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Fig. 2.— a, Spectrum of [O iii] 88µm in JADES-GS-z11-0 with �⌫obs = 5MHz (15MHz) bins shown by the solid (dashed) black lines
(see Section 3.2 for details). Symmetric grey shading shows 1� uncertainty. A vertical dotted blue line shows the NIRSpec-based redshift,
with a horizontal range indicating the ±1� uncertainty, while the vertical black line and fading grey shading shows the inferred ALMA
redshift and corresponding uncertainty. The channel range from which the surface-brightness map is created is coloured in red (Section 3.2).
The atmospheric transmission is also indicated on the right vertical axis. b, Surface-brightness map of [O iii] 88µm in JADES-GS-z11-0
(Section 3.2). Black crosses show the NIRCam-based centroids of the two components (A and B) of JADES-GS-z11-0, a white hatched
ellipse shows the ALMA restoring beam. Grey (dashed) contours are drawn at (negative) 2�, continuing up to 5� with increments of 1�.
A horizontal bar indicates a physical scale of 2 kpc at z = 11.122.

in the (un)weighted surface brightness map is SNR = 5.5
(4.2).

To further investigate the integrity of this measure-
ment, we applied the Matched Filtering in 3D (mf3d) al-
gorithm, designed to perform a statistically robust blind
search for emission lines in interferometric data (Pavesi
et al. 2018). Although mf3d models the emission as a
three-dimensional Gaussian distribution in spatial and
spectral dimensions, which may not be a completely jus-
tified approximation in our case (Fig. 2), we find good
agreement with the same signal found at a reported
SNR = 4.14.

The observed flux excess is decidedly marginal. Nev-
ertheless, given that both the spatial and spectral lo-
cations match the object coordinates and spectroscopic
redshift measured a priori by NIRCam and NIRSpec re-
spectively, and the significance exceeds the common 3.5�
threshold for emission-line detections adopted by similar
experiments (where spectroscopic redshifts are known in
advance; e.g. Le Fèvre et al. 2020), we consider this a
nominal detection of [O iii] 88µm in JADES-GS-z11-0.
To take into account Eddington (1914) bias, which may
be significant given the modest SNR, we conservatively
deboost the flux by 15% based on the findings of Hat-
sukade et al. (2018).

The reputed detection, however, is corroborated by
its purity, which we can estimate under the commonly
adopted assumption that all negative peaks are purely
due to statistical fluctuations (Pavesi et al. 2018). There
are 40 such negative features found by the mf3d algo-
rithm with |SNR| � 4.14 in the full data cube, which
spans 19.200 ⇥ 19.200 on sky across a frequency range
�⌫obs = 0.490GHz. However, we need to consider that
our detection experiment was not a blind search across
the entire data cube but was instead carried out over
a much smaller effective volume around the NIRSpec-

based redshift. Within a search radius of 0.500 over a
redshift range of �z = 0.008 (i.e. the ±1� uncertainty
on the NIRSpec-based redshift; Hainline et al. 2024a) or
equivalent frequency range �⌫obs = 1847MHz, > 1000⇥
smaller than the full data cube, the expected number of
features with SNR � 4.14 is then 0.0321. In other words,
given the probability that the observed SNR ⇡ 4.14 fea-
ture is purely due to a statistical fluctuation is approx-
imately 3.2%, we estimate a ⇠ 96.8% purity, in good
agreement with the findings of Béthermin et al. (2020),
who report > 95% purity above a threshold of 3.5�.

The spectral line shape does not appear to be cap-
tured perfectly by a single Gaussian, which could be
due to separate components in velocity space. However,
due to the limited SNR we are not able at this point
to confidently disentangle the spectral peaks (e.g. to
link them to distinct spatial components), and there-
fore conclude these may also be noise artefacts. In-
stead, we determine a flux-weighted central frequency of
⌫obs = 279.901±0.014GHz, which corresponds to a spec-
troscopic redshift of z[O iii] = 11.1221± 0.0006, in perfect
agreement with the redshift measured by NIRSpec from
multiple faint emission lines (Hainline et al. 2024a). The
uncertainties, & 5⇥ reduced compared to NIRSpec, are
found through a Monte Carlo procedure in which we re-
measure these quantities 1000 times, perturbing each it-
eration’s spectrum with random Gaussian noise scaled
according to each spectral bin’s uncertainty. Though
with considerable uncertainty, we find a line FWHM of
�v = 29±14 km s�1 from a Gaussian fit to the spectrum.
The implications of this relatively narrow line width will
be discussed in Section 4.1.

We modelled the moment-zero map as a two-
dimensional Gaussian, parametrised by its normalisa-
tion, centre, spatial extent along both axes, and position
angle (PA), both with and without explicitly performing

z = 11.1

In the case of the Band 8 observations, the achieved 1σ rms
is around 500 μJy beam−1 in 35 km s−1 channels, with a beam
size of 0 36× 0 32.

2.2. The [O III]88 μm Transition at z= 12.3: Line Properties

We use the collection of data cubes described above to
search for the [O III] 88 μm emission line using an iterative
process as follows. First, we extract the spectrum from each
data cube exactly at the JWST position of GHZ2. Second, we
identify the brightest channel within the expected frequency
range of the redshifted [O III]88 μm line base on the JWST/
MIRI and JWST/NIRSpec spectroscopic redshifts and perform
a Gaussian fit with A, σ, and νcent as free parameters (with a flat
zero continuum). Then, to improve the SNR of each extracted
spectrum, we create a moment-0 map by collapsing the data
cube within the FWHM of the best-fit Gaussian function and
reextract the spectrum but now at the position of the peak pixel
in this moment-0 map. Finally, we perform a new Gaussian fit
around the expected frequency and save the best-fit parameters.
Reassuringly, all the extracted spectra (those extracted at the
JWST position and at the peak ALMA pixel) identify the same
feature as an emission line with a significance of ≈4.5−5.2σ,
confirming the tentative detection reported in J. A. Zavala
et al. (2024).

Figure 1 shows the extracted spectrum and associated
moment-0 map (right and left panels, respectively) along with
the adopted best-fit Gaussian function (red solid line). The best-
fit Gaussian functions from other spectra are also shown to
illustrate the typical variance in the data (gray lines). The
fiducial line properties and associated uncertainties are assumed
to be the median values of all the different best-fit functions and
their standard deviation. This approach allows us to properly
take into account the impact of the imaging parameters in the
shape of the line and to robustly estimate the uncertainties in
the best-fit values. These best-fit properties are summarized in
Table 1.

2.3. An Upper Limit on the [O III] 52 μm Line Luminosity

Armed with a more precise spectroscopic redshift from the
[O III] 88 μm detection, we search for the 52 μm line around
the expected frequency of 433.96 GHz, but no obvious line was

detected (see the Appendix). We estimate an upper limit on the
[O III] 52 μm line luminosity using the measured local noise
rms, adopting the [O III] 88 μm line width of 186± 58 km s−1

(see Table 1) and assuming no spatially extended emission
beyond the beam size. This results in a 3σ upper limit of
L[O III]52 μm< 9.6× 108 Le, implying a 3σ upper limit on the
52–88 μm line ratio of L[O III]52 μm/L[OIII]88 μm< 5.6.

3. Results

3.1. Detection of [O III] 88 μm: Expectations and Implications

Using observations of local and low-redshift galaxies with
the Herschel Space Observatory, I. De Looze et al. (2014)
found a set of correlations between the [O III] 88 μm line
luminosity and galaxies’ star formation rate (SFR) for different
galaxy populations. Evolved, massive star-forming galaxies
(referred as starbursts in the aforementioned work) and
composite/AGN systems are clearly offset from metal-poor
star-forming dwarf galaxies. These correlations seems to be
valid at z∼ 5–9, as can be seen in Figure 2, where we plot all
the high-redshift [O III] 88 μm detections to date. Lyman break
galaxies (LBGs) and Lyα emitters (LAEs) follow the same
local relation found for metal-poor dwarf galaxies, while QSO
and submillimeter-selected galaxies are in better agreement
with the local relation for composite/AGN (although with large

Figure 1. Detection of the [OIII] 88 μm transition at z = 12.3. The left panel shows the 3 5 × 3 5 moment-0 map of the line, along with the ALMA beam size (black
ellipse) and the JWST NIRCam position of GHZ2 (black cross). Contours show SNR in steps of ±1σ (with dashed lines for negative values). The ∼5σ detection from
ALMA is in very good agreement with the JWST position. The extracted spectrum from the peak pixel is shown on the right panel along with the best-fit Gaussian
function (red solid line) and associated uncertainty (gray lines; see the main text for details), implying a spectroscopic redshift of z = 12.3327 ± 0.0035. On the top,
we show the associated redshifts inferred from the different instruments, including NIRSpec, MIRI, and ALMA. Thanks to the higher spectral resolution of the ALMA
observations, the redshift precision is increased by ∼5×.

Table 1
[O III] 88 μm Line Properties (Uncorrected for Gravitational Amplification)

GHZ2

R.A. = 00:13:59.76; Decl. = −30:19:29.16

z[O III]88 μm 12.3327 ± 0.0035
zNIRSpec

a 12.342 ± 0.009
zMIRI

b 12.33 ± 0.04
νcent [GHz] 254.487 ± 0.019
FWHM [km s−1] 186 ± 58
Stotal [mJy km s−1] 36 ± 10
L[O III] [Le] × 108 1.7 ± 0.4

Notes.
a M. Castellano et al. (2024).
b J. A. Zavala et al. (2024).
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z = 12.3

new FWHM is then used to collapse a new moment-zero map
for the next iteration. A stable FWHM is achieved in less than
10 steps (S. Schouws et al. 2022).

The final FWHM we measure is 136± 31 km s−1. Assuming
that GS-z14 is dispersion-dominated and r[O III]= re= 260 pc,
this implies a dynamical mass of (1.0± 0.5)× 109 M( )isin 2 .
At the current resolution, we do not see evidence for a velocity
gradient.

We measure an integrated flux of 39± 10 Jy · km s−1,
which corresponds to a [O III]88 μm luminosity of (2.1± 0.5)
108 Le (P. M. Solomon et al. 1992) (after correction for lensing
magnification; S. Carniani et al. 2024). This places GS-z14 a
factor of ∼2× below the local relation between L[O III] and
SFR for metal-poor dwarf galaxies from I. De Looze
et al. (2014), albeit nearly within the scatter (Figure 3).
The general consistency with the z= 0 relation for a galaxy a
mere ∼300Myr after the Big Bang suggests that GS-z14
has undergone rapid evolution, as discussed in detail in
Section 4.1.

3.2. Dust Continuum

We do not detect the dust continuum from GS-z14, with a
formal 90μm continuum limit of <15.1 μJy beam−1 (3σ). We
provide an upper limit on its dust mass assuming an optically
thin modified blackbody with a dust temperature of Td= 60K
and βIR= 2.03 for the dust SED. The assumed temperature
is consistent with extrapolations from theoretical models
(e.g., L. Liang et al. 2019; L. Sommovigo et al. 2022a) and
observational trends (e.g., C. Schreiber et al. 2018; A. L. Faisst
et al. 2020; L. Sommovigo et al. 2021, 2022a, 2022b; J. Witstok
et al. 2023a) to z≈ 14. We note that the precise evolution of dust
temperature is still uncertain and debated (e.g., L. Sommovigo
et al. 2022b). However, our assumption of a relatively high dust
temperature is also supported by the inverse correlation between
metallically and dust temperature noted by L. Sommovigo et al.
(2022b) and the increasing temperature of the cosmic microwave
background (CMB) at high redshift.12

We follow A. Ferrara et al. (2025) by adopting the
J. C. Weingartner & B. T. Draine (2001) dust model with
κ88= 34.15 cm−2 g−1 at rest-frame 88μm. This yields a (lensing-
corrected) upper limit on the dust mass and infrared luminosity
(integrated across 8–1000 μm) of ( )/ <M Mlog 6.0d and

( )/ <L Llog 11.1IR , respectively. The latter corresponds to an
obscured SFR of SFRIR< 14Me yr−1, which, combined with the
unobscured SFR of GS-z14 inferred by S. Carniani et al. (2024),
implies an obscured fraction of fobs< 0.66. Finally, using the

Figure 2. Detection of [O III]88 μm in GS-z14 at z = 14.1793 ± 0.0007. Left panel: contours showing the [O III]88 μm emission (2σ, 3σ, 4σ, and 5σ) overlaid on an
RGB image based on F150W, F200W, and F444W imaging (D. J. Eisenstein et al. 2023a, 2023b). The object with a bluer color to the left of GS-z14 is a z = 3.475
foreground galaxy (S. Carniani et al. 2020). The [O III]88 μm emission is detected at a peak significance of 6.6σ in the collapsed data cube and well centered on GS-z14.
Right panel: the spectrum of the [O III]88 μm line (blue bars) extracted from the >3σ emission region in the moment-zero map. The red line shows the Gaussian fit used
to measure the spectroscopic redshift and FWHM of the line. The gray shaded region indicates the 1σ uncertainties.

Figure 3. The luminosity of [O III]88 μm in GS-z14 is consistent with the local
relation for metal-poor dwarf galaxies found by I. De Looze et al. (2014). For
context, we also show the local relation for starburst galaxies (I. De Looze
et al. 2014) as well as a compilation of z > 6.5 galaxies (T. J. L. C. Bakx
et al. 2020; S. Carniani et al. 2020; Y. Harikane et al. 2020; H. B. Akins
et al. 2022; J. Witstok et al. 2022; H. S. B. Algera et al. 2024; S. Fujimoto
et al. 2024). Even as early as z = 14.1793 ± 0.0007 and for high redshift
galaxies in general, the relation for metal-poor dwarf galaxies seems to be a
good fit (at SFR  100 Me yr−1).

12 For context, the CMB at z = 14.2 has a temperature of TCMB = 41.4 K.
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[OIII] 88 μm line detected even at z > 10



GREX-PLUS
• 戦略的に実施する中型計画として，波長2-10ミクロン帯の広視野カメラと
波長10-20ミクロン帯で分解能30,000を持つ高分散分光器を搭載した口径
1.2m，温度50Kの冷却宇宙望遠鏡を2030年代に打ち上げ，地上からは到達
できない高感度を達成し，銀河形成進化論および惑星系形成進化論を革新
することを目指す。

• すばる/WISH検討で培った広視野カメラ開発と広視野撮像サーベイ科学
• SPICAで培った冷却宇宙望遠鏡技術開発力と高分散分光惑星科学

• ISAS戦略的中型計画を目指す時限WGの設置(2022年12月)
• 未来の学術振興構想掲載(2023年9月)
• 天文学会全体でより良いものを作り上げたいと考えています。
• 引き続き、光赤天連からのご支援のほどよろしくお願いいたします。

2024/3/15 光赤天連総会・報告

「銀河進化・惑星系形成観測ミッション」時限WG ◯JAXA L-class mission candidate 
□ Primary mirror D=1.0m

◯Wide Field Camera
□ NIR (2–4.5μm)
□ MIR (4.5–8 μm)

◯WFC surveys
□ DEEP (10deg2, NIR 26.5mag)
□ MEDIUM & WIDE

◯Goal: Finding z > 14 galaxies!

GREX-PLUS WFC Surveys = “Super Spitzer imaging surveys”
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ALMA will play a key roll in determining z in 2040

How is in studying galaxy physics at high redshift?
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◯ Multi-Wave Emission Lines
□ UV: OIII]λλ1660,1666
□ opt: [OIII]λ4364, [OIII]λλ4960,5008
□ FIR: [OIII] 52, 88 μm
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◯Many detection of [OIII]88
…but too bright?



◯COS-2987 at z=6.81ISM Physical Properties of COS-2987030247 9

Figure 4. (Top left) Same as the left panel of Figure 3, but shown with linear scales on both axes. The two squares
correspond to the two gas components: the dark red square indicates component 1, with (Te, ne) = (26,000 K, 500 cm�3),
and the orange square indicates component 2, with (Te, ne) = (8,000 K, 50 cm�3). The observed line ratios of COS-2987 (red
star) can be explained by an ISM composed of these two components, mixed at an appropriate volume ratio and represented
by the line connecting the two squares. (Top right) [O iii]88/5008 and [O iii]4364/5008 luminosity ratios as a function of
volume ratio V1/V2 in our two-component model. The black curves show the predicted ratios from the model. The horizontal
solid lines and shaded regions indicate the observed ratios and their 1� uncertainties, respectively. The observed values are
reproduced when V1 : V2 ⇠ 1 : 300 (vertical dashed lines). (Bottom) Schematic illustration of our proposed two-
component gas scenario. Hot and dense H ii regions around young massive stars or clusters (component 1) are
surrounded by relatively cool and di↵use H ii regions (component 2). From the perspective of pressure balance,
the component 1 gas is expected to be expanding. The [O iii]4364 and [O iii]88 emission arise primarily from
the component 1 and 2 regions, respectively, while both components contribute to the [O iii]5008 emission.

ionized gas conditions with di↵erent densities and tem-
peratures.
We tested this possibility by examining the spatial

and kinematic distributions of the [O iii]5008 and [O
iii]88 lines. As shown in Figure B.2 (Appendix B), the
radial profiles of the two lines are consistent within un-
certainties, indicating no significant spatial segregation
at the current ALMA resolution. Similarly, Figure C.1
in Appendix C shows that the spectral profiles of the

two lines are broadly consistent, although the [O iii]88
line appears marginally broader. These results do not
provide evidence for spatial or kinematic separation be-
tween the emitting regions at the given spatial and
spectral resolutions of the current data. More-
over, we do not find any velocity components
that are detected in the [O iii]88 line but absent
in the [O iii]5008 line, which would otherwise be
expected if dust attenuation played a major role.

Usui, …, YS et al. (2025) 
Mawatari, …, YS et al. (2025)
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volume ratio V1/V2 in our two-component model. The black curves show the predicted ratios from the model. The horizontal
solid lines and shaded regions indicate the observed ratios and their 1� uncertainties, respectively. The observed values are
reproduced when V1 : V2 ⇠ 1 : 300 (vertical dashed lines). (Bottom) Schematic illustration of our proposed two-
component gas scenario. Hot and dense H ii regions around young massive stars or clusters (component 1) are
surrounded by relatively cool and di↵use H ii regions (component 2). From the perspective of pressure balance,
the component 1 gas is expected to be expanding. The [O iii]4364 and [O iii]88 emission arise primarily from
the component 1 and 2 regions, respectively, while both components contribute to the [O iii]5008 emission.
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the component 1 gas is expected to be expanding. The [O iii]4364 and [O iii]88 emission arise primarily from
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JWST & ALMA Joint Analysis at High Redshifts 15

Figure 12. Redshift evolution of electron densities. The red, blue, and purple symbols represent electron densities measured
using the FIR [Oiii] emission line, optical [Oii]��3726,3729 or [Sii]��6716,6731 emission lines, and UV Ciii]�1907,1909 emission
lines, respectively. We find that the electron densities measured with the FIR [Oiii] emission line are typically ⇠ 100 cm�3,
regardless of redshift. In contrast, densities measured with the optical lines increase towards higher redshifts. The densities
measured with the UV Ciii]�1907,1909 lines are higher than 1000 cm�3 and exceed those measured with the optical lines at fixed
redshift. The red small diamonds represent our individual measurements for the three galaxies from the [Oiii]52µm/[Oiii]88µm
ratio and the red large diamond represents the median of these measurements. The red small square and circle represent densities
measured for A1689-zD1 at z = 7.1 (Killi et al. 2023) and GHZ2 at z = 12.3 (Zavala et al. 2024), respectively. The red up-pointing
and right-pointing triangles represent the median densities of galaxies at z ⇠ 0 measured using the [Oiii]52µm/[Oiii]88µm ratio
in Fernández-Ontiveros et al. (2016) and Brauher et al. (2008), respectively. The red small open squares represent measurements
from the [Oiii]88µm/[Oiii]�5007 ratio for COS-3018555981 at z = 6.9 (Witstok et al. 2022; Scholtz et al. 2024), MACS0416-Y1
at z = 8.3 (Harshan et al. 2024), ID4590 at z = 8.5 (Fujimoto et al. 2024a), MACS1149-JD1 at z = 9.1 (Stiavelli et al. 2023),
and JADES-GS-z14-0 at z = 14.2 (Schouws et al. 2024; Carniani et al. 2024). The blue small diamonds represent our individual
measurements from the [Oii]�3729/[Oii]�3726 ratio, and the blue large diamond represents the median of them. Densities
measured with the [Oii]�3729/[Oii]�3726 or [Sii]�6716/[Sii]�6731 ratios from the literature are shown with the blue symbols
(Isobe et al. 2023: star, Topping et al. 2025: circle, Sanders et al. 2016: up-pointing triangle, Davies et al. 2021: down-pointing
triangle, Kashino et al. 2017: left-pointing triangle, Mingozzi et al. 2022: pentagon, Moustakas & Kennicutt 2006: right-pointing
triangle). The blue small squares represent measurements for COS-3018555981 at z = 6.9 (Scholtz et al. 2024), MACS1149-
JD1 at z = 9.1 (Marconcini et al. 2024), and MACS0647-JD at z = 10.2 (Abdurro’uf et al. 2024). The purple small circles
represent measurements from the [Ciii]�1907/Ciii]�1909 ratio in Topping et al. (2025), and the purple large circle represents
their average. The purple up-pointing triangle and pentagon are measurements from Maseda et al. (2017) and Mingozzi et al.
(2022), respectively, while the purple small square represents a density for GN-z11 reported in Xu et al. (2024).

model as a 1-zone model, as we assume only one set of
parameters with a homogeneous condition.

Figure 13 shows comparisons between the observed
and predicted luminosities using the 1-zone model. We
find that the 1-zone model reproduces the observed
luminosities of the JWST optical emission lines but
significantly underestimates those of the ALMA FIR
[Oiii]88µm and [Oiii]52µm lines in all four galaxies an-
alyzed here, with the predicted [Oiii]88µm luminosities
being ⇠ 2�10 times lower than the observations. These
discrepancies arise because the optical and FIR lines
trace di↵erent gas components with di↵erent densities,

as discussed in Section 4.3.3, again suggesting the neces-
sity of multi-zone ISM modeling with di↵erent densities.

Clearly the [Oiii]88µm and [Oiii]52µm emission lines
could originate in highly obscured dusty regions for
which no optical emission emerges, as discussed in Chen
et al. (2024). We now consider whether this could ac-
count for the discrepancies attributed to the 1-zone mod-
eling. To reconcile the situation we would need dust-
obscured star formation rates 2 � 10 times higher than
those inferred optically. Among the four galaxies ana-
lyzed here, SXDF-NB1006-2 and MACS1149-JD1 do not
show dust continuum emission in the deep ALMA data

High-ne

opt. [OII]3727,3729

Low-ne

FIR [OIII]52&88μm

◯Redshift evolution of electron density ne

FIR emission lines trace diffuse/normal SF regions

Harikane et al. (2025)
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◯ GN-z11 detected in NIV] and NIII]
□ Are they really nitrogen lines?
□ What is an origin of the high-ion lines?
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◯ UV NIV] emitters
□ High N/O & ne > 105 cm-3

Bunker et al. (2025), Topping et al. (2025)
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Figure 13. N/O as a function of O/H for stars and HII regions in the local
Universe and galaxies at high redshift. Local HII regions trace out a tight
locus that asymptotes at log(N/O) ' �1.4 at low metallicities. We display
measurements from a sample of N-enriched high-redshift galaxies including
A1703-zd6 (orange diamond) with nitrogen abundances 10⇥ higher than HII
regions at fixed O/H. This parameter space is shared by individual stars in
the globular cluster NGC 6752 indicating that both types of objects may
undergo common formation processes.

upper limits we are able to place on the He I _5876/HV flux ratios in
these systems (.0.10-0.15) are typically 2⇥ lower than that found
in A1703-zd6 and RXCJ2248-ID (Figure 11), consistent with flux
ratios found in nearby galaxies. These results suggest that deep rest-
optical spectroscopy may be able to identify high density sources
via elevated He I _5876 emission (see also Yanagisawa et al. 2024).

4.2 Gas-phase oxygen abundances

One of the primary explanations of nebular CIV emission at I & 6 is
hard radiation from a population of very metal poor massive stars. In
this case, we would expect the CIV emitting galaxies to be linked to
metal poor gas, as is often found in nearby galaxies (Senchyna et al.
2017, 2022; Wofford et al. 2021; Schaerer et al. 2022b). Photoion-
ization modeling in Stark et al. (2015b) suggested that reproducing
the strong CIV emission in A1703-zd6 may require metallicities
approaching 2% of the Solar value (12 + log(O/H) = 7.05), but
these inferences were based on very limited information available
from ground-based observations. With the NIRSpec observations
presented in this paper, we can now derive a direct gas-phase metal-
licity for A1703-zd6, while also investigating implications for the
metal content in the other lensed systems in our sample.

We quantify gas-phase oxygen abundances for each object in
our sample using the available emission-line constraints. The 11f
[OIII]_4363 detection in A1703-zd6 provides the best O/H con-
straint in our sample, while A1703-zd5.2 and A1703-23 are de-
tected in the auroral [OIII]_1666 line. For these systems we derive
direct metallicities following the methods described in Topping
et al. (2024b, see also Izotov et al. 2006). For the remaining galax-
ies in our sample, we infer the oxygen abundance using the O3
and O32 strong-line calibrations derived from high-redshift galax-

ies (Sanders et al. 2023b). Results are listed in Table 3. Gas-phase
oxygen oxygen abundances are generally found to be low, ranging
from 12 + log(O/H) = 7.20 to 7.98.

We start with our primary target, the strong CIV emitting
galaxy A1703-zd6. Adopting the density found in Section 4.1, we
recover an electron temperature of Te (O++) = 23000 ± 3200K,
which is consistent with low metallicity galaxies in this epoch (e.g.,
Laseter et al. 2023; Katz et al. 2023). For this electron temperature
and the [OIII]_5007 and HV fluxes, we derive an oxygen abundance
of 12 + log(O/H) = 7.47± 0.19. This value represents oxygen only
in the doubly-ionized state, which we expect to dominate the abun-
dance in this system given the very large O32 ratio (> 36). We derive
a consistent metallicity when considering the O3 ratio (6.4+0.3

�0.4),
which yields an abundance of 12 + log(O/H) = 7.60 ± 0.30 using
the Sanders et al. (2023b) calibrations. Calibrations using the O32
and Ne3O2 ratios indicate much lower metallicities, however these
line ratios are likely severely impacted by the density of the system
(see Section 4.1). Overall, these results suggest the gas in A1703-
zd6 is metal poor (6% /�), consistent with lower redshift results
(e.g., Senchyna et al. 2017, 2022; Wofford et al. 2021; Schaerer et al.
2022b) and as would be expected if there is a low metallicity stellar
population contributing to the hard radiation field. However what
stands out most about A1703-zd6 in our sample is not its metallic-
ity, but rather its very young inferred stellar population age (1.6+0.5

�0.4
Myr) and correspondingly large HV EW (424± 112 Å). Both are at
the extremes of what has been seen by JWST in the I & 6�8 galaxy
population. Presumably the coupling of the extremely young stellar
population and low gas phase metallicity are mutually required for
strong CIV emission (e.g., Senchyna et al. 2019).

We have also detected strong CIV emission (> 10 Å) in two
additional galaxies in the Abell 1703 field (A1703-zd2 and A1703-
zd5.2). As expected, the new CIV emitters are among the most metal
poor in the sample. The O3 ratios of these two systems (5.2+0.5

�0.7 and
4.4+0.3

�0.4) are well below average (O3=7–10) at I ' 6 � 8 (e.g.,
Tang et al. 2023; Sanders et al. 2023a; Cameron et al. 2023a).
Using the calibrations described above, these likely point to low
metallicities: 12+ log(O/H) = 7.35±0.30 (A1703-zd2) and 7.26±
0.28 (A1703-zd5.2). We additionally detect the OIII] UV-based
auroral line in A1703-zd5.2, suggesting a direct method metallicity
(12 + log(O/H) = 7.20 ± 0.28) consistent with the O3-based value
described above. The inferred stellar populations ages of A1703-
zd2 (17 Myr) and A1703-zd5.2 (23 Myr) are the next two youngest
in our sample after A1703-zd6.

We note that galaxies in Abell 1703 with metal poor gas but
without young stellar populations do not show strong CIV emis-
sion. A1703-zd5.1 provides the best example of such a source, with
ionized gas that appears metal poor (12 + log(O/H) = 7.19 ± 0.43)
but comparatively weak CIV emission (<4.3 Å). As pointed out
in § 3.5, this source appears best fit by a recent downturn in star
formation (or ionizing photon leakage), resulting in a spectrum
without strong CIV emission in spite of the low metallicity. In
contrast, A1703-zd4 has a relatively young stellar population age
(23 Myr) but gas-phase metallicity at the upper end of our sample
(12+ log(O/H) = 7.98±0.31). Here we see no strong CIV emission
(< 4.9 Å). Collectively these results emphasize that the presence
of strong CIV emission is limited to sources that show both young
stellar populations (. 25 Myr) and low metallicity gas (. 0.1
Z�), consistent with trends seen at lower redshift (e.g., Senchyna
et al. 2017, 2022; Wofford et al. 2021; Schaerer et al. 2022b). We
will come back to discuss the demographics of the CIV population
through investigating the full public spectroscopic database in §5.
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Figure 1. N IV] emission detected in GN-z11 provides evidence for a very high electron density in the emitting gas. Fits
to the JWST/NIRSpec grating spectrum place a strong upper limit on the flux of the forbidden [N IV] �1483 counterpart to
N IV] �1486 (left). Such low inferred flux ratios are indicative of e�cient collisional de-excitation of the 1483 transition, achieved
at extremely high electron densities ne & 105-106 cm�3 (right). These high densities are rarely found in star-forming galaxies;
for comparison, the range of N IV] flux ratios we measure for a set of local metal-poor blue compact dwarfs (Section 4) are
plotted in green, and found to be consistent with ne ⇠ 104–105 cm�3 or lower.

suggestive of particularly dense conditions in the inner-
most highly-ionized zones of the dominant H ii regions;
such high densities are more generally associated with
environments such as AGN, ultracompact H ii regions,
and nebulae around symbiotic stars composed of dense
stellar ejecta (e.g. Kenyon & Webbink 1984; Wood &
Churchwell 1989; Véron-Cetty & Véron 2000). In the
following sections we explore the possible implications
of this high inferred density and whether analagous pro-
cesses might help explain their occurrence in this lumi-
nous z = 10.6 galaxy.

3. REPRODUCING GN-z11-LIKE LINE RATIOS
WITH PHOTIONIZATION MODELS

We next turn our attention to understanding the
anomalously-strong flux of the nitrogen lines relative to
the other rest-UV lines in GN-z11. These fluxes have
already been analyzed by C23, who use a simple two-
zone nebula model to argue that the N III]/O III] ratio
implies highly elevated nitrogen relative to oxygen: con-
servatively concluding N/O> �0.49. And B23 leverage
a UV line ratio diagram to suggest consistency with a
stellar ionizing spectrum, but do not consider whether
such models reproduce the nitrogen lines. These analy-
ses represent a critical first step, but are limited by sev-
eral uncertainties acknowledged by the authors. First,
they do not quantitatively consider the flux in the N IV]
line and whether it is consistent with stellar photoion-
ization or implies an even higher N/O abundance. And

second, they do not consider in-detail the e↵ects of de-
pletion, extremely high gas densities (Section 2), and
other ionization mechanisms, all of which might a↵ect
the nitrogen line ratios and provide an alternative ex-
planation avoiding such elevated N/O.
To investigate these questions, in this section we con-

sider the full set of nebular line strengths in GN-z11 in
the context of a suite of detailed photoionization mod-
els which we describe here. The primary grid we rely
upon is computed with CLOUDY c17.02 (Ferland et al.
2017) following the method outlined in detail by Gutkin
et al. (2016); Plat et al. (2019) and summarized here. It
employs the latest predictions of the Charlot & Bruzual
stellar population synthesis models which include up-
dated prescriptions for the evolution and atmospheres
of massive stars as ionizing sources (see also discussion
in Senchyna et al. 2021, 2022). We vary key parame-
ters including the the zero-age volume-average ioniza-
tion parameter hUi; the gas density nH ⇠ ne; as well as
N/O. We then produce tracks of line ratios over vary-
ing stellar population ages at a range of total metallic-
ities. The fiducial model follows eq.11 of Gutkin et al.
(2016) for the abundances of nitrogen and oxygen; which
predicts that N/O increases with oxygen abundance to
account for primary and secondary nucleosynthetic com-
ponents, and reproduces the relatively tight relationship
between these abundances found in local star-forming
galaxies, H ii regions, and in the field star population
of the Milky Way (e.g. Berg et al. 2012; Israelian et al.

Senchyna et al. (2023)
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Figure 1. N IV] emission detected in GN-z11 provides evidence for a very high electron density in the emitting gas. Fits
to the JWST/NIRSpec grating spectrum place a strong upper limit on the flux of the forbidden [N IV] �1483 counterpart to
N IV] �1486 (left). Such low inferred flux ratios are indicative of e�cient collisional de-excitation of the 1483 transition, achieved
at extremely high electron densities ne & 105-106 cm�3 (right). These high densities are rarely found in star-forming galaxies;
for comparison, the range of N IV] flux ratios we measure for a set of local metal-poor blue compact dwarfs (Section 4) are
plotted in green, and found to be consistent with ne ⇠ 104–105 cm�3 or lower.

suggestive of particularly dense conditions in the inner-
most highly-ionized zones of the dominant H ii regions;
such high densities are more generally associated with
environments such as AGN, ultracompact H ii regions,
and nebulae around symbiotic stars composed of dense
stellar ejecta (e.g. Kenyon & Webbink 1984; Wood &
Churchwell 1989; Véron-Cetty & Véron 2000). In the
following sections we explore the possible implications
of this high inferred density and whether analagous pro-
cesses might help explain their occurrence in this lumi-
nous z = 10.6 galaxy.

3. REPRODUCING GN-z11-LIKE LINE RATIOS
WITH PHOTIONIZATION MODELS

We next turn our attention to understanding the
anomalously-strong flux of the nitrogen lines relative to
the other rest-UV lines in GN-z11. These fluxes have
already been analyzed by C23, who use a simple two-
zone nebula model to argue that the N III]/O III] ratio
implies highly elevated nitrogen relative to oxygen: con-
servatively concluding N/O> �0.49. And B23 leverage
a UV line ratio diagram to suggest consistency with a
stellar ionizing spectrum, but do not consider whether
such models reproduce the nitrogen lines. These analy-
ses represent a critical first step, but are limited by sev-
eral uncertainties acknowledged by the authors. First,
they do not quantitatively consider the flux in the N IV]
line and whether it is consistent with stellar photoion-
ization or implies an even higher N/O abundance. And

second, they do not consider in-detail the e↵ects of de-
pletion, extremely high gas densities (Section 2), and
other ionization mechanisms, all of which might a↵ect
the nitrogen line ratios and provide an alternative ex-
planation avoiding such elevated N/O.
To investigate these questions, in this section we con-

sider the full set of nebular line strengths in GN-z11 in
the context of a suite of detailed photoionization mod-
els which we describe here. The primary grid we rely
upon is computed with CLOUDY c17.02 (Ferland et al.
2017) following the method outlined in detail by Gutkin
et al. (2016); Plat et al. (2019) and summarized here. It
employs the latest predictions of the Charlot & Bruzual
stellar population synthesis models which include up-
dated prescriptions for the evolution and atmospheres
of massive stars as ionizing sources (see also discussion
in Senchyna et al. 2021, 2022). We vary key parame-
ters including the the zero-age volume-average ioniza-
tion parameter hUi; the gas density nH ⇠ ne; as well as
N/O. We then produce tracks of line ratios over vary-
ing stellar population ages at a range of total metallic-
ities. The fiducial model follows eq.11 of Gutkin et al.
(2016) for the abundances of nitrogen and oxygen; which
predicts that N/O increases with oxygen abundance to
account for primary and secondary nucleosynthetic com-
ponents, and reproduces the relatively tight relationship
between these abundances found in local star-forming
galaxies, H ii regions, and in the field star population
of the Milky Way (e.g. Berg et al. 2012; Israelian et al.

How enriched in normal/diffuse star-forming regions?



◯ [NIII] 57 μm
□ Precise N/O with [OIII] 52, 88 μm lines
□ Critical density ne ~ 2000 cm−3

◯A1689-zD1
□ Bright, gravitationally lensed target
□ Previous ALMA obs.

• [CII], [OIII]88, [OIII]52, [NII]122, 
◯This work

□ ~8.5h observations in Band 9
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[O iii] 4960, 5008 Å emission, integrating the flux within ± 3� of
the Gaussian fit to each line. We then measure the centroid of
the brightest compact region (Clump C3; see Sections 3.1 and
3.2) in both datasets using a 2D Gaussian fit with photutils.
The resulting centroid o↵set between the F444W image and the
NIRSpec line map is (�↵ = 000.005, �� = 000.102). We apply
this o↵set to correct the NIRSpec astrometry, achieving a final
astrometric accuracy of ⇠ 40 mas.

2.4. PSF homogenization: matching JWST and ALMA’s
resolution

Our analysis incorporates data from multiple instruments and fil-
ters, each with distinct spatial resolutions. The NIRCam obser-
vations have a common pixel scale of 000.03 across all bands. The
PSF FWHM increases from 000.04 in the F115W image, up to
000.145 in the F444W image (Space Telescope Science Institute
2026). The NIRSpec IFU cube has a spaxel size equal to 000.05.
Its spatial resolution varies with wavelength, ranging from 000.18
for [O ii] 3727, 3730 Å to ⇠ 000.20 for [O iii] 4960, 5008 Å , with a
000.015 di↵erence between major and minor axes (see Appendix
A). ALMA data has a pixel size of 000.04. The [C ii] 158 µm and
[O iii] 88 µm data were calibrated to have comparable beam sizes
of 000.28⇥000.23 and 000.27⇥000.21, respectively. The corresponding
continuum images have beam sizes of 000.38⇥000.31 for the 90 µm
image and 000.28 ⇥ 000.24 for 163 µm.

When studying the structure and spatial distribution of the
emission at di↵erent wavelengths, we take advantage of the na-
tive resolution of each instrument and configuration (see Section
3). However, flux comparisons from 1D spectra extracted within
a given aperture require corrections for di↵ering spatial resolu-
tions. To ensure a fair comparison, we homogenize the PSFs of
all datasets by downgrading the resolution of NIRSpec and NIR-
Cam to match that of ALMA.

The ALMA and NIRSpec PSFs are not circular. We first
circularize them by adopting the major axis size for both
axes, removing ellipticity and avoiding the need to consider
position angles. We then resample all datasets to a com-
mon pixel scale using resize_psf from photutils. Next,
we generate a matching kernel between the ALMA PSF and
each of the JWST (NIRCam and NIRSpec) PSFs via the
create_matching_kernel function in photutils. Finally,
we convolve the NIRCam images and the NIRSpec cube with
their respective kernels. This procedure ensures that all ALMA
([O iii] 88 µm and [C ii] 158 µm ) and JWST data (NIRCam and
NIRSpec) share a common, wavelength-independent PSF of ⇠
000.276.

2.5. Lensing model of A1689-zD1

We adopt the recently updated gravitational lens model of Abell
1689 (Fudamoto et al. 2025), which yields a total magnification
of µ = 4.14 ± 0.36, significantly lower than values used in
previous studies (µ ⇠ 9.3; e.g., Akins et al. 2022; Wong et al.
2022; Bakx et al. 2021). As a consequence, the derived intrinsic
magnitudes and luminosities are systematically higher than those
reported in previous works.

At the position of A1689-zD1, the lensing distortion is mod-
erate, with an average spatial magnification of ⇠ 2, and is not
expected to significantly a↵ect either the inferred morphology or
the relative clump separations. We therefore assume a negligible
shear term in our analysis, and the maps presented in this work
correspond to the observed (lensed) spatial distribution of the

emission. After correcting for magnification, 100.0 corresponds to
⇠ 2.6 kpc at z = 7.133, and this intrinsic physical scale is indi-
cated in all maps.

Throughout this work, we explicitly distinguish between
lensed (observed) and intrinsic values.

3. Clumpy stellar, gas and dust structure

The combination of JWST (NIRCam + NIRSpec) and ALMA
high angular resolution data provides a comprehensive multi-
wavelength view of the A1689-zD1 structure, illustrating its
unobscured young stellar, ionized and neutral gas, and dust
emission. Figure 1 presents a composite color image of the
system. The NIRCam F150W image, colored in blue, traces
the rest-frame ultraviolet, dominated by the unobscured young
(< 100 Myr) stellar emission. The NIRSpec [O iii] 4960, 5008 Å
line map, colored in green, shows the ionized gas structure. The
ALMA continuum emission at rest-frame 163 µm, colored in
red, traces the cold dust heated by the obscured star-formation.

F150W [OIII] 4960, 5008 dust 163 μm

Dust

Stars Ionized gas

N

E

F150W / [OIII] 4960, 5008 / dust 163 μm

0.
5′

′

1 kpc

Fig. 1: Composite color image of A1689-zD1 combining the F150W
(blue) NIRCam image, highlighting the UV emission; the integrated
[O iii] 4960, 5008 Å lines (green) from NIRSpec, tracing the ionized gas
emission; and the continuum 163 µm emission (red) from ALMA, map-
ping dust continuum emission. Individual component images are shown
in the upper panels. The gray ellipses represent the PSF FWHM of each
observation. The axes correspond to the observed scale of the emission,
while the intrinsic physical scale in kpc is provided for reference.
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Dust [NIII]57

2σ, 3σ, 4σ

Sugahara et al. in prep.

◯No detection of [NIII] 57
→ Stringent constraint on [NIII] and thus N/O



Constraint on N/O at FIR, tracing ne < 2000 cm−3
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◯ ALMA can be a “redshift machine” even in 15 years
◯ z > 6 is only the redshift covered in rest-UV, opt, FIR lines

□ Enables investigation of high-z ionized ISM

◯ High-z star-forming galaxies with multi-phase ionized gas
□ Optical and FIR lines would trace different ionized gas.

□ Case study: [NIII]57μm trace N/O of normal SF regions.
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