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A B S T R A C T 

We present deep JWST /NIRSpec integral-field spectroscopy (IFS) and ALMA [C II ] λ158 μm observations of COS-3018, a 
star-forming galaxy at z ∼ 6.85, as part of the GA-NIFS programme. Both G395H ( R ∼ 2700) and PRISM ( R ∼ 100) NIRSpec 
observ ations re vealed that COS-3018 is comprised of three separate components detected in [O III] λ5007, which we dub as Main, 
North, and East, with stellar masses of 10 

9 . 4 ±0 . 1 , 10 

9 . 2 ±0 . 07 , 10 

7 . 7 ±0 . 15 M �. We detect [O III] λλ5007,4959, [O II] λλ3727,3729, 
and multiple Balmer lines in all three components together with [O III] λ4363 in the Main and North components. This allows 
us to measure an interstellar medium temperature of T e = 1.27 ±0 . 07 × 10 

4 and T e = 1.6 ±0 . 14 × 10 

4 K with densities of n e 

= 1250 ±250 and n e = 700 ±200 cm 

−3 , respectively. These deep observations allow us to measure an average metallicity of 
12 + log(O/H) = 7.9–8.2 for the three components with the T e -method. We do not find any significant evidence of metallicity 

gradients between the components. Furthermore, we also detect [N II] λ6585, one of the highest redshift detections of this 
emission line. We find that in a small, metal-poor clump 0.2 arcsec west of the North component, N/O is ele v ated compared 

to other regions, indicating that nitrogen enrichment originates from smaller substructures, possibly proto-globular clusters. 
[O III] λ5007 kinematics show that this system is merging, which is probably driving the ongoing, luminous starburst. 

Key words: galaxies: abundances – galaxies: evolution – galaxies: ISM. 
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 I N T RO D U C T I O N  

ith the launch of JWST , we are now able to observe rest-frame
ptical and UV emission features, and hence probe the interstellar 
edium (ISM) of galaxies, up to redshift ∼ 14 (Arribas et al. 2024 ;
ameron et al. 2023a ; Curtis-Lake et al. 2023 ; Harikane et al. 2023 ;
siao et al. 2024 ; Isobe et al. 2023b ; Larson et al. 2023 ; Robertson

t al. 2023 ; Tacchella et al. 2023 , 2024 ; Abdurro’uf et al. 2024 ;
arniani et al. 2024 ; Sanders et al. 2024 ; Vikaeus et al. 2024 ;
arikane et al. 2025 ). 
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ommons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whic
rovided the original work is properly cited. 
Before the launch of JWST , the main avenue to study the ISM
roperties of galaxies at the epoch of reionization (EoR; z > 6) was
hrough [C II ] λ158 μm and [O III] λ88 μm emission lines and dust
ontinuum observed with mm/sub-mm facilities (mainly ALMA). 
hese observations revealed the early emergence of rotating discs 

e.g. Smit et al. 2018 ; Neeleman et al. 2020 ; Rizzo et al. 2020 , 2021 ;
raternali et al. 2021 ; Lelli et al. 2021 ; Parlanti et al. 2023 ; Rowland
t al. 2024 ) and a fast production of dust (e.g. Laporte et al. 2017 ;
ouwens et al. 2021 ; Witstok et al. 2022 ). Ho we ver, the ISM studies
ere severely limited by the lack of access to rest-frame optical emis-

ion lines as well as the limited detectability of FIR lines by ALMA.
WST has demonstrated its ability to spatially resolve the ISM at very
igh- z , opening the opportunity to study not only the global properties
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1 https:// jwst-pipeline.readthedocs.io/ en/ stable/ jwst/ introduction.html 
ut also the internal structure of early cosmic systems (e.g. Arribas
t al. 2024 ; D’Eugenio et al. 2024a ; Decarli et al. 2024 ; Lamperti et al.
024 ; Rodr ́ıguez Del Pino et al. 2024 ; Jones et al. 2024a ; Übler et al.
024b ). 
With its unmatched capabilities, NIRSpec (near infrared spectro-

raph) on board JWST has enabled rapid progress in the physical
roperties of galaxies at z > 3 when it comes to their abundance
P ́erez-Gonz ́alez et al. 2023 ; Harikane et al. 2024b ; McLeod et al.
024 ; Robertson et al. 2024 ), detection of active galactic nuclei
AGNs; e.g. Furtak et al. 2024 ; Greene et al. 2024 ; Harikane et al.
023 ; Kocevski et al. 2023 ; Maiolino et al. 2024a , b ; Matthee et al.
024 ; Onoue et al. 2023 ; Perna et al. 2023 ; Scholtz et al. 2023b ; Übler
t al. 2023 , 2024a , b ), b ursty star -formation histories (SFHs; e.g.
acchella et al. 2023 ; Dressler et al. 2023 ; Endsley et al. 2024 ; Looser
t al. 2023 ; Clarke et al. 2024 ), disco v ery of compact galaxies with
ntense starbursts and/or nuclear activity enshrouded by significant
mounts of warm dust (Akins et al. 2024 ; Casey et al. 2024 ; P ́erez-
onz ́alez et al. 2024b ) and ISM conditions (e.g. Cameron et al.
023a ; Reddy et al. 2023 ; Sanders et al. 2023 ; Calabro et al. 2024 ). 
JWST observations of high redshift galaxies have revealed
etal-poor galaxies with intense star formation, releasing large

mounts of ionizing radiation resulting in high ionization parameters
Hirschmann et al. 2023 ; Curti et al. 2023 , 2024b ; Tacchella et al.
023 ; Trump et al. 2023 ; Simmonds et al. 2024 ). Furthermore,
he access to deep observations of rest-frame optical and UV
mission lines allows astronomers to investigate the abundances of
if ferent elements, re v ealing, in some cases, une xpected ionization
nd chemical enrichment patterns (e.g. Bunker et al. 2023 ; Isobe
t al. 2023a ; Maiolino et al. 2024a ; Cameron et al. 2024 ; D’Eugenio
t al. 2024b ; Cameron et al. 2023b ; Topping et al. 2024 ; Ji et al.
024a ; Schaerer et al. 2024 ; Ji et al. 2024c ). JWST /NIRSpec has
lso allowed for significant progress in galaxy kinematics, as we
ow have access to optical emission lines at z > 3.5 (Nelson et al.
023 ; de Graaff et al. 2024 ; Lamperti et al. 2024 ; Rodr ́ıguez Del
ino et al. 2024 ; Jones et al. 2024a ; Übler et al. 2024b ), allowing
or a comparison of ionized and cold gas kinematics at high redshift
Parlanti et al. 2023 ; Lamperti et al. 2024 ). 

In this paper, we present new observations of COS-3018 from
he Galaxy Assembly with NIRSpec Integral Field Spectroscopy
GA-NIFS) Guaranteed Time Observations (GTO) programme (e.g.
rribas et al. 2024 ; D’Eugenio et al. 2024a ; Marshall et al. 2023 ;
erna et al. 2023 ; Übler et al. 2023 , 2024a , b ; Ji et al. 2024b ; Jones
t al. 2024a ; Lamperti et al. 2024 ; P ́erez-Gonz ́alez et al. 2024a ;
odr ́ıguez Del Pino et al. 2024 ). This surv e y aims to inv estigate the

patially resolved stellar populations, ISM, outflow and kinematics
roperties of 55 quasars, AGN and star-forming galaxies (SFGs) in
he redshift range of z ∼ 2 − 11 with NIRSpec IFU, utilising both
he PRISM, medium and high spectral resolution observations. In
his work, we present spatially resolved gas and stellar populations
f COS-3018 using new JWST /NIRSpec Integral Field Unit (IFU)
igh-resolution grating (R ∼ 2700) and low-resolution prism (R ∼
00) observations as well as JWST /NIRCam imaging. 
COS-3018, a star-forming galaxy at z = 6.85, was first disco v ered

y Smit et al. ( 2014 ) by identifying objects with large equi v alent
idth (EW) of [O III] λλ5007,4959 + H β based on HST and
pitzer /IRAC photometry (EW rest > 1200 Å). COS-3018 has been
ntensively studied using both ground-based near-infrared (NIR)
pectroscopy and ALMA. Laporte et al. ( 2017 ) used VLT/X-shooter
Vernet et al. 2011 ) to detect C III ] λλ1907,1909 emission, without
ny detection of Ly α or higher ionization lines like He II λ1640 and
 IV λλ1548,1551. ALMA observations of [C II ] λ158 μm emission
NRAS 539, 2463–2484 (2025) 
ines revealed a velocity gradient in the system, suggesting an
stablished cold rotating disc at these early epochs (Smit et al. 2018 ),
ater confirmed by Parlanti et al. ( 2023 ) as a turbulent disc with high-
elocity dispersion. Vallini et al. ( 2020 ) studied the ISM conditions
n COS-3018 using C III ] λλ1907,1909, [C II ] λ158 μm and [O III] λ88
m observations, inferring a high metallicity of ∼ 0 . 4 Z � and an

SM density of ∼ 500 cm 

−3 . Witstok et al. ( 2022 ) further analysed
he ALMA dust continuum and integrated emission line properties
o constrain the dust temperature of ∼30–40 K, resulting in a high
ust mass of 2–26 ×10 7 M �. This dust mass measurement implies
 dust-to-stellar mass ratio of 5 per cent, challenging theoretical
odels to create this much dust by such a high redshift. COS-3018
as observed by the PRIMER programme covering the target with
IR imaging with JWST /NIRCam instrument. Harikane et al. ( 2025 )

howed the COS-3018 is composed of multiple UV clumps with a
otal stellar mass estimated at ∼ 10 9 . 6 M �. 

The paper is structured as follows. In Section 2 , we present the
WST /NIRSpec, NIRCam, and ALMA observations, as well as data
eduction of each of the data sets. In Section 3 , we describe the
etailed analysis of each of the observations. In Section 4 , we present
nd discuss our findings and in Section 5 we summarize the results of
his work. Throughout this work, we adopt a flat � CDM cosmology:
 0 : 67.4 km s −1 Mpc −1 , �m 

= 0.315, and �� 

= 0.685 (Planck
ollaboration VI 2020 ). 

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

.1 NIRSpec data 

e observed COS-3018 with JWST /NIRSpec in IFS mode (B ̈oker
t al. 2022 ; Jakobsen et al. 2022 ) as part of the GA-NIFS surv e y
PID 1217, PIs: S. Arribas & R. Maiolino). The NIRSpec data were
aken on 5th of May 2023, with a medium cycling pattern of eight
ither positions and a total integration time of 18.2 ks (5.05 h) with
he high-resolution grating/filter pair G395H/F290LP, co v ering the
avelength range 2 . 87 − 5 . 27 μm (spectral resolution R ∼ 2000 −
500; Jakobsen et al. 2022 ), and 3.9 ks (1.1 h) with PRISM/CLEAR
 λ = 0 . 6 − 5 . 3 μm, spectral resolution R ∼ 30 − 300). 

Raw data files of these observations were downloaded from
he Barbara A. Mikulski Archive for Space Telescopes (MAST)
nd then processed with the JWST Science Calibration pipeline 1 

ersion 1.11.1 under the Calibration Reference Data System (CRDS)
ontext jwst 1149.pmap. We made several modifications to the
efault reduction steps to increase data quality, which are described
n detail by Perna et al. ( 2023 ) and which we briefly summarize
ere. Count-rate frames were corrected for 1 /f noise through a
olynomial fit. Furthermore, we remo v ed re gions affected by failed
pen MSA shutters during calibration in Stage 2. We also remo v ed
egions with strong cosmic ray residuals in several exposures. Any
emaining outliers were flagged in individual exposures using an
lgorithm similar to LACOSMIC (van Dokkum 2001 ): we calculated
he deri v ati ve of the count-rate maps along the dispersion direction,
ormalized it by the local flux (or by three times the rms noise,
hichever was highest), and rejected the 95th percentile of the

esulting distribution (see D’Eugenio et al. 2024a , for details). The
nal cubes were combined using the ‘drizzle’ method. The main
nalysis in this paper is based on the combined cube with a pixel

′′ 

https://jwst-pipeline.readthedocs.io/en/stable/jwst/introduction.html
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.2 ALMA data 

n this work, we use the ALMA programme 2018.1.00429.S, which 
ontains higher resolution observations of [C II ] λ158 μm emission
ine. The data were calibrated and reduced with the automated 
ipeline of the Common Astronomy Software Application ( casa ; 
cMullin et al. 2007 ) v ersion 5.6. We e xclude two service blocks

f the programme, as they were taken with significantly shorter 
aselines and hence giving a resolution of ∼ 0 . 5 ′′ , giving a worse
esolution in the combined reduced data 

The data calibration of the ALMA data was performed using 
ASA v6.5.4. First, we subtract the continuum from the data using

he uvcontsub task. We fit a linear model to the uv-visibilities
sing the channels without any emission-line contamination. We 
maged the continuum-subtracted [C II ] λ158 μm visibilities and the 
ust continuum using tclean at 0.03 arcsec pixel scale using two 
eparate weighting schemes. We first imaged the data using natural 
eighting to get the total flux from the [C II ] λ158 μm. This results

n a final beam size of 0.45 ×0 . 5 ′′ . We created a further data set using
he Briggs weighting scheme with a robust parameter of 0.5. This
esulted in a high-resolution data set with a beam size of 0.25 ×0 . 3 ′′ .
he dust-continuum maps and [C II ] λ158 μm emission line cubes
ere cleaned down to 3 σ with a 3 arcsec circular mask on COS-3018.
The [C II ] λ158 μm emission line cube was analysed using Spec-
ral cube python library. We created zeroth, first, and second- 
rder [C II ] λ158 μm maps by collapsing the cube along the velocity
ange of −200–200 km s −1 (i.e. ±FWHM of the [C II ] λ158 μm
mission line) centred on the systematic redshift of the [C II ] λ158
m emission line. 

.3 NIRCam imaging 

e use additional JWST /NIRCam imaging taken as a part of the
RIMER programme 2 (PID 1837; PI J. Dunlop). These data consist 
f imaging in eight NIRCam bands ( F 090 W , F 115 W , F 150 W ,
 200 W , F 277 W , F 356 W , F 410 M , and F 444 W ) and we show the RGB

mage in top panel of Fig. 1 . The NIRCam images and photometry
ere obtained from the DAWN JWST Archive. These data were 

educed using a combination of the JWST and GRIZLI 3 pipelines 
Valentino et al. 2023 ). 

 DATA  A NALYSIS  

.1 IFS data and emission line fitting 

efore we can analyse the emission line cube of the PRISM or
2700 observations, we first need to perform a few preparatory 

teps: (1) masking of any outlier pixels not flagged by the pipeline;
2) background subtraction; (3) estimating the uncertainties on the 
ata. For these tasks and the rest of the analysis, we use QubeSpec ,
n analysis pipeline written for NIRSpec/IFS data. 

We need to mask any major pixel outliers that were not flagged
y the data reduction pipeline. Although these pixels do not cause 
ignificant problems during the emission line fitting of galaxy- 
ntegrated spectra, these outliers can become a problem during 
pax el-by-spax el fitting. To identify the residual outliers not flagged 
y the pipeline, we used the error extension of the data cube. We
agged any pixels whose error is 10 × above the median error value
f the cube. We verified that this does not have any impact on the
 https:// primer-jwst.github.io/ . 
 10.5281/zenodo.1146904. 

J

4

mission line maps by using the 5 and 20 thresholds without any
hanges to our conclusions. 

For both the PRISM and R2700 observations, we need 
o subtract the strong background affecting our observa- 
ions. For the R2700 observations, we mask the loca- 
ion of the source based on its [O III] λ5007 emission (2 σ
NR contours), and we estimate the background using 
stropy.photutils.background.Background2D (2D 

ackground estimator) task with 5 ×5 spaxels box window, for 
ach individual channel in the data cubes. We visually inspected 
he resulting background spectra and found no evidence of narrow 

eatures (e.g. emission or absorption lines). Therefore, to reduce 
oise, we smoothed the background in spectral space using a median
lter with a width of 25 channels to reduce any noise effects. The
nal estimated background is subtracted from the flux data cube. 
The strong background in the PRISM observations requires 

ubtraction of the background on the detector images and we employ
he method described in Marconcini et al. ( 2024 ). Here, we briefly
escribe the procedure. The background in the PRISM observations 
s subtracted from the detector images for each of the dithers.
imilarly to the R2700, we create a source mask based on the
O III] λ5007 emission line with additional padding of 3 pixels. This
ask is then deprojected to the 8 detector images, using the BLOT

unction in the JWST pipeline. For each of the 2-d calibrated images,
e fit the linear function to each of the slices in the dispersion
irection, excluding the source pixels defined by our source mask. To
lter out noisy features in the background, the estimated background 

s smoothed by a median filter with a width of 7 pixels. The final
ackground-subtracted cube is constructed using the stage 3 pipeline 
tep from the background-subtracted 2D images. 

Übler et al. ( 2023 ) reported that the uncertainties on the flux mea-
urements in the ERR extension of the data cubes are underestimated,
ompared to the noise estimated from the rms of the spectrum,
alculated inside spectral window free from emission lines. How- 
v er, the error e xtension still carries information about the relativ e
ncertainties between pixels and outliers. Therefore, when extracting 
ach spectrum, whether it is a combined spectrum of multiple spaxels
r directly fitting a spaxel, we first retrieve the uncertainty from the
rror extension. Then we scale this error extension uncertainty so 
hat the error extension’s median uncertainty matches the spectrum’s 
igma-clipped rms in emission line-free regions. This scaling is 
erformed across both detectors independently, without a wavelength 
ependence. 

.1.1 R2700 emission line fitting 

e initially fitted the integrated aperture R2700 spectra of the 
ndividual components (see Fig. 2 and Section 4 ) as a series of
aussian profiles for emission lines and power law to describe 

he continuum, using the Fitting routines in QubeSpec code. 
n total we fit the following emission lines: H α, H β, H γ ,
 δ, [N II ] λλ6550,6585, [O III] λλ5007,4959, [O II] λλ3727,3729,

Ne III ] λλ3869,3968, He II λ4686, and HeI λ5875. We use a single
aussian per emission line as our main model. We tie the redshift

centroid) and intrinsic FWHM of each Gaussian profile to a common
alue to reduce the number of free parameters, leaving the flux of
ach Gaussian profile free. For each emission line, the FWHM of the
ine is convolved with the line spread function of NIRSpec from the
DOCS. 4 
MNRAS 539, 2463–2484 (2025) 

 Available at jwst-docs website . 

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

Figure 1. Overview of the COS-3018 system. Right from top to bottom: RGB image from JWST /NIRCam imaging (with B – F 115 W , G- F 200 W , R- F 444 W 

filters), [O III] λ5007 and H α; maps from R2700 NIRSpec/IFS cube. The coloured dashed line contours indicate the regions used to extract the NIRSpec/PRISM 

spectra on the left. Left column: Full NIRSpec/PRISM spectra extracted from the NIRSpec/IFU observations in black line. We o v erlay the NIRCam photometry 
(from the dashed line apertures) as red points with the NIRCam transmission curve as various coloured shaded regions. 
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We fixed the [O III] λ5007/[O III] [4959] flux ratio to be 2.99
Dimitrijevi ́c et al. 2007 ); and [N II] λ6583/[N II] λ6548 to 3.06 (based
n the atomic transition probability; Osterbrock & Ferland 2006 ).
astly the [O II ] λ3727/[O II ] λ3729 to vary between 0.69 and 2.6

o reflect the dependence of such doublet on the electron density
Sanders et al. 2016 ). 

Furthermore, each spectrum is also fitted with a 2-Gaussian model,
hich includes an additional Gaussian profile in H α, H β, and

O III] λλ5007,4959 emission lines. We only fit an additional ‘narrow-
’ component in these strong emission lines, because they are the
nly lines with sufficient signal-to-noise ratio to detect non-Gaussian
ine profiles arising from complex kinematics or outflows. We will
urther discuss this additional component in Sections 4.5 and 4.6 .

e use the BIC 

5 to choose whether the fit needs a second narrow
NRAS 539, 2463–2484 (2025) 

 The Bayesian Information Criterion (Schwarz 1978 ), which uses �χ2 but 
lso takes into account the number of free parameters, by penalizing the fit 

f
N

omponent (using � BIC > 10 as a boundary for choosing a more
omplex model). 

The fiducial model parameters for the single and multicomponent
odels are estimated with a Bayesian approach, where the posterior

robability distribution is calculated using the Markov-Chain Monte
arlo (MCMC) ensemble sampler – emcee (F oreman-Macke y et al.
013 ). For each of the variables, we need to define set priors for the
CMC integration. The prior on the redshift of each spectrum is

et as a truncated Gaussian distribution, centred on the systemic
edshift of the galaxy with a sigma of 300 km s −1 and boundaries
f ±1000 km s −1 . The prior on the intrinsic FWHM of the narrow-
ine component is set as a uniform distribution between 100 and
00 km s −1 , while the prior on the amplitude of the line is set as a
niform distribution in logspace between 0.5 ×rms of the spectrum
or more free parameters. BIC is defined as BIC = �χ2 + k log ( N ), where 
 is the number of data points and k is the number of free parameters. 
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Figure 2. Overview of the COS-3018 system. Right from top to bottom: RGB image from JWST /NIRCam imaging (with B – F 115 W , G - F 200 W , R - F 444 W 

filters), [O III] λ5007 and H αmaps from R2700 NIRSpec/IFS cube. The coloured dashed line boxes indicate the regions used to extract the NIRSpec/R2700 
spectra on the left. Left column: Full R2700 spectra extracted from the NIRSpec/IFU observations in black line. 
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nd the maximum of the flux density in the spectrum. For the second
aussian component in the strong emission lines, the velocity offset 

s set as a truncated Gaussian distribution with mode 0 and with a
igma of 250 km s −1 and boundaries of ±1000 km s −1 , while for
he FWHM of the outflow component, we use a uniform distribution
ith boundaries of 500–2000 km s −1 . 
The final best-fitting parameters and their uncertainties are calcu- 

ated as median value and 68 per cent confidence interval of the pos-
erior distribution. We note that all the quantities derived from R2700 
pectral fitting (e.g. gas densities, temperatures, outflow velocities, 
nd metallicities) are calculated from the posterior distribution to 
ccount for any correlated uncertainties in the spectrum. 

We repeat the spectral fitting on spax el-by-spax el in the region
o v ered by the target, using the same models as for the integrated
pectra described abo v e. We do not do an y PSF matching or spax el
inning at this point. As outlined abo v e, the [O III] λλ5007,4959, H α

nd H β have a complex emission line profile which requires multiple 
aussian profiles. In order to describe the emission line profile we 
se a non-parametric description of the emission line profile: v10, 
50 v90, and W80 parameters described as velocity containing 10, 
0, 90 per cent of the flux and velocity width containing 80 per cent
f the flux (v90–v10), respectively. We will use the W80 parameter
o describe velocity dispersion of the emission line profile. 6 We 
how the final derived spatially resolved flux maps in Fig. 3 and
inematics in Figs 4 and 9 . We note that the kinematics map are the
ame if we fit all lines simultaneously or we fit [O III] λ5007 and H α

eparately. 
The uncertainties on the measured quantities are derived by esti- 
ating the input from the posterior distribution from the QubeSpec
tting code to derive the physical quantities. The final value and
ncertainties on the properties are estimated as the median value 
nd standard de viation. Ho we ver, we note that the majority of the
erived quantities are dominated by the systematic uncertainties from 

he individual calibrations used in this work. 
MNRAS 539, 2463–2484 (2025) 

For a Gaussian profile W80 = 1.033 × FWHM = 2.427 ×σ . 



2468 J. Scholtz et al. 

M

Figure 3. Resolved emission line maps of COS-3018 and derived ISM physical properties from the R2700 NIRSpec IFs cube. In each map, we also show 

the Main, North, and East components as green, purple, and light blue contours, respectively. Top row: Forbidden lines detected in COS-3018 from left to 
right:[O III] λλ5007,4959, [O II] λλ3727,3729, [Ne III ] λλ3869,3968 and [N II] emission lines. Middle row: detected Balmer lines in the target: H α H β, H γ , and 
H δ. We also detect He I line in the combined spectra; ho we ver, we do not detect it in the indi vidual spaxel spectra. Bottom ro w: Spatially resolved ISM properties 
from the strong emission lines, from left to right: Metallicity from strong line calibrations, dust attenuation (from H α and H β) and electron density. The cyan 
hatched region indicates the size of JWST /NIRSpec PSF at the wavelength of the emission line. 
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.1.2 PRISM fluxes 

o fit the emission lines in NIRSpec/PRISM (see Fig. 1 ), we
mployed pPXF (Cappellari 2017 , 2022 ), to fit the complete stellar
ontinuum and emission lines simultaneously. The full description of
his procedure is reported in D’Eugenio et al. ( 2025 ). The continuum
s fitted as a linear superposition of simple stellar-population (SSP)
pectra, using non-ne gativ e weights and matching the spectral resolu-
ion of the NIRSpec/PRISM observations (Jakobsen et al. 2022 ). For
he stellar templates, we used the synthetic library of simple stellar
opulation spectra (SSP) from FSPS (Conroy, Gunn & White 2009 ;
onroy & Gunn 2010 ). This library uses MIST isochrones (Choi et al.
016 ) and C3K model atmospheres (Conroy et al. 2019 ). We also
sed a 5th-order multiplicative Legendre polynomial, to capture the
ombined effects of dust reddening, residual flux calibration issues,
nd any systematic mismatch between the data and the input stellar
emplates. To simplify the fitting, any flux with a wavelength shorter
han the Lyman break is manually set to 0. 

For the emission lines fitting, we use the redshift determined from
he NIRSpec/R2700 observations as an initial value. All emission
ines are modelled as single Gaussian functions, matching the
bserved spectral resolution. In order to remo v e de generacies in
he fitting and reduce the number of free parameters, the emission
ines are split into two separate kinematic groups, bound to the same
edshift and intrinsic broadening. These groups are as follows: 

(i) UV lines with rest-frame λ < 3000 Å. 
NRAS 539, 2463–2484 (2025) 
(ii) Optical lines with rest-frame 3000 < λ < 7000 Å. 

As described in Section 3.1.1 , we fixed the emission
ine ratio to the value prescribed by atomic physics (e.g.
O III] λ5007/[O III] λ4959 = 2.99). For multiplets arising from dif-
erent levels, the emission line ratio can vary. In addition, as the
e II λ1640 and O III ] λλ1661,66 are blended, we fit them as a single
aussian component. We report the measured fluxes for each of the

omponents in Table 1 . 
We note that we observe small differences between the PRISM and

2700 fluxes, in particular for [O III] λλ5007,4959, H α and H β in the
ain and East components. These can be explained by minor offsets

n the astrometry in the R2700 and PRISM cubes, which can result in
xtracting the spectra from slightly different regions. We aligned the
strometry of the IFS observations to 0.1 arcsec accuracy. As shown
n Jones et al. ( 2024b ), this can introduce additional uncertainties on
he integrated regional fluxes. Ho we ver, as we are mostly interested
n flux ratios in this work, this does not influence our conclusions. 

.2 SED modelling 

or the SED fitting, we simultaneously fit the PRISM spectroscopic
nd NIRCam photometry, as the UV continuum of the fainter
omponents is not detected in the spectroscopic data but it is detected
n the NIRCam imaging. We use Prospector v2.0 (Johnson
t al. 2021 ). Before we fit the data, we PSF matched the NIRCam
ata and PRISM IFU observations to the PSF of NIRSpec/IFU
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Figure 4. Kinematics of the [O III] λ5007 emission for the narrow-1 and 
narro w-2 components sho wn in left and right columns, respectively. From top 
to bottom: Flux, velocity, and FWHM for each of the components. Velocity 
maps are calculated relative to the redshift of the Main component. In each 
map, we also show the Main, North, and East components as green, purple, 
and light blue contours, respectively. The cyan hatched ellipse indicate the 
JWST /NIRSpec PSF at the wavelength of the [O III] λ5007. [O III] λ5007 and 
the H α have the same kinematics when fitted independently. 
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t H α wavelength. Prospector is a Bayesian SED modelling 
ramework built around the stellar-population synthesis tool FSPS 

Conroy, Gunn & White 2009 ; Conroy & Gunn 2010 ). To set up
he model, we used a non-parametric star-formation history (SFH), 
onsisting of constant SFR in pre-defined time bins. We employ 
 ‘continuity’ prior between the individual SFH bins (this prior 
enalizes sharp changes in SFR between adjacent time bins; see 
eja et al. 2019 for more details). In total, we use eight SFH bins
ith the two most recent bins being 10 and 50 Myr, which is then

ollowed by 6 equally spaced bins in log space between 1000 Myr
nd z = 20 (no stars are formed earlier). The prior on the stellar mass
nd metallicity has a flat log distribution, while dust attenuation is
escribed by a flexible dust attenuation law, consisting of a modified 
alzetti law (Calzetti et al. 2000 ) with a variable power-law index

Noll et al. 2009 ) tied to the UV-bump strength (Kriek & Conroy
013 ). Stars younger than 10 Myr are further attenuated by an extra
ust screen, parametrized as a simple power law (Charlot & Fall 
000 ). Overall, the parameters of the host galaxy follow the setup of
acchella et al. ( 2023 ), including coupling ongoing star formation 

o nebular emission using pre-computed emission-line tables (Byler 
t al. 2017 ). 

As we are fitting a number of data sets simultaneously, we need
o use the noise ‘jitter’ term (on the spectrum only), which can
cale the input noise vector by a uniform factor (with flat prior
etween 0.5 and 2). The PRISM spectrum has multiple noisy features 
n the blue and red ends of the spectrum. As such we mask the
pturn in the spectrum reward of 5.25 μm and blueward 0.8 μm.
he posterior distribution of our model parameters is estimated using 
ested sampling (Skilling 2004 ), implemented using the DYNESTY 

ibrary (Speagle 2020 ; Koposov et al. 2023 ). 
The final results of the emission line fitting are summarized in

able 2 and we show the best fits the spectroscopy and photometry
n Fig. 1 and Figs B1 , B2 , and B3 . 

 RESULTS  A N D  DI SCUSSI ON  

n this section, we present and discuss our results based on the
nalysis outlined abo v e. In Section 4.1 , we describe this complex
ystem, in Section 4.2 we search for any presence of an AGN, and
e present results of the SED fitting in Section 4.3 . We investigate the

SM properties and oxygen and nitrogen abundances in Section 4.4 .
n Sections 4.5 and 4.6 , we investigate the kinematics and presence of
utflows in COS-3018. Finally, in Section 4.7 , we make a comparison
ith the JWST and ALMA [C II ] λ158 μm observations. 

.1 Description of the system 

he new NIRCam and NIRSpec/IFS data showed that this galaxy 
s a complex system, comprising at least three components: Main, 
orth, and East. We show these components as green, magenta, 

nd light blue contours in NIRCam RGB, H α and [O III] λ5007
mages in Figs 1 and 2 . Furthermore, the Main component has

ultiple separate clumps clearly seen at the shorter wavelengths 
 < 2 μm) that we dub M1, M2, and M3 and we show these in
IRCam image in Figs 1 and 2 . The three UV peaks remain barely

esolved at longer wavelengths (such as H α or F 444 W filter) due
o the lower instrumental spatial resolution at longer wavelengths. 
ndeed, in [O III] λ5007, the M1 and M2 are blended. To investigate
he properties of the three components, we extracted the NIRCam 

hotometry and NIRSpec/PRISM and R2700 spectra from the same 
egions as defined by coloured regions in the right panels of Fig. 1 .

e show the extracted NIRCam photometry and NIRSpec/PRSIM 

pectra in Fig. 1 and NIRSpec/R2700 spectra in Fig. 2 . 
All three components are detected in H α, H β, 

O III] λλ5007,4959, [Ne III ] λλ3869,3968 and H γ , additionally, we
etect [N II ] λλ6550,6585 and [O III] λ4363 in the Main and North
omponent. The [N II ] λλ6550,6585 detection is interesting in par-
icular as this is currently one of the highest redshift detections of
his emission line. For example in the JADES survey (D’Eugenio 
t al. 2025 ), this emission line is very rarely detected abo v e z > 4,
espite some observations reaching almost 40-h integration time with 
he NIRSpec/MSA using the efficient R1000 grating. The velocity 
ffset between the Main and North components is 302 ±5 km s −1 ,
hile the velocity offset between the Main and East components is
20 ±3 km s −1 . We will discuss whether these components belong to
he same galaxy or whether this is a major merger in Section 4.5 . 

We also define two [N II] λ6584 regions based on the [N II] λ6584
mission line maps (see top right panel of Fig. 3 ) and we dub them
s Main-[N II] and North[N II] regions and we show the extracted
pectra for each of the regions in Fig. A1 . We will further discuss
hese regions in Sections 4.2 and 4.4 . 

This galaxy was initially selected based on HST + Spitzer 
hotometry based on its high EW of [O III] λλ5007,4959 + H β of
424 ±143 Å. We measured the equi v alent width of these lines from
he PRISM spectroscopy for the sum of all components as well as
ndividual lines. We find the EW for the whole system of 1620 ±160
, agreeing within 1 σ with the photometric results. These extremely 
igh EWs result in COS-3018 being selected as an Extreme Emission
ine Galaxy (EELG) by Boyett et al. ( 2024 ). 
MNRAS 539, 2463–2484 (2025) 
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Table 1. Emission line fluxes of the three main components identified in Section 4.1 from both the PRISM and R2700 grating data. The fluxes are in the units 
of 10 −19 erg s −1 cm 

−2 . The upper limits are set as 3 σ . For H α and [N II ] λλ6550,6585 and [O II] λλ3727,3729 we only report the combined flux for the PRISM 

as we are unable to deblend the emission lines. 

Object Main North East 
line F PRISM 

F F290LP F PRISM 

F F290LP F PRISM 

F F290LP 

H α + [N II ] λλ6550,6585 272.5 ±5.9 248.0 ± 1.7 56.6 ±1.3 58.3 ± 0.9 6.1 ±0.4 4.3 ± 0.2 
H α - 234.4 ±1.9 - 51.5 ± 0.9 - 3.9 ± 0.2 
[N II ] λλ6550,6585 - 14.2 ±1.1 - 5.1 ± 0.8 - < 0.8 
[O III] λλ5007,4959 528.7 ±6.2 538.5 ±2.2 88.6 ±1.1 90.9 ± 0.8 12.2 ±0.3 8.6 ± 0.2 
H β 76.6 ±3.2 65.9 ±1.0 14.1 ±0.9 14.6 ± 0.4 2.4 ±0.3 1.4 ± 0.2 
He II λ4686 < 8.7 < 2.4 < 2.3 < 0.4 < 0.8 < 0.9 
H γ 27.5 ±3.2 29.2 ±1.0 6.5 ±0.8 6.5 ± 0.4 < 0.9 0.6 ± 0.1 
[O III] λ4363 10.8 ±3.0 7.0 ±0.9 < 2.2 2.0 ± 0.4 < 0.9 < 1.5 
H δ 15.3 ±2.9 14.9 ±1.8 4.4 ±0.8 3.5 ± 0.6 < 0.9 < 1.1 
[Ne III] λ3869 35.7 ±3.3 36.4 ±1.2 6.6 ±0.9 6.4 ± 0.5 < 1.1 < 1.6 
[O II] λλ3727,3729 81.3 ±3.7 85.7 ±2.7 26.1 ±1.0 26.8 ±1.2 2.4 ±0.4 < 2.5 
[O II] λ3727 - 48.4 ±2.1 - 13.9 ± 0.7 - < 1.4 
[O II] λ3729 - 37.4 ±2.0 - 12.9 ± 0.8 - < 1.1 

C III ] λ1906 < 23.1 - < 29.7 - < 16.8 - 
N III ] λ1750 < 36.1 - < 33.1 - < 19.5 - 
He II λ1640 + [O III] λ1660 < 28.8 - < 39.0 - < 22.8 - 
C IV ] λ1550 < 33 - < 42.1 - < 24.9 - 
N IV ] λ1497 < 26.1 - < 45.0 - < 27.6 - 

Table 2. Results of the SED fitting of the NIRCam photometry and PRISM 

spectroscopy along with the results of the R2700 NIRSpec spectroscopy. 

Component Main North East 

Prospector SED fitting 
M UV −20.80 + 0 . 04 

−0 . 04 −19.30 + 0 . 04 
−0 . 04 −18.11 + 0 . 04 

−0 . 04 

log 10 (Mass/M �) 9.35 + 0 . 09 
−0 . 12 9.17 + 0 . 07 

−0 . 07 7.67 + 0 . 16 
−0 . 19 

log 10 (SFR 10 /M �yr −1 ) 1.51 + 0 . 03 
−0 . 03 1.07 + 0 . 05 

−0 . 06 −0.04 + 0 . 04 
−0 . 04 

log 10 (SFR 100 /M �yr −1 ) 0.84 + 0 . 06 
−0 . 07 0.07 + 0 . 05 

−0 . 06 −0.70 + 0 . 10 
−0 . 10 

12 + log(O/H) 8.01 + 0 . 03 
−0 . 03 8.0 + 0 . 03 

−0 . 02 8.0 + 0 . 03 
−0 . 02 

log 10 (U) −1.72 + 0 . 02 
−0 . 01 −2.21 + 0 . 05 

−0 . 04 −1.48 + 0 . 16 
−0 . 16 

A v (SED) 0.23 + 0 . 05 
−0 . 04 0.71 + 0 . 06 

−0 . 07 0.12 + 0 . 05 
−0 . 05 

Emission lines – R2700 

log 10 (SFR/M �yr −1 ); H α; corr 1.98 1.36 0.36 

12 + log(O/H) (strong)(N2) 8.05 + 0 . 01 
−0 . 01 8.15 + 0 . 01 

−0 . 01 7.96 + 0 . 05 
−0 . 05 

12 + log(O/H) (strong) (no N2) 8.00 + 0 . 01 
−0 . 01 7.88 + 0 . 11 

−0 . 11 7.93 + 0 . 06 
−0 . 06 

12 + log(O/H)( T e ) 8.17 + 0 . 07 
−0 . 08 7.9 + 0 . 1 −0 . 1 - 

log 10 (N/O) −1.20 + 0 . 05 
−0 . 04 −1.16 + 0 . 06 

−0 . 07 < −0.98 

T e [O III] λ4363(K) 12 750 ±720 16 000 ±1400 - 

n e (cm 

−3 ) 1217 ±250 711 ±210 - 

A v (H α/H β) 0.43 + 0 . 06 
−0 . 06 0.62 + 0 . 09 

−0 . 07 0.00 + 0 . 42 
−0 . 00 
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We measured a UV spectral slope ( βUV ) of the Main and
orth components of −2.02 ±0 . 05 and −1.31 ±0 . 21, respectively.
nfortunately, due to poor SNR of the continuum in the PRISM
bservation of the East component, we are not able to mea-
ure a reliable βUV from spectroscopy. Comparing these mea-
urements to the median βUV value from the NIRCam obser-
ations in the JADES surv e y of βUV = −2 . 26 ± 0 . 03 (Topping
t al. 2024 ), the Main component is similar with other galax-
es at similar redshifts (e.g. Dunlop et al. 2013 ; Bowler et al.
014 ). The North component has a very high (red) βUV , indicat-
ng large dust attenuation in the North component as has been
eported in a few cases at z ∼ 7 (Smit et al. 2018 ). We will
NRAS 539, 2463–2484 (2025) 
urther investigate the dust content in these components in Sec-
ion 4.7 . 

.2 Searching for AGNs 

he extreme [O III] λ5007 EWs and excess of [O III] λ88 μm com-
ared to [C II ] λ158 μm led previous studies to speculate that COS-
018 could host an A GN (W itstok et al. 2022 ). Therefore, in this
ection, we inv estigate an y evidence of AGN in this complex system
ased on the new JWST spectroscopy of rest-frame UV and optical
mission lines. 

The simplest approach to search for AGN is through any emission
rom the broad line region (BLR), dense ionized clouds orbiting
lose to the supermassive black hole, resulting in broad emission
FWHM > 10 3 km s −1 ) components in permitted lines, typically
almer hydrogen lines (H α and H β; e.g. Maiolino et al. 2024b )
ithout any counterpart in the strongest forbidden lines (such as

N II] λ6584, [O II] λλ3727,3729, and [O III] λλ5007,4959). We ex-
racted the spectra of each of the sub-systems and fitted them with a

ulticomponent model. Unlike for the fiducial fits (see Section 3 ),
e do not tie the kinematics of the broad components of the permitted

ines with the forbidden lines. We do not see any evidence of a broad
omponent in the Balmer lines with different kinematics compared
o the forbidden lines. This shows that any broad component in
ermitted lines is also seen in the forbidden lines, tracing a medium
ith sub-critical density, associated with outflows (see Section 4.6 )

ather than a BLR. Furthermore, we extracted a spectrum from the
hree UV clumps in the Main system (i.e. M1, M2, and M3) and
e do not see any evidence of any component in the ‘forbidden’

ines that are not seen in the ‘permitted’ lines (see Fig. 8 ). Based on
his analysis we do not see any evidence for a type-1 AGN in this
omple x system, ev en an offset AGN such as is the case in the study
y Übler et al. ( 2024b ). 
In order to determine the presence of a type-2 AGN, we investigate

ny presence of high ionization lines such as [Ne IV ], [Ne V ], or
e II λ1640 or He II λ4686 as well as using common emission line ratio
iagnostics such as BPT. As we do not detect the [Ne IV ] nor [Ne V ]
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Figure 5. Optical emission line diagnostics sensitive to the source of ionization in COS-3018. Left: N2-R3 BPT ([N II] /H α versus [O III] /H β; top row). We 
show the demarcation lines between star formation and AGNs from K e wley et al. ( 2001 ), Kauf fmann et al. ( 2003 ), and Scholtz et al. ( 2023b ) as black dashed, 
dotted, and green dash dotted lines, respectively. Middle: He2-N2 (He II λ4686/H β versus [N II] /H α) diagram The black dashed line indicates a demarcation 
line between star-forming and AGN galaxies by Shirazi & Brinchmann ( 2012 ). The black contours show the star-forming galaxies and AGNs from SDSS, 
respectiv ely. Right panel: [O III] λ4363/H γ v ersus [O III] λ5007[O II] λλ3727,3729. The black dashed line indicates the demarcation line from Mazzolari et al. 
( 2024 ). In each panel, we show ionization models from Feltre, Charlot & Gutkin ( 2016 ) and Gutkin, Charlot & Bruzual ( 2016 ) as yellow and light blue points, 
respectively. The magenta and cyan squares show a stacked spectrum for AGNs and star-forming galaxies from Scholtz et al. ( 2023b ). 
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mission line, we investigate this system using the [O III] /H β versus
N II] /H α (BPT; Baldwin, Phillips & Terlevich 1981 ), He II λ4686/H

versus [N II] /H α (He2-N2; Shirazi & Brinchmann 2012 ; Tozzi 
t al. 2023 ) and new diagnostics using [O III] λ4363 from Mazzolari
t al. ( 2024 ) in Fig. 5 . In each diagram, we plot the Main, North, and
ast components as green, magenta, and c yan squares, respectiv ely. 
urthermore, we also show the photoionization models from Feltre 
t al. ( 2016 ) and Gutkin et al. ( 2016 ) for AGN and star-forming
alaxies and SDSS galaxies as contours. 

As described in e.g. Scholtz et al. ( 2023a ), the standard BPT
iagram is no longer able to distinguish between AGN and star-
orming galaxies in lower mass and low metallicity galaxies such as
hose at high redshift. Indeed, all components except for North-[N II] 
egion lie in AGN region of the BPT diagram based on the original
emarcation lines from K e wley et al. ( 2001 ) and Kauffmann et al.
 2003 ); ho we v er, the y are consistent with star formation based on
he new demarcation line from Scholtz et al. ( 2023a ), which rules
ut objects with low [N II] λ6585/H α and high R3 as low metallicity
tar-forming galaxies with high specific star-formation rates (sSFR; 
FR/stellar mass). 
We also detect [N II] λ6585 in the spatially resolved maps (see top

ight panel of Fig. 3 ). The brightest [N II] λ6585 clump is located on
he brightest [O III] peak (from now on called Main-[N II] clump),
hile another [N II] λ6585 clump is located in the 0.3 arcsec West of

he peak of the North component (North-[N II] clump). We verified 
he reliability of spatially resolved maps by extracting integrated 
pectra encompassing the [N II] clumps (see location of the [N II]
lumps and their spectra in Fig. A1 ), reco v ering the total flux from the
aps. We show these two clumps as dark-purple and gold squares in
ig. 5 . There is no difference between the Main-[N II] clump and the
ain component in the[N II] λ6585/H α (see left panel of Fig. 5 ). On

he other hand, the North-[N II] clump has an ele v ated [N II] λ6585/H
ratio by 0.4 dex compared to both the Main and North components.
he smaller North-[N II] region is on the demarcation line and cannot
e reliably established as being consistent with only AGN ionization. 
t  
In the middle panel of Fig. 5 , we investigated the He II λ4686/H
versus [N II] λ6584/H α, an alternative diagnostic proposed by 

hirazi & Brinchmann ( 2012 ) and recently applied e.g. by Tozzi
t al. ( 2023 ), Übler et al. ( 2023 ), and Scholtz et al. ( 2023a ). We
o not detect He II λ4686 in any of the three components in COS-
018. The upper limits on the He II λ4686 in the Main and North
omponents lie in the star-forming part of this diagram, while the
pper limit for the East component lies in the AGN diagram. 
Finally, we investigated the new diagnostic diagram from Mazzo- 

ari et al. ( 2024 ), involving the [O III] λ4363. We plot [O III] λ4363/H
versus [O III] λ5007/[O II] λλ3727,3729 in the right panel of Fig. 5 .

he Main and North components have a strong (over 5 σ ) detection
f [O III] λ4363 and they lie on the line separating AGNs and star-
orming galaxies from Mazzolari et al. ( 2024 ). We do not see any
ajor differences in the line ratios, suggesting that the detection of

O III] λ4363 is driven by the high surface brightness of [O III] in that
egion, rather than ele v ated [O III] λ4363 emission line ratios. 

Overall, the ionization properties of COS-3018 are consistent with 
oth AGN and star-formation and we do not see any definitive
vidence that there is a type-2 or type-1 AGN in either of the three
omponents of COS-3018. We stress, ho we ver, that at the epoch of
eionization, signatures of AGN can be easily hidden by the young
tellar population (Tacchella et al. 2024 ). Therefore, the peculiar 
onization conditions described in Witstok et al. ( 2022 ) can be driven
urely by star formation rather than AGN activity. For the rest of this
ork, we will treat the emission of this galaxy as originating from a

tarburst rather than the narrow line region of an AGN. 

.3 SED fitting results 

o derive basic stellar population properties, we utilized SED fitting 
sing prospector to model simultaneously the NIRCam photom- 
try and NIRSpec/PRISM spectra. We extracted the photometry and 
RISM spectra from regions defined in Section 4.1 and we show

he extracted data and the best fit to both spectra and photometry in
MNRAS 539, 2463–2484 (2025) 
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M

Figure 6. Star formation histories of the three clumps in COS-3018. From left to right: Main, North, and East components, respectively. The time in the x -axis 
is defined from start of the SFH, with t = 0 Myr corresponds to the redshift of the source. We plot the star-forming main sequence from Popesso et al. ( 2023 ) as 
a blue dashed line for comparison. The Main and North components are going through a major starburst, being ∼10 higher than the main sequence. 

F  

a  

B  

T
 

a  

t  

p  

m  

l  

o  

s  

a  

e  

t
o

 

0  

T  

α  

r  

α  

S  

u  

a  

3  

b  

b
 

t  

i  

s  

d  

s  

c  

f  

f  

u

4

T  

t  

c  

s  

p
 

S  

o  

f  

d  

(
 

e  

S  

e  

S  

f  

b  

c
 

e  

i  

u  

r  

(
t  

w  

g

e  

n  

d  

e  

R  

d  

p  

t  

w  

o  

t  

0
 

[  

s  

s  

d  

r  

m  
ig. 1 . We show the full fits along with the posterior distributions
nd star-formation histories in the Appendix in Figs B1 , B2 , and
3 . The final values for the fitted parameters are summarized in
able 2 . 
The SED fitting showed that the Main and North components

re currently undergoing a starburst, with an increased SFR in
he past 10 million years by a factor of more than 5–10 com-
ared to the previous 100 Myr. The Main component is the most
assive with log 10 (M ∗/M �) = 9.4 ±0.1, the North component has

og 10 (M ∗/M �) = 9.2 ±0.1 and the East component is the least massive
ne with log 10 ( M ∗/M �) = 7.7 ±0.2. The total stellar mass of the
ystem islog 10 ( M ∗/M �) = 9.7 ±0.1. Each of the components has
 low estimated gas-phase metallicity of ∼20 per cent Z �. The
stimated mass of these objects is higher than those estimated from
he HST + Spitzer by ∼0.5 dex (Bouwens et al. 2015 ) and within 1 σ
f the NIRCam photometry only (Harikane et al. 2025 ). 
The SFRs averaged over the past 10 million years are 31, 11, and

.5 M � yr −1 for the Main, North, and East components, respectively.
his is significantly less than those derived from dust corrected H
flux of 95, 23, and 2 M � yr −1 , respectively. There are numerous

easons for the discrepancy in SFRs from H α and SED fitting. H
emission probes SFR on time-scales of < 5Myr while the smallest

FR bin in our SED fitting is 10 Myr. Furthermore, the calibrations
sed to estimate SFR from H α (Kennicutt & Evans 2012 ) assume
 constant SFR for the past 100 Myr, clearly not applicable to COS-
018 (see Fig. 6 ). Lastly, the H α flux (and [O III] for that matter) can
e boosted by the presence of a type-2 AGN, which is not ruled out
ased on our AGN diagnostics (see 4.2 ). 
The deep NIRSpec/PRISM and NIRCam data allow us to probe

he star-formation history of this system. We plot the derived SFH
n Fig. 6 for each of the three main components along with the
tar-forming main sequence from Popesso et al. ( 2023 ) as blue
ashed lines. All three components are currently going through a
tar -b ursting phase, starting about 10 Myr ago. While the Main
omponent has been forming stars for the past 400 Myr, the star-
ormation histories indicate that the North component has been
orming stars for ∼300 Myr, followed by a brief 100 Myr break
ntil 10 Myr ago. 

.4 Interstellar medium properties 

he forest of emission lines detected in COS-3018 allows us
o perform a detailed analysis of the ISM in the three different
omponents. Using both nebular and auroral lines in the R2700
NRAS 539, 2463–2484 (2025) 
pectrum we can perform a detailed study of chemical abundance
atterns in this galaxy, employing the ‘direct’, Te-method. 
We detect [O III] λ4363 in the Main and North components with

NR of 5–9, which allows us to constrain the electron temperature
f the [O III] emitting gas. We employ python’s PYNEB library
or chemical abundances, using the atomic data from the CHIANTI

atabase. The full description of the procedure is in Curti et al.
 2024a ). 

To estimate the ISM properties, we use the total narrow line
mission line profile, that we attribute to the galaxy emission (see
ection 4.5 ). We corrected the line fluxes for dust attenuation. We
stimated the dust attenuation ( A v , gas ) using the H α and H β assuming
MC e xtinction la w and Case B recombination, which is appropriate
or high- z galaxies (Curti et al. 2024a ). We also mapped the A v (see
ottom row of Fig. 3 ) and we will further discuss this map and its
omparison to the ALMA dust emission map in Section 4.7 . 

We derive the temperature of the [O III] emitting gas (O 

++ )
xploiting the high SNR detection of [O III] λ5007 and [O III] λ4363
n the R2700 spectra. We simultaneously also derive the gas density
sing the [O II] doublet ratio whose lines are very well spectrally
esolved in the R2700 data. The temperature of O 

+ emitting region
hereafter t 2 ) is assumed in the process to follow the temperature–
emperature relation from Izotov ( 2006 ), i.e. t 2 = 0 . 693 t 3 + 2810,
here the t 2 and t 3 are the temperatures of the O 

+ and O 

++ emitting
as, respectively. 

For the Main component, we infer a temperature of the O 

++ 

mitting gas of t 3 = 12800 ± 730 K, while the gas density is
 e = 1240 ± 240 cm 

−3 , which is consistent with typical density
erived for high-redshift galaxies ( ∼500–1200 cm 

−3 ; e.g. Isobe
t al. 2023a ; Lamperti et al. 2024 ; Marconcini et al. 2024 ;
odr ́ıguez Del Pino et al. 2024 ). For the North component, we
erived a significantly lower n e of 710 ± 210 cm 

−3 with tem-
erature of the O 

++ emitting gas of t 3 = 16140 ± 1430 K. In
he East component, we do not detect [O III] λ4363 and hence
e are unable to derive the O 

++ temperature as done for the
ther components, ho we ver, we are able to deri ve a n e from
he [O II] of 1200 ± 1100 cm 

−3 , assuming a temperature of 15
00 K. 
We took advantage of the spatially and spectrally resolved

O II] λλ3727,3729 doublet and estimated the density across the
ystem (see Fig. 3 ). We detect [O II] λλ3727,3729 in spaxel-by-
paxel analysis in the Main and North components. Although we
etect [O II] λλ3727,3729 in the East component in the integrated
egion spectrum, we do not spatially resolve it. The estimated density
ap peaks in the central UV clump in the Main component with a
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Figure 7. Top: location of COS-3018 on mass–metallicity relation (MZR). 
The green, magenta, and blue points show Main, North, and East components 
for metallicity measurement using T e (squares) and strong line calibration 
(circles) methods. The orange and dark blue triangles show JWST metallicity 
measurements of JWST galaxies from Curti et al. ( 2023 ). The blue solid line 
and the shaded region indicate the mass–metallicity relation at z > 3 (Curti 
et al. 2023 ). The black solid line shows the mass–metallicity relation from 

SDSS at z = 0.07 (Curti et al. 2020 ). The light blue and green stars show 

Blueberries and Greenpeas from Yang et al. ( 2017a , b ). Bottom: Comparison 
of oxygen and nitrogen abundance of different components of COS-3018. 
The red, blue, gold, and purple squares show the Main, North components, 
Main-[N II ] and North-[N II ] clumps, respecti vely. The circles sho w data 
from JWST (Isobe et al. 2023b ; Cameron et al. 2023b ; Castellano et al. 2024 ; 
Topping et al. 2024 ; Curti et al. 2024a ; Ji et al. 2024b ). The triangles show 

comparison of local data H II regions (Tsamis et al. 2003 ; Esteban et al. 
2004 , 2009 , 2014 , 2017 ; Garc ́ıa-Rojas et al. 2004 , 2005 , 2007 ; Peimbert, 
Peimbert & Ruiz 2005 ; Garc ́ıa-Rojas & Esteban 2007 ; L ́opez-S ́anchez et al. 
2007 ; Toribio San Cipriano et al. 2016 , 2017 ); local dwarfs (Berg et al. 2016 ; 
Vale Asari et al. 2016 ; Senchyna et al. 2017 ; Berg et al. 2019 ). 
ensity of 9450 ±2000 cm 

−3 . We verified this feature in the spatially
esolved n e map by extracting an integrated spectrum and verifying 
he estimated value. 

With the derived temperature and density of the O 

++ gas, we can
ow estimate the relative ionic abundances of oxygen and hydrogen 
sing the intensity I ( λ) for each of the species, while taking into
ccount the different temperature- and density-dependent volumetric 
missivity of the transitions J : 

N ( X 

l ) 

N ( Y 

m ) 
= 

I ( λ) l 

I ( λ) m 

J ( λ) m 

( T , n ) 

J ( λ) l ( T , n ) 
. (1) 

Using the outlined method, we derive the O 

++ /H and O 

+ /H
rom the [O III] λλ5007,4959/H β (assuming t = t 3 ) and [O II] /H

(assuming t = t 2 ), respectively, and compute the total oxygen 
bundance as O/H = O 

+ /H + O 

++ /H. In our calculation, we
o not take into account the abundance of O 

3 + . This species has
n ionization potential of 54.9eV, which is extremely close to the 
onization potential of HeII. Given no detection of HeII, we can 
ssume that its contribution to oxygen abundance is negligible. 
e derived a 12 + log(O/H) for Main and North components of
 . 17 ± 0 . 07 and 7 . 9 ± 0 . 1, respectively. We compared COS-3018
o the rest of the galaxy population on the mass–metallicity plane 
MZR-plane) as green and magenta squares in the top panel of Fig. 7
ith other JWST studied galaxy and local galaxies from SDSS as well

s local analogues of low metallicity high- z galaxies (blueberries and 
reen peas, Yang et al. 2017a , b ). 
As we do not detect [O III] λ4363 on a spatially resolved basis

r in the East component, we use the strong line calibration from
urti et al. ( 2020 ) to explore spatial metallicity variation across

he galaxy. Ho we ver, we note that assuming dif ferent calibrations
e.g. Nakajima & Maiolino 2022 ; Sanders et al. 2023 ) introduced a
ystematic uncertainty of ∼0.15 dex. As we are mainly interested in 
elati ve dif ferences between the indi vidual components, our analysis 
s robust against the systematic differences in the absolute metallicity 
alues as introduced by the choice of the specific calibration 
et. We calculate the gas-phase metallicities based on the follow- 
ng emission line ratios: O3O2 = [O III] λ5007/[O II] λλ3727,3729, 
23 = ([O III] λλ5007,4959 + [O II] λλ3727,3729)/H β and 

Ne III] λ3869/[O II] λλ3727,3729. We use N2 = [N II] λ6585/H α ratio
or the integrated spectra from individual regions; ho we ver, we do
ot use it for the spatially resolved metallicity maps as it is rarely
etected in individual spaxels. 

F or the inte grated spectra from the individual components, we 
stimate a 12 + log(O/H) of 8.05 + 0 . 01 

−0 . 01 , 8.15 + 0 . 01 
−0 . 01 , and 7.96 + 0 . 05 

−0 . 05 for
ain, North, and East components, respectively, when we include N2 

nd 8.00 + 0 . 01 
−0 . 01 , 7.88 + 0 . 11 

−0 . 11 , and 7.93 + 0 . 06 
−0 . 06 without N2 emission line ratio.

e plot the O/H abundances derived from strong line calibrations in 
he top panel of Fig. 7 for the Main, North and East components as
reen, magenta, and cyan circles, respectively. We summarized these 
esults in Table 2 . 

The North component of COS-3018 is consistent with the MZR 

erived for galaxies at z > 3 from Curti et al. ( 2023 ) (using the same
et of strong-line calibrations) and with the Greenpeas from Yang 
t al. ( 2017a ) (derived with the T e -method). Ho we ver, the Main and
he East components are ∼0.4–0.5 dex higher than the MZR showing 
igns of significant metal enrichment in these components at z ∼ 6.85. 

We repeated the analysis on the spax el-by-spax el basis, only using
paxels where we detect [O II] λλ3727,3729 and [Ne III ] λλ3869,3968
mission lines without including any information from [N II] λ6584 
nd we show the metallicity map in the bottom left panel of Fig. 3 .
verall, we see an increasing metallicity gradient towards the North 
MNRAS 539, 2463–2484 (2025) 
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omponent, consistent with the v alues deri ved for the individual
omponents without [N II] . 

.4.1 N/O abundance 

he detection of [N II ] λλ6550,6585 in COS-3018 is currently one
he highest redshift detections of this emission line (see Arribas
t al. 2024 , for a detection at z ∼ 6 . 9) and we can constrain the
itrogen abundance of this galaxy. We detect [N II ] λλ6550,6585 in
he integrated spectra of the Main and North components (see top
nd middle panels of Fig. 2 ) as well as in the two locations in the
N II] λ6584 maps (see top right panel of Fig. 3 ). Interestingly, we do
ot detect either N III ] λ1750 nor N IV ] λ1492 emission lines used in
he literature to derive N/O abundance (Cameron et al. 2023a ; Isobe
t al. 2023b ; Topping et al. 2024 ; Curti et al. 2024a ; Ji et al. 2024b ;
chaerer et al. 2024 ), despite the strong detection of [N II] λ6585

n COS-3018. As described abo v e, we do not see any evidence of
trong hard ionizing radiation that would ionize nitrogen to higher
pecies such as N 

++ or N 

+++ , which require 29.6 and 47.45 eV,
especti vely. Furthermore, the sensiti vity of our observations in the
RISM spectroscopy is only < 3 × 10 −18 erg s −1 cm 

−2 , too high to
etect these lines. 

As we do not detect NIII] λ1750 nor NIV] λ1492 emission
ines in the NIRSpec/PRISM observations, we rely on the
N II ] λλ6550,6585 detection to constrain N/O abundance. We
se the calibration from Hayden-P a wson et al. ( 2022 ) using the
N II] λ6585/[O II] λλ3727,3729 emission line ratio, specifically their
quation ( 1 ). The N/O calibration in Hayden-P a wson et al. ( 2022 )
as performed on the SDSS data at z ∼ 0 and as such brings an
ncertainty to use z ∼ 0 calibration at z ∼ 7. Ho we ver, as of this
ork, there are no high- z calibrations for N/O. [N II] λ6584 and

O II] λλ3727,3729 used here to estimate N/O have the ionization
otential of 14.5 and 13.6 eV, making this calibration less sensitive
o evolving ionization parameters or underlying ionizing continuum.
lthough ICFs (ionization correction factors) are assumed to be
nity in these calibrations (which might not be a case at high- z ), the
mplications of these assumptions are going to be smaller than the dis-
ersion of these calibrations ( ∼ 0 . 2 de x; Hayden-P a wson et al. 2022 ).
We measured a log(N/O) abundance of −1.21 ±0.04 and
1.17 ±0.06 for the Main and North components. We show the

erived N/O in the bottom panel of Fig. 7 along with a comparison
o local H II regions, galaxies at z = 0–2 as well as the latest results
rom JWST spectroscopy at high- z (Isobe et al. 2023b ; Cameron et al.
023b ; Topping et al. 2024 ; Curti et al. 2024a ; Ji et al. 2024b ). All
he components and regions of COS-3018 lie on the relation between
/H and N/O expected from low redshift galaxies and H II regions. 
As described in Section 4.2 , we also detect two strong [N II] λ6585

lumps called the Main-[N II] clump and North-[N II] clump with the
orth-[N II] clump exhibiting ele v ated [N II] λ6585/H α compared to
ther parts of the system (see left panel of Fig. 5 ). The [O III] λ4363
s only marginally detected in the North-[N II] clump ( ∼ 3 . 34 σ ) and
e measure a temperature of 11 000 ±1200 K and 12 + log(O/H)

using the T e method) of 7.6 −0 . 2 
+ 0 . 2 , while the strong line calibration,

xcluding N2 from Curti et al. ( 2020 ) estimates 8.06 −0 . 03 
+ 0 . 03 . We use an

verage of the strong line calibration value and the direct T e method
ith an error describing the full range of the values and uncertainties.
lotting the two [N II] λ6585 clumps on the N/O versus O/H plane
bottom panel of Fig. 7 ), we see ele v ated N/O of the North-[NII]
lump compared to Main and North components. 

A PRISM spectrum extracted from the Main-[N II] and North-
N II] regions does not show any detection of UV emission lines such
NRAS 539, 2463–2484 (2025) 
s N III ] λ1750 nor N IV ] λ1492, C III ] λλ1907,1909, C IV λλ1548,1551
nd He II λ1640 emission lines, similar to the rest of COS-3018.
o we ver, the increased N/O in the small faint region suggests that

he origin of the increased N/O seen in high- z galaxies can originate
rom individual small off-centred regions in the galaxy. This is
ntriguing given the recent finding of high N/O abundances at low
etallicities disco v ered in some high- z galaxies by JWST . These have

een often associated with the formation of proto-globular clusters
n the early Univ erse (Belokuro v & Kravtsov 2023 ; Cameron et al.
023b ; D’Antona et al. 2023 ; Ji et al. 2024a ). Therefore, this small
consistent with a point source), nitrogen-rich and metal poor offset
lump may be tracing a globular cluster in the process of formation
n the halo of the main galaxy. 

.5 Kinematics 

n this section, we will explore the ionized gas kinematics of COS-
018. Smit et al. ( 2018 ) have identified this object as a rotating
isc based on ALMA observations of [C II ] λ158 μm emission
resolution of ∼ 0 . 4 arcsec) and it was further characterized as
 turbulent disc (see Parlanti et al. 2023 ). The JWST /NIRCam
maging and JWST /NIRSpec spectroscopy showed multiple extended
omponents in this system with masses of > 10 9 M �, too large to be
ndividual star-forming clumps. Furthermore, the individual clumps
ave different star-formation histories as well as ISM properties
uch as ionization parameter, density and metallicity, suggesting a
ifferent origin of the components. This would imply a merger of
ultiple galaxies, rather than a single rotating galaxy. 
The extracted spectra from the individual COS-3018 compo-

ents can only be reproduced by fitting multiple Gaussian profiles
n both H α, H β, and [O III] λλ5007,4959 emission lines. We
how the full decomposition of the emission line profile in the
ain component in Fig. 8 . In total, we fit three Gaussian to the

O III] λλ5007,4959, H α and H β, while only a single Gaussian
omponent to [N II ] λλ6550,6585, due to its limited detection. In
he Main component, the ‘narrow-1’ and the ‘narrow-2’ components
green and dashed lines in Fig. 8 ) have FWHM of 210 ±12 and
50 ±6 km s −1 , respectively. We spatially map both the narrow
nd narrow-2 components and we find that the velocity gradient
f the ‘narrow-2’ component is aligned with the kinematics of the
arrow component (see Fig. 4 ). We also model a third broad Gaussian
omponent in the 1D spectra of each of the spectra, which we dub the
outflow’ component and we will discuss its origin in Section 4.6 . 

Overall, it is difficult to disentangle the two components (‘narrow’
nd ‘narrow-2’; see Fig. 4 ) and hence we use the v50 and W80
arameters (see Section 3.1.1 for definition) to describe the o v erall
mission line profile. The bulk of the emission line profile is tracing
he kinematics of the ionized gas from the galaxy components,
o we ver, gi ven the high values of the W80, it is likely that some
o w-velocity outflo ws contaminate this o v erall profile as well (see
ig. 9 ). 
We show the v50 velocity and W80 maps (corrected for in-

trumental broadening and excluding the ‘outflow’ component)
or [O III] λλ5007,4959 and [C II ] λ158 μm in the middle and right
olumns of Fig. 9 . In both [O III] λλ5007,4959 and [C II ] λ158 μm, we
ee the largest velocity gradient in the northeast-southwest direction
etween the Main and North components defined in Section 4.1 . The
80 map shows high velocity width in the [O III] λλ5007,4959 and

C II ] λ158 μm gas with W80 of up to 600 km s −1 . Furthermore, the
eak velocity map shows velocity gradients in multiple directions:
etween the Main and North components and the Main and East
omponents. 
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Figure 8. Modelling the emission line profile of the [O III ]5007, H β, and H α to identify any broad outflow components in the Main component. Top panel: 
The spectrum of the Main component and the best-fitting model. The data is shown as a light blue line. The green, blue, and magenta dashed lines show 

the two narrow components in [O III ], Balmer lines (H α and H β) and the outflo w components, respecti vely. The red dashed line shows the total model. 
Middle panel: Residuals for a model without the broad outflow component. Bottom panel: Best-fitting residuals with the full model including a broad outflow 

component. 

Figure 9. Results of our kinematical analysis of COS-3018 for both [O III] λ5007 and [C II ] λ158 μm. Top row from left to right: Position–velocity diagram, 
velocity maps for [O III] λ5007 and [C II ] λ158 μm (bottom panel). Same as top row but for velocity width (W80; velocity width containing 80 per cent of the 
emission line flux). In each of panel, magenta hatched circles show the PSF of the JWST /NIRSpec and ALMA observations. The apertures used to extract the 
position–velocity data are indicated as red and cyan for major and minor axis. 
MNRAS 539, 2463–2484 (2025) 
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In order to compare the kinematics traced by the [O III] λ5007 and
C II ] λ158 μm, we extracted spectra along a pseudo slit centred on
he brightest [O III] λ5007 peak and aligned with the largest velocity
radient. We show the individual apertures used to extract the spectra
s red circles in the peak velocity and W80 maps of [O III] λ5007 and
C II ] λ158 μm. 

We show the extracted position–velocity (PV) diagram along the
E–SW direction in the left column of Fig. 9 for [O III] λ5007 and

C II ] λ158 μm emission lines as blue and dark orange points. We
entered the pseudo-slit on the brightest [O III] λ5007 clump. The
 xtracted peak v elocity and W80 agree across the [O III] λ5007 and
C II ] λ158 μm emission lines. Ho we ver, the factor ∼2 impro v ement
n PSF in JWST /NIRSpec observations compared to the ALMA
bservations as well as impro v ed sensitivity allows us to map the
xtended ionized gas in this galaxy. Overall the system has multiple
omponents (Main, North, and East) with high velocity offsets of
 v er 400 km s −1 and high velocity widths (W80) of 300–500 km s −1 ,
nlikely tracing a rotating disc. Indeed, observations and simulations
f galaxies at z ∼ 2–7 showed that merging galaxies can have a
mooth velocity gradient as seen in COS-3018 (e.g. Simons et al.
019 ; Rizzo et al. 2022 ; Jones et al. 2024a ). 
Furthermore, e xtracting v elocity information at ∼80 de grees to

he largest velocity gradient (i.e. tracing the second largest gradient
long its minor axes, see the purple apertures in Fig. 9 ) also reveals
 smaller velocity gradient. The velocity width of the line peaks off
he centre of the Main component. This can be potentially a rotation
n the individual UV clumps (M1, M2, and M3; see Fig. 1 ) in the

ain component extended towards the East component (likely a low
ass companion). 
Additional information to distinguish between a major merger

nd a rotating disc is the measured stellar masses of the individual
omponents. Both the Main and North components have stellar
asses of 10 9 . 1 M � making them too massive to be individual smaller

tar-forming clumps in (e.g. Zanella et al. 2018 ). 
Our findings suggest that this is a merger of two high-mass galaxies

Main and North components) with a low-mass companion (East).
e utilize a definition of ‘close pair’ of galaxies from Duncan et al.

 2019 ), Ventou et al. ( 2019 ), Romano et al. ( 2021 ), Me ̌stri ́c et al.
 2022 ), and Perna et al. ( 2023 ), which requires the galaxies to be
ithin �r � 20 kpc and � v � 500 km s −1 . Given that the velocity
ffset of the North and East components is of 303 and 120 km s −1 ,
nd the size of the entire COS-3018 is ∼7 kpc across, all three
omponents meet this definition and these will most likely merge in
he future. Similar scenarios are seen in other z > 3 systems observed
ithin the GA-NIFS surv e y (Jones et al. 2024a ; Lamperti et al. 2024 ;
odr ́ıguez Del Pino et al. 2024 ). 
Given this analysis, it is difficult to interpret this object as a

otating disc, and it is most likely a merger of at least three different
omponents. The merger interpretation of the kinematics also sheds
ight on young star -b ursting SFH we observed in this system (see
ection 3.2 ). The large molecular gas reservoir of 1.2 ±0 . 2 × 10 10 M �
stimated from [C II ] λ158 μm emission line (Witstok et al. 2022 )
hows that this is a gas-rich merger triggering star -b urst episodes in
he Main and North components. 

.6 Outflows 

n this section, we investigate the presence of any outflows in
OS-3018 and their effect on the galaxy. As described abo v e,

he o v erall emission line profile of the Main component requires
hree Gaussian profiles. The third Gaussian component (dubbed as
outflow’, magenta line in Fig. 8 ) is significantly broader than the
NRAS 539, 2463–2484 (2025) 
ther ones, with FWHM of 1210 ±120 km s −1 . These high velocities
re unlikely to come from the merger kinematics and it is more likely
racing an outflow. The outflow component has a velocity offset of
nly 55 ±26 km s −1 with respect to the narrow Gaussian components,
.e. well centred on the emission from the galaxy. We discuss what
s driving this outflow later in this section. It is important to discuss
he origin of the ‘narrow-1’ and ‘narrow-2’ components. These are
ossibly due to non-rotating motion due to the ongoing merger, as
ell as being contaminated by outflo ws. Ho we ver, as it is impossible

o decompose from the complex kinematic of the merger, we will
nly concentrate on the broadest component in this section. 
To find the location and extent of the outflow, we first map the

utflow. We collapsed the continuum subtracted NIRSpec R2700
FU cube o v er the channels centred on the v elocity range ±1200
m s −1 around [O III] λ5007 excluding channels including the narrow
O III] λ5007 emission. 

We show the outflow map in the top panel of Fig. 10 with red
ontours showing the narrow [O III] λ5007 emission line. The outflow
s centred on the M2 UV clump in the Main component, significantly
arger than the PSF (shown as a c yan-hatched re gion in the bottom
ight of the map). 

To measure the size of the outflow, we employ the curves of growth
echnique (COG). We extracted and fitted a spectrum of increasingly
arger circular aperture centred on the peak of the outflow map with
adii ranging from 0.05 to 0.4 arcsec with steps of 0.05 arcsec. We
lot the fluxes of the outflow component normalized to the maximum
ux and we plot these as red squares in the bottom panel of Fig. 10 .
e also repeated this analysis for an idealized NIRSpec/IFU PSF

rom D’Eugenio et al. ( 2024a ) and we plot the COG due to the PSF
s a blue dashed line. The COG analysis shows that the outflow in the
ain component of COS-3018 is spatially resolved on a scale larger

han the NIRSpec/IFU PSF with a maximum radial extent of ∼ 0 . 35
rcsec (deconvolved for the PSF), corresponding to a physical size
f 2.1 kpc at z = 6.85. 
To determine the effect of the ionized gas outflow on the gas

eservoir of the galaxy we estimate the mass-loading factor η, which
s defined as the ratio between the mass-loss rate due to outflows
mass outflow rate) and the SFR. If η is < 1, the dominant source of
as consumption is star formation. In order to estimate the outflow
ate, we assume a uniformly filled conical outflow, for which the
ass outflow rate is: 

˙
 out = M out v out /r out , (2) 

here M out is the mass of the outflowing gas and r out is the extension
f the outflow (e.g. Maiolino et al. 2012 ; Gonz ́alez-Alfonso et al.
017 ). We used the standard definition of v out from the literature of
 out = �v × 2 × σbroad . The mass of the gas can be estimated from
he luminosity of the broad component of [O III] λλ5007,4959 (e.g.
arniani et al. 2015 ): 

 out = 0 . 8 × 10 8 
(

L 

corr 
[OIII] 

10 44 erg s −1 

) (
Z out 

Z �

)−1 ( n out 

500 cm 

−3 

)−1 
M �, 

(3

where Z out and n out are the metallicity and the electron density of
he outflo wing gas, respecti vely. The L 

corr 
[OIII] is the dust corrected line

uminosities of [O III] λ5007 broad component emission lines, using
he A V from the narrow lines. As outlined in the equations abo v e,
he outflow mass is dependent on both the metallicity and electron
ensity of the gas. Although we are able to measure the electron
ensity from [O II] λλ3727,3729 and metallicity from [O III] λ4363
nd strong line calibrations, these quantities derived for the galaxy
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Figure 10. Top panel: Map of the [O III] outflow with red contours showing 
the unperturbed [O III] (i.e. narrow [O III] ). We collapse the NIRSpec/R2700 
cube around the spectral region of the outflow, excluding the channels affected 
by the galaxy emission. The green, magenta, and blue dashed contours show 

the Main, North, and East components. The cyan hatched circle shows the 
NIRSpec/IFU PSF at [O III] λ5007 wavelength from D’Eugenio et al. ( 2024a ). 
Bottom panel: Curve-of-growth for the flux of the broad outflow component 
normalized to the total flux. The data points are plotted as red squares, 
while the blue dashed line shows the NIRSpec/IFU PSF at the wavelength 
of [O III] λ5007. At each point, we also show the FWHM of the outflow 

component. 
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SM do not necessarily match the values in the outflowing gas, which
ends to be more metal-enriched and for most studies at high- z are
sually assumed (Concas & Popesso 2019 ; F ̈orster Schreiber et al.
019 ; Concas et al. 2022 ). Indeed stacking analysis from F ̈orster
chreiber et al. ( 2019 ) suggests that the outflows are often denser,
ossibly due to compression. As we do not detect a broad component
n either [O II] λλ3727,3729 or [O III] λ4363 and we do not have
av elength co v erage of [S II ] λλ6716,6731, we will use the values

or density from [O II] λλ3727,3729 and T e based oxygen abundance 
rom the Main component from the bulk of the emission, which 
s tracing the galaxy ISM. For density and metallicity, we use the
alue of 1200 cm 

−3 and 0.3 Z � from the T e method described in
ection 4.4 . 
Using the method described abo v e we deriv ed the mass of
utflowing gas from [O III] λ5007 to be 3 . 7 × 10 6 M � with an outflow
ass rate of 6.1 M � yr −1 , assuming the size of 2.1 kpc, described

bo v e. Ho we ver, we note that assuming a range of metallicities (0.2–
.4 Z �) and densities (500–2000 cm 

−3 ), which are values measured
ithin different regions of the Main component and with strong line

alibration, we obtain a mass outflow rate in the range of 2.7–21.5
 � yr −1 . Given the SFR of the Main component is ∼95 M � yr −1 

form the H α), the mass loading factor is << 1, meaning that the gas
onsumption in COS-3018 is dominated by star formation rather than 
utflow, consistent with studies at Cosmic Noon (F ̈orster Schreiber 
t al. 2019 ; Swinbank et al. 2019 ; Lamperti et al. 2024 ). 

We finally discuss the driving mechanism behind this ionized 
as outflow. An outflow velocity of ∼1200 km s −1 is extremely
are for star formation-driven winds, with most outflows with such 
elocities appearing in AGN host galaxies. It is worth pointing 
ut that some previous works showed rare starbursts with outflow 

 elocities in e xcess of 1000 km s −1 (Diamond-Stanic et al. 2012 ,
021 ; Arribas et al. 2014 ; Sell et al. 2014 ; Perrotta et al. 2021 ).
o we ver, a careful re-analysis of these objects showed that these

tarbursts also show signatures of AGNs such as X-ray emission, 
Ne IV ] and [Ne V ] emission lines, or lie in the composite region
f the BPT diagram. As discussed in Section 4.2 , we do not see
uch definitive AGN signatures in COS-3018, nevertheless, subtle 
ignatures of low luminosity AGN would be hidden in the intense
tarburst like the one in COS-3018. 

.7 Comparison with ALMA obser v ations 

n this section, we compare the ALMA [C II ] λ158 μm observations
long with the rest frame optical emission lines. The full detailed
resentation of the ALMA data was presented by Smit et al. ( 2018 ),
itstok et al. ( 2022 ), and Parlanti et al. ( 2023 ), here we focus on the

omparison with new JWST observations. COS-3018 was observed 
n both [C II ] λ158 μm and [O III] λ88 μm. Ho we ver, the [O III] λ88 μm
as observed with a compact configuration resulting in low spatial 

esolution (0.7 arcsec). Furthermore, the 88 μm dust continuum is 
ot detected. As a result, we focus on the comparison of JWST ,
C II ] λ158 μm and 158 μm dust continuum (from now on simply
eferred to as ‘dust continuum’). 

Leveraging on the flexibility of the ALMA observations, we 
maged the [C II ] λ158 μm and dust continuum using natural and
riggs weighting ( w = 0.5; for more details see Section 2.2 ) and
e present these as red contours in left and right columns of
ig. 11 , respectively. We compare the ALMA observations with the
O III] λ5007 maps (top two rows) and the derived dust attenuation
 A v ) map (bottom row). 

The elongated [C II ] λ158 μm emission seen in the lower resolution
LMA imaging is resolved into two separate peaks centred on the
ain and North components, with the brighter [C II ] λ158 μm peak

entred on the North component. Similarly, the dust continuum is 
lso resolved into two separate peaks centred on the Main and North
omponents. Comparing the dust continuum and A v map in the 
ottom row of Fig. 11 shows only a mild correlation between the
ust map and the A v map. While the bright dust continuum is on
op of the peak of the A v in the North component, the fainter dust
ontinuum peak in the Main component is in a region of low A v 

 alues. These lo w A v v alues in the location of ALMA dust emission
an be caused by rest-frame optical light from the dust-obscured 
egion being completely obscured (Chen et al. 2017 ; Scholtz et al.
020 ), resulting in anticorrelation between ALMA dust maps and 
ust extinction derived from optical emission lines. 
MNRAS 539, 2463–2484 (2025) 
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M

Figure 11. Comparison of [O III] λ5007 and A v from NIRSpec/R2700 data 
and [C II ] λ158 μm and dust emission (contours from 2.5 σ with step of 1 σ ) 
from different resolutions. Left column: ALMA observations using natural 
tapering (low resolution). Right column: ALMA data imaged using Briggs 
weighting ( = 0.5; high resolution). From top to bottom: Comparison of 
[O III] λ5007 and [C II ] λ158 μm, [O III] λ5007 and 158 μm dust continuum 

and A v and 158 μm dust continuum. On each map, we highlight the three 
separate components as in Fig. 1 . The violet and cyan ellipses indicate the 
ALMA and NIRSpec PSFs. 
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The comparison of the NIRSpec and ALMA observations shows
he limitations of poorly resolved emission in a complex system
uch as COS-3018. Witstok et al. ( 2022 ) showed a high [O III] λ88
m/[C II ] λ158 μm ratio, suggesting a high metallicity and ionizing

adiation. Despite the brightest [C II ] λ158 μm peak being on the
orth component, this only contains ∼ 35 per cent of the total

C II ] λ158 μm flux, with o v er 50 per cent of the flux located in
he larger Main component. 

The increased stellar mass from the SED fitting compared to
revious estimates from HST + Spitzer (Bouwens et al. 2015 ) is
urther relieving the tension in the large dust-to-stellar mass ratio of
.05 + 0 . 16 

−0 . 04 reported in Witstok et al. ( 2022 ). Using the newly estimated
otal stellar mass of this system from Section 3.2 , we estimate a dust-
o-stellar mass ratio of 0.014 + 0 . 010 

−0 . 015 . We repeat the estimate for a dust
ield from supernovae and AGB stars from Witstok et al. ( 2022 )
sing the dust-to-stellar mass ratio to convert the dust-to-stellar mass
nto dust yields from Michałowski ( 2015 ). 

We estimated the dust yields from supernovae ( y dust, SN ) and AGB
tars ( y dust, AGB ) of 1.2 + 1 . 27 

−0 . 9 M � and 0.41 + 0 . 43 
−0 . 31 M �, respectively. The

stimated y dust, AGB still exceeds the theoretical dust yield production
f 0.02 M � even more so when the yield is increased up to
wo times under a different Salpeter IMF (e.g. Michałowski 2015 ;
e ́sniewska & Michałowski 2019 ; Schouws et al. 2022 ). However,

he new estimate for the y dust, SN decreases the tension with the
aximum yield from supernovae of ∼1.3 M � (Todini & Ferrara

001 ; Nozawa et al. 2003 ). Ho we ver, as described in multiple
NRAS 539, 2463–2484 (2025) 
orks (Bianchi & Schneider 2007 ; Cherchneff & Dwek 2010 ;
all, Hjorth & Andersen 2011 ; Laki ́cevi ́c et al. 2015 ; Ferrara &
eroux 2021 ), most of the dust produced by the supernovae is also
estroyed by internal shocks drastically reducing the amount of
ust by the supernovae to < 0.1 M �. Ho we ver, despite lo wering the
ust-to-stellar ratio by a factor of ∼4, our results still fa v our main
ust production via supernovae with very low dust destruction. 

 C O N C L U S I O N S  

n this work, we analysed new integral field spectroscopy data from
WST /NIRSpec and imaging from JWST /NIRCam data of COS-
018, to perform a detailed spatially resolved study of a star -b urst
alaxy at z ∼ 6.85. Using both high-resolution G395H grating
ata and the broad spectral range low resolution of the PRISM
pectroscopy, we investigated the physical properties inside this star-
ursting system. With this analysis, we found the following: 

(i) COS-3018 is comprised of at least three large components,
ubbed in this work as ‘Main’, ‘North’, and ‘East’ components, seen
cross the strong emission lines and continuum in both spectroscopy
nd imaging. The Main and North components have a velocity offset
f 300 ±5 km s −1 , while the Main and East components is 120 ±3 km
 

−1 . 
(ii) We investigated whether this system contains an AGN as

inted by previous studies. By investigating optical emission line
iagnostics such as BPT, N2-He2, and [O III] λ4363 diagnostics
iagram (see Fig. 5 ), we cannot rule out ionization by both AGNs
nd star formation in either of the components. The high [O III] λ5007
qui v alent width can be explained by young star formation; ho we ver,
e note that the emission line ratios are consistent with COS-3018
eing type-2 AGN or a star-forming galaxy. 
(iii) We used prospector to simultaneously model the NIR-

am photometric and NIRSpec/PRISM spectroscopic data. We
erived a total stellar mass of this system of 10 9 . 68 ±0 . 13 M �, in
greement with recent NIRCam-only estimates 0.6 dex higher than
stimates from earlier HST + Spitzer . The SED fitting reveals a
oung starburst across all three components with an increase of SFR
v eraged o v er the past 10 Myr by a factor of 5–10 o v er the SFR
v eraged o v er the past 100 Myr. 

(iv) We estimated the gas-phase metallicities of the three com-
onents of COS-3018 using the strong-line calibrations and using
he T e method using the [O III] λ4363. We estimated 12 + log(O/H)
n the range of 7.9–8.2, depending on the component and method.
he gas-phase metallicities agree within the systematic uncertainties
f different methods. However, we are unable to distinguish if any
omponent is more metal-enriched than others. 

(v) We detect [N II] λ6585 in the Main and North components as
ell as in two regions in the spatially resolved maps, allowing us

o compute N/O abundance for these regions. We estimated N/O
bundance for the Main and North components of −1.2 and −1.15,
espectively, consistent with what expected from its O/H abundance
nd from the local N/O versus O/H sequence (see Fig. 7 ). We
lso detect [N II] λ6585 in two clumps in the Main component and
est of the North component (see top right panel of Fig. 3 ). The

N II] λ6585 clump in the Main component has log N/O abundance of
1.17, consistent with the integrated spectrum across the entire Main

omponent. Ho we ver, we find the small [N II] λ6585 clump west of
he North component with log N/O = −0.8 – this is much higher than
xpected for its low metallicity. This indicates that strong nitrogen
nhancement can occur in small clumps. Given the recent claims
hat the exceptional nitrogen enhancement may be associated with
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he formation of proto-globular clusters, this clump may be tracing 
he formation of a GC in the halo of the main galaxy. 

(vi) We investigated the kinematics of the [O III] λ5007 lines and 
ts comparison to [C II ] λ158 μm observations (see Section 4.5 ). The
road velocity width of the emission lines along with the velocity 
rofile extracted along the major and minor axes (see Fig. 9 ) indicate
hat this system is a merger of at least three separate systems rather
han a rotating disc as previously indicated by analysis of the ALMA
bservations. 
(vii) The [O III] λ5007 emission line profile of the Main component 

equires three Gaussian profiles to fully describe it (see Fig. 4.6 ).
he two narrower (FWHM < 400 km s −1 ) can be described by the
inematics of the merger component. Ho we ver, we attribute the third
omponent with FWHM of 1250 km s −1 to an outflow and measure
ts extent of 2.1 kpc (Fig. 10 ). Using the estimated size and velocity,
e calculated the mass outflow rate from the [O III] λ5007 emission

ine of 6.1 M � yr −1 with a factor of ∼ 3 systematic uncertainties.
e measure the mass loading factor (mass outflow rate/SFR) < 0 . 2

howing that the dominant process consuming the gas in COS-3018 
s star formation rather than outflows. 
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n Fig. A1 , we present the R2700 spectra of the two [N II] clumps in
he Main and North components. 
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trum of the [N II] clump in the Main component. Right panel: Map of the 
, and East components of COS-3018. 
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PPENDIX  B:  PROSPECTOR  FITS  

n Figs B1 , B2 , and B3 , we show the full results of the prospector
tting described in Section 3.2 . 
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(a)

igure B1. Prospector fitting results of the Main component. (a) Corner plot of
v eraged o v er 100 MyR, stellar metallicity, optical depth of the diffuse ISM, extra d
ata (black) and the best-fitting model (red) for the photometry and spectroscopic 
ata. (d) Star-formation history with the red shaded region indicating the 68 per cen
(b)

(c)

(d)

 the fitted parameters: redshift, stellar mass, SFR averaged over 10 Myr, SFR 

ust attenuation towards birth clouds, gas metallicity, ionization parameter. (b) 
data. (c) Visualization of the residuals of the photometric and spectroscopic 
t confidence interval. 
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(a) (b)

(c)

(d)

Figure B2. Same as Fig. B1 , but for the North component. 
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(a)
(b)

(c)

(d)

Figure B3. Same as Fig. B1 , but for the East component. 
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