

ACS0647-JD1  

n Fig. C2 (a), we present the spatially resolved maps of �v (ve-
ocity shift of a particular spaxel with respect to galaxy’s systemic
elocity). We obtain �v from the MCMC-fitted redshift corre- 
ponding to each spaxel spectrum: 
(
1 + zpix 

) = (
1 + zpix, med 

) × ( 1 + �v/c) . (C1) 

ere, the median redshift of the spaxels is zpix, med = 10 . 1672 . The
act that the direction of the rotational gradient approximately 
oincides with the direction of IFU slicers, together with the 
elatively small amplitude of 160 km s−1 ( ∼ 1 . 45 spectral pixels,
eak to peak) makes it uncertain whether the observed rotation 
s a real feature. This issue has been identified and documented, 
ut no official solution has been proposed to date. Similar arti-
cial rotation patterns have been reported in ground-based IFU 

bservations obtained with the Subaru /FOCAS instrument (N. 
ashikawa et al. 2002 ; S. Ozaki et al. 2020 ) and, more recently,
n high spectral resolution IFU studies of high-redshift galaxies 
L. R. Ivey et al. 2026a ). In particular, Y. Isobe et al. ( 2023a )
emonstrated that a differential effective slit width across the IFU 

lices can introduce spurious velocity gradients aligned with the 
nstrumental geometry, thereby mimicking ordered rotation in 
mission-line velocity fields. 
MNRAS 551, 1–26 (2026)
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M

Figure C2. This figure shows the spatially resolved �v (the velocity field) 
map derived from single-Gaussian component spaxel-by-spaxel spectral 
fits (a). We only show the spaxels with a solid detection of H γ ( S / N > 5 ). 
We also indicate the position angle of the aperture of these observations, 
PA = 38 . 83◦, i.e. the direction of the NIRSpec/IFU slices. The velocity 
gradient of the observed rotational pattern is perpendicular to the direc- 
tion of the slices. In (b), we show a mock velocity pattern resulting from 

the IFU slices geometrical model described in the text. 
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6 https://jwst-docs.stsci.edu/jwst-near-infrared-spectrograph/nirspec-ob 
serving- modes/nirspec- ifu- spectroscopy
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While the geometrical model implemented within the current
ipeline typically succeeds in providing an accurate wavelength
alibration (B. Dorner et al. 2016 ; N. Lützgendorf et al. 2022 ), a
ecent report by T. Beck ( 2025 ) argues that some imperfections
n the current IFU spectral distortion model remain. Artificial
inematics shifts are observed for multiple grating/filter combi-
ations and regardless of the cube weighting algorithms (‘drizzle’,
EMSM’, or ‘MSM’). In the particular case of G 395 M grating that
e used in our observations, T. Beck ( 2025 ) reports a peak-to-peak
mplitude of the artificial kinematic shift of ∼ 1 . 6 spectral pixels
n the case of a planetary nebula with substantially lower intrinsic
inematics. This is similar to the amplitude of the velocity gradi-
nt in Fig. C2 (a). However, it should be noted that the rotational
attern observed in our case is both more spatially extended (and
arger than the PSF size), but also significantly less noisy (as there
re less large kinematic variations in adjacent spaxels) than the
attern reported by T. Beck ( 2025 ). 
In Fig. C2 (b), we show that a simple geometrical model of 

he IFU slicer configuration (that is described and explained
chematically in Fig. C1 ) can reproduce an artificial velocity pat-
ern similar in amplitude and orientation to that observed in our
ata. The underlying effect arises from spatial variations in the
mission-line surface brightness across the finite width of an IFU
lice (R. Bacon et al. 1995 ). If we have a slice of projected width
 on the IFU detector and with a flux profile F ( λ) along the
ispersion (wavelength) direction coordinate λ (perpendicular to
he slit width direction), the effective centroid of the detected
mission line can be shifted relative to the true wavelength. The
ethod to quantify the magnitude of this wavelength shift is
horoughly described in Y. Isobe et al. ( 2023a ), but here we give
n outline of the numerical calculations. We can estimate the
avelength shift caused by the slit-width effect from a barycentre
f the flux following a F ( λ) profile intercepted by the slice: 

shift =

+ w/ 2 ∫ 
−w/ 2 

λ × F ( λ) d λ

+ w/ 2 ∫ 
−w/ 2 

F ( λ) d λ
. (C2) 

here λ denotes the dispersion-axis coordinate across the pro-
ected slice width rather than the wavelength. This expres-
NRAS 551, 1–26 (2026)
ion captures the fact that asymmetric illumination of the slice
an bias the measured wavelength centroid. Following Y. Isobe
t al. ( 2023a ), and assuming that F ( λ) can be locally ap-
roximated by a second-order polynomial ( F ( λ) ≈ aλ2 + bλ +
 ), then equation ( C2 ) can be simplified by performing the
ntegration: 

shift = w × bw 

aw2 + 12 c 
(C3) 

e then consider three adjacent IFU slices on the detector, at the
ispersion axis coordinates λi −1 = −w , λi = 0 , and λi +1 = + w ,
uch that the central wavelength slice ‘ i ’ contains the peak of 
 γ line emission. The fluxes measured in each of these slices are
herefore: 

i +1 ≡ F ( λi +1 ) = aw2 + bw + c (C4) 
i −1 ≡ F ( λi −1 ) = aw2 − bw + c (C5) 
i ≡ F ( λi ) = c (C6) 

sing these three parametrization equations for the fluxes ob-
erved on the three adjacent slices, we can further simplify
quation ( C3 ): 

shift = w × Fi +1 − Fi −1 
Fi +1 + 22 × Fi + Fi −1 

, (C7) 

his formulation provides an estimate of the wavelength bias
nduced by slice-to-slice flux gradients. For JWST /NIRSpec, the
ndispersed IFU slices are 2 pixels wide according to JWST doc-
mentation. 6 Using the spectral dispersion and LSF appropri-
te for the observed H γ wavelength, this corresponds to an ef-
ective projected width of w ≈ 35 . 8 Å. The peak-to-peak ampli-
ude of the rotational pattern resulting from our slit geometry
odel is ≈ 55 km s−1 , ∼ 3 . 2 times smaller than in the observed
ata ( ≈ 175 km s−1 ). However, if we compare the 5th − 95th
ercentiles amplitudes, the discrepancy is reduced ( 114 km s−1 
n the observed data and 44 km s−1 in our simple model). We
mphasize that our implementation represents a highly simpli-
ed, first-order description of the IFU slit geometry and does
ot capture more subtle instrumental effects or deviations of 
he slit geometry from a simple, parametric form. In conclusion,
hile instrumental systematics may plausibly account for a sub-
tantial fraction of the observed velocity gradient, we are not
ble to fully rule out the hypothesis that this kinematic pattern
ight be real, which could imply that the MACS0647-JD1 system
ould consist of two bright clumps within the same rotating
isc. 

PPENDIX  D:  PROSPECTOR SED  FITS  OF  

PECTROSCOPY  AND  PHOTOMETRY  

In Figs D1 and D2 , we show our results from the prospec-
or fits based on the spectra and photometric fluxes corre-
ponding to the apertures of the two stellar components (SE-
C and NW- C in Fig. 2 b). Our fitting method is described in
ection 3.3 . 

https://jwst-docs.stsci.edu/jwst-near-infrared-spectrograph/nirspec-observing-modes/nirspec-ifu-spectroscopy
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Figure D1. In this figure, we present the prospector -fitting results for the more massive stellar component (the SE-C). The corner plot displays the 
marginalized 1D posterior distribution and the 2D correlations involving the following parameters: the logarithm of the stellar mass (in solar masses), 
the logarithms of SFR averaged over the 10 or 100 Myr prior to observation (in M� yr−1 ), stellar metallicity, the optical depth of the diffuse ISM ( τ2 ), 
the extra-additional factor of attenuation towards the birth clouds ( τ1 /τ2 ), the dust attenuation curve slope, ndust , the gas-phase metallicity, and the 
ionization parameter. The top-right inset panel shows the resulting SED model for the SE-C, while the central-right inset panel displays the SFH inferred 
by prospector . 
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Figure D2. This figure is equivalent to Fig. D1 , but it shows the prospector best-fitting parameters in the case of the less massive stellar component 
(the NW-C). The top-right inset panel shows the SED model for the NW-C, while the central-right inset panel displays the SFH inferred by prospector . 
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