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Abstract

We report the first successful Atacama Large Millimeter/submillimeter Array (ALMA) follow-up observations of a
secure z > 10 JWST-selected galaxy, by robustly detecting (6.60) the [O Ill]gg ,,m line in JADES-GS-z14-0 (hereafter
GS-z14). The ALMA detection yields a spectroscopic redshift of z = 14.1793 4 0.0007, and increases the precision
on the prior redshift measurement of z = 14.32709% from NIRSpec by >180x. Moreover, the redshift is
consistent with that previously determined from a tentative detection (3.60) of C 1] 9971900 (z = 14.178 +0.013),
solidifying the redshlft determination via multiple line detections. We measure a line luminosity of Lo mss =
2.1£0.5) x 10® L, placing GS-z14 at the lower end, but within the scatter of, the local Lo mgs—star formation rate
relation. No dust continuum from GS-z14 is detected, suggesting an upper limit on the dust-to-stellar mass ratio of
<2 x 1072, consistent with dust production from supernovae with a yield y; < 0.3 M. Combining a previous JWST /
MIRI photomemc measurement of the [O IT]AA4959,5007 A and H lines with CLOUDY models, we find GS-z14 to
be surprisingly metal-enriched (Z~ 0.05-0.2Z.) a mere 300 Myr after the Big Bang. The detection of a bright
oxygen line in GS-z14 thus reinforces the notion that galaxies in the early Universe undergo rapid evolution.

Unified Astronomy Thesaurus concepts: Galaxy evolution (594); High-redshift galaxies (734); Interstellar medium
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1. Introduction

The discovery and spectroscopic confirmation of galaxies at
z> 10 has recently become possible due to the groundbreaking
capabilities offered by the James Webb Space Telescope
(JWST; e.g., A. J. Bunker et al. 2023; E. Curtis-Lake et al.
2023; B. E. Robertson et al. 2023; S. Carniani et al. 2024,
S. L. Finkelstein et al. 2024; J. A. Zavala et al. 2024). In
particular, JADES-GS-z14-0 (hereafter GS-z14) was recently
spectroscopically confirmed to be the most distant known
galaxy at Zgpec = 14.327098 less than 300 Myr after the Big
Bang (S. Carniani et al. 2024). Notably, GS-z14 is also very
Iuminous with Myy = —20.81 £0.16, which makes it the
second most luminous z>8 galaxy with a spectroscopic
redshift; only GN-z11 (P. A. Oesch et al. 2016; A. J. Bunker
et al. 2023) is more luminous by a factor ~2x.

Moreover, in contrast to other z > 10 galaxies, the rest-frame
UV morphology of GS-z14 is extended and not highly
concentrated. This implies that the luminosity is dominated
by a spatially extended stellar population as opposed to an
active galactic nucleus. The existence of objects like GS-z14
suggests a much more rapid build-up of galaxies in the very
early Universe than previously expected (S. Carniani et al.

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

2024). GS-z14 enables a unique opportunity to study this rapid
build-up in detail (A. Ferrara 2024).

The high luminosity of GS-z14 makes it an exceptional
target for multiwavelength follow-up observations capable of
revealing its physical conditions. Here we present new
observations of GS-z14 targeting the luminous [O Igg ;m
far-infrared line with the Atacama Large Millimeter/submilli-
meter Array (ALMA).

The [O1] 88-micron fine-structure line is one of the
dominant coolants of the interstellar medium (ISM). It
originates from ionized gas in H1I regions (D. Cormier et al.
2015), where ionizing radiation from young, massive stars has
stripped electrons from oxygen atoms. Both semianalytical
models (S. Yang & A. Lidz 2020; L. Vallini et al. 2021;
L. Vallini et al. 2024) and radiative transfer postprocessed large
box (K. Moriwaki et al. 2018), cosmological zoom-in (H. Katz
et al. 2017; S. Arata et al. 2020; H. Katz et al. 2022;
A. Pallottini et al. 2022; M. Kohandel et al. 2023; Y. Nakazato
et al. 2023) hydrodynamical simulations have been employed
to predict and interpret [O Ill]gg ,m emission in high redshift
sources. The consensus is that bright [O Ill]gg ,,m emission is
generally associated with hard ionization fields (S. Yang &
A. Lidz 2020; A. Pallottini et al. 2022), high ionization
parameters (K. Moriwaki et al. 2018; S. Arata et al. 2020;
Y. Nakazato et al. 2023; L. Vallini et al. 2024), and low
metallicities (H. Katz et al. 2019; L. Vallini et al. 2024). These
physical properties are likely to be ubiquitous in very actively
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star-forming galaxies at high redshifts, making this line the
ideal target for ALMA follow-up observations of JWST-
selected z > 10 galaxies.

In the last two years, ALMA follow-up observations have
been performed for several high-redshift galaxy candidates.
GHZ2 (M. Castellano et al. 2022; C. T. Donnan et al. 2022;
R. P. Naidu et al. 2022; R. Bouwens et al. 2023; Y. Harikane
et al. 2023), with a photometric redshift of z=11.96-12.42,
was targeted with an ALMA Band 6 search for [O IllJgg ,,m by
T. J. L. C. Bakx et al. (2023), who determined a 5o upper limit
of log(Liomuy/Le) < 1.7 % 108 (see also G. Popping 2023).
GHZ2 was later spectroscopically confirmed at z=12.34
(M. Castellano et al. 2024), with J. A. Zavala et al. (2024)
estimating a star formation rate (SFR) of 9 +3 M. yr~' from
the Ha line. Following its spectroscopic confirmation,
J. A. Zavala et al. (2024) re-examined the ALMA observations
of GHZ2 presented in T. J. L. C. Bakx et al. (2023), but were
not able to identify a plausible >5¢ [O I]gg ,,m detection at the
expected frequency.

An ALMA line scan was also performed on GHZ1, with a
photometric redshift of z~ 10.6 (T. Treu et al. 2023), SFR of
36.375¢3 Mo, yr~!, and stellar mass log(M,/M.) = 9.1703
(P. Santini et al. 2023), yielding a marginal [O Ill]gg ,,, signal
near its JWST position (I. Yoon et al. 2023) and an upper limit
of Liom <2.2 x IOSL@ (50). Another high-redshift candidate,
HD1 at z=13.3 (Y. Harikane et al. 2023) was observed in
ALMA Bands 4 and 6 targeting [C1I];sg 4m and [O II]gg ,m,
respectively, but the lines were not detected (M. Kaasinen et al.
2023). HD1 was later shown to be a low-redshift interloper at
z=4.0 (Y. Harikane et al. 2025). Finally, S5-z17-1, identified
in JWST ERO data, showed a potential 5.10 detection at
338.726 GHz, possibly corresponding to [O Ill]s ;m at 2= 16
(S. Fujimoto et al. 2023), suggesting an SFR < 120 M, yr—
However, the high-redshift nature of this galaxy has not been
conclusively established.

Overall, these upper limits and nondetections indicate
possible lower redshift solutions or insufficient sensitivity in
the requested observations (T. J. L. C. Bakx et al. 2023;
S. R. Furlanetto & J. Mirocha 2023; M. Kaasinen et al. 2023).
However, the burstiness of star formation (SF) in such high-
redshift galaxies, as well as the impact of feedback processes
on galaxy spectra and visibility, have also been suggested as
physical motivations for the lack of ALMA detections at z > 10
(M. Kohandel et al. 2023; Y. Nakazato et al. 2023).

Throughout this paper, we assume a standard ACDM
cosmology with Hy=70kms 'Mpc™!, ,=03, and
QA =0.7. Magnitudes are presented in the AB system
(J. B. Oke & J. E. Gunn 1983). For star formation rates and
stellar masses, we adopt a Chabrier initial mass function (IMF;
G. Chabrier 2003). Error bars indicate the 68% confidence
interval unless specified otherwise. All measured and derived
physical quantities are corrected for gravitational lensing by a
factor of 1.17x (S. Carniani et al. 2024). Logarithms use base
10 unless specified otherwise.

2. Observations and Data Reduction
2.1. JWST

GS-z14 was discovered in deep imaging of the GOODS-
South field obtained by the JWST Advanced Deep Extra-
galactic Survey (JADES; D. J. Eisenstein et al. 2023a) and the
First Reionization Epoch Spectroscopic COmplete Survey

Schouws et al.

(FRESCO; P. A. Oesch et al. 2023). GS-z14 was initially
flagged as a likely low redshift interloper (K. N. Hainline et al.
2024; C. C. Williams et al. 2024) due to a nearby foreground
galaxy at z = 3.475 with a separation of only 0.4, and due to its
high luminosity. However, further analysis, including addi-
tional medium-band observations, favored a high redshift
solution (B. E. Robertson et al. 2023).

Deep follow-up spectroscopy with NIRSpec presented in
S. Carniani et al. (2024) shows a strong break at ~1.85 pum,
consistent with a Lyman break at z ~ 14. The profile of the
Lyman break is sensitive to absorption of hydrogen along the
line of sight, neutral gas in the galaxy and environment,
velocity offsets, the presence of Lya emission and possible
ionized bubbles. Accounting for these effects, S. Carniani et al.
(2024) determined a spectroscopic redshift of z = 1432799,

In contrast to other z > 10 sources, the spectrum of GS-z14
does not contain strong rest-frame UV emission lines. Only
C ANI907,9 A is tentatively detected with a significance of
3.60 at z=14.178 £0.013, consistent with the redshift
obtained from the Lyman Break. S. Carniani et al. (2024)
discuss a number of mechanisms that could be responsible for
the lack of strong emission lines in the rest-frame UV, ranging
from a sudden quenching of the star formation, very low or
high metallicities (Z<0.05Z. or Z~Z.), a high escape
fraction of ionizing photons, and a difference in the dominant
ionizing flux.

Interestingly, GS-z14 is also detected by MIRI in the F770W
filter (J. M. Helton et al. 2024). This filter covers the rest-frame
optical emission of GS-z14, corresponding to wavelengths of
4.4-5.7 pm. This part of the spectrum contains the strong
[O ] AA4959,5007 A and HG emission lines, and indeed the
observed flux is significantly stronger than observed in the
adjacent F444W filter, implying a significant contribution from
the emission lines (constituting about one-third of the total
F770W flux).

Spectral energy distribution (SED) fitting of GS-z14
performed by J. M. Helton et al. (2024) shows that the photo-
metry is consistent with a stellar mass of log(M, /M) = 8.7103.
The models estimate that most of this stellar mass was formed
relatively recently, with a mass-weighted age of ~20Myr.
J. M. Helton et al. (2024) determine the current (<10 Myr) star
formation rate of GS-z14 to be 25% M. yr'—consistent with
the measurement of 2246 M. yr ' from S. Carmiani et al.
(2024). Combined with the measured size of 260 + 20 pc,
this implies a high star formation rate surface density of
~64 M., yr' pc?, comparable to intense starbursting galaxies
in the local Universe (R. Genzel et al. 2010). The UV slope
Buv=—2.201+0.07 indicates the presence of a moderate
amount of dust in addition to the very young stellar population,
with a visual extinction of Ay=0.31"043 (S. Carniani et al.
2024). Finally, the metallicity is poorly constrained owing to a
lack of detected emission lines, but is expected to be low
(Z=0.0143%2 7_. S. Carniani et al. 2024).

2.2. ALMA

The ALMA Band 6 follow-up observations targeting the
[O 1I]gg ;;m line were obtained as part of a Cycle 10 Director’s
Discretionary Time (DDT) program (#2023.A.00037.S,
PI: Schouws). An observing set-up using two tunings with
three spectral windows each was utilized to maximize the
coverage of the redshift likelihood distribution derived from
the spectroscopic Lyman break. This results in a continuous
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Figure 1. Left panel: the ALMA observations cover 98% of the redshift probability distribution derived from the Lyman break as observed by NIRSpec PRISM. We
use two tunings with three spectral windows each, tuning 1 and 2 cover 83% and 15% of the probability distribution, respectively. Right panel: flux constraints
extracted at the position of GS-z14 (blue histogram) vs. frequency from the 2023.A.00037.S spectral scan observations. The gray contours indicate the lo
uncertainties. For context, we show the expected redshift from the tentative C I11],997,1909 line from NIRSpec as well as the 5th, 16th, 50th, 86th, and 95th percentiles
of the P(z) distribution. There is only one feature in the line scan that can be confidently identified as [O Il]gg ,m line emission, and it occurs at a frequency of

223.528 £ 0.009 GHz.

frequency coverage ranging from 218.70 to 229.45 GHz,
corresponding to a redshift range of z=13.79-14.51. We
show in Figure 1 that the observing strategy covers 98% of the
P(2).

The observations for tuning 2 were carried out between 2024
August 15 and 16 in good weather conditions (precipitable water
vapor, PWV = 0.67 mm), achieving the requested sensitivity in
2.8 hr. Tuning 1 was observed between 2024 September 7 and 8
for 2.8hr in excellent conditions (PWV =0.30mm). Both
tunings were observed with different array configurations due
to scheduling constraints. Tuning 1 was observed in C-4 and
tuning 2 in C-5 with baselines of 15-500 and 15-919m,
resulting in synthesized beams of 1709 x 0781 and 0757
0749, respectively, when using natural weighting.

The ALMA data were reduced and calibrated following
the standard ALMA pipeline procedures with the Common
Astronomy Software Applications (v6.5.4-9; CASA; T. R. Hunter
et al. 2023). The amplitude and phase calibrations were
performed using J0334-4008 and J0348-2749, respectively.
Both calibrators are part of the ALMA Calibrator Source
Catalog and are therefore considered reliable for Band 6
observations. Under typical conditions, the absolute flux
calibration accuracy for Band 6 is 5%—10% (ALMA Technical
Handbook 2024). The data were well behaved, with no bad
antennas or channels requiring flagging.

The resulting calibrated measurement sets were time-
averaged in bins of 30 s to reduce the data size, after carefully
verifying that time-average smearing does not impact our
results (e.g., A. R. Thompson et al. 2017).

Imaging of the calibrated visibilities was performed with
natural weighting using the TCLEAN task in CASA, cleaning to
a depth of 20 using automasking (A. A. Kepley et al. 2020).
We use a pixel scale of 07076 to properly sample the
synthesized beam, which has a FWHM of 1708 x 0”80 at the
frequency of the [O Illlgg ,,m line.

2.3. Line Search

We perform a blind search for emission lines using an
algorithm similar to the one used by M. Béthermin et al. (2020)
for the ALPINE survey (A. L. Faisst et al. 2020; O. Le Fevre
et al. 2020) and S. Schouws et al. (2025, in preparation) for the
REBELS survey (R. J. Bouwens et al. 2022). The algorithm
loops over all channels and collapses moment maps over a range
of 75-350kms~ ! in steps of one channel (~10km s~ 1. For

each moment map, we identify the significant (>30) peaks and
add the results to a large list of features. This list is then pruned
by removing duplicates within 2 x FWHM and 1.5x the beam
size. We also perform the search on the negative moment map,
which is useful to characterize the noise properties. In Figure 1,
we show a blind extraction of the ALMA spectrum at the
location of GS-z14 using a 0”5 aperture.

The most significant line candidate we extract within a 0”5
radius of the JWST position of GS-z14 is detected with a peak
significance of 6.60 and separation of 0712. The candidate line
is consistent with being spatially coincident with GS-z14 in the
JWST/NIRCam observations, given expected 0”18 positional
uncertlalinties following from a 6.60 line detection and 1708
beam.

3. Results
3.1. [0 1]sg  in GS-z14

We have identified an emission line with a signal-to-noise of
6.60 within 0”712 of GS-z14 at 223.528 4+ 0.009 GHz. This
corresponds to [O Ilgg ,,m at z=14.1793 & 0.0007, consistent
with both the redshift derived from the Lyman break observed by
JWST and also the tentative 3.60 detection of CIIT];907,1909 at
2.89 pm (S. Carniani et al. 2024). In particular, the consistency
of our new redshift determination from [OIllgg ,,;, With the
earlier redshift estimate z=14.178 4+ 0.003 from the tentative
C1]y907,1909 doublet (S. Carniani et al. 2024) greatly increases
our confidence in the robustness of the current redshift
determination given the availability of multiple line detections.
We show the contours of the [O Ill]gg ,,m emission overlaid on an
RGB image based on F150W, F200W, and F400W imaging and
a signal-to-noise-optimized extraction of the spectrum in
Figure 2.

We measure the integrated line flux using the moment-zero
map of the emission line, including all channels that fall within
2x the FWHM of the line. The FWHM is determined in an
iterative process; starting from an estimate of the FWHM, we
collapse a moment-zero map and extract a 1D spectrum, which
is extracted by including all pixels with signal-to-noise
ratio >30 on the moment-zero map. A new FWHM is then
measured using this 1D spectrum by fitting a Gaussian. This

" hitps:/ /help.almascience.org/kb /articles /what-is-the-absolute-astrometric-
accuracy-of-alma
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Figure 2. Detection of [O II]gg ;,m in GS-z14 at z = 14.1793 £ 0.0007. Left panel: contours showing the [O Ilgg .., emission (20, 30, 40, and 50) 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 IIl]gg ,,m emission is detected at a peak significance of 6.6¢ in the collapsed data cube and well centered on GS-z14.
Right panel: the spectrum of the [O IMgs ,,m line (blue bars) extracted from the >30 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 1o uncertainties.

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~ '. Assuming
that GS-z14 is dispersion-dominated and rjo m; = r. = 260 pc,
this implies a dynamical mass of (1.0 +0.5) x 10° M (sin i)?.
At the current resolution, we do not see evidence for a velocity
gradient.

We measure an integrated flux of 39 +10Jy-kms ',
which corresponds to a [O1Ill]gg ,;m luminosity of (2.1 40.5)
108 L., (P. M. Solomon et al. 1992) (after correction for lensing
magnification; S. Carniani et al. 2024). This places GS-z14 a
factor of ~2x below the local relation between Lo 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 90 ym continuum limit of <15.1 uJybeam™"' (30). We
provide an upper limit on its dust mass assuming an optically
thin modified blackbody with a dust temperature of 73 =60 K
and (Oigr =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 For context, the CMB at z = 14.2 has a temperature of Tcyp = 41.4 K.
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Figure 3. The luminosity of [O Igg ,m 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 M, yr ).

We follow A. Ferrara et al. (2025) by adopting the
J. C. Weingartner & B. T. Draine (2001) dust model with
Kgg =34.15cm 2 g~ " at rest-frame 88 im. This yields a (lensing-
corrected) upper limit on the dust mass and infrared luminosity
(integrated across 8-1000 um) of log(My/My) < 6.0 and
log(Lir/Ls) < 11.1, respectively. The latter corresponds to an
obscured SFR of SFRjg < 14 M, yrfl, which, combined with the
unobscured SFR of GS-z14 inferred by S. Carniani et al. (2024),
implies an obscured fraction of f,,s < 0.66. Finally, using the
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Figure 4. The ALMA and MIRI observations constrain the emission line ratios of GS-z14 to the dark shaded region in the figure highlighted by the 1o and 20
contours. ISM modeling, as shown by the colored grid, highlights the dependence on metallicity and density. This indicates that GS-z14 is consistent with a relatively
high metallicity (Z > 0.1 Z) and moderate to low density log(N) < 3.0 cm>. There is a further minor dependence on the ionization parameter that shifts and deforms
the grid, but does not impact the conclusions. For context, SED fitting of GS-z14 finds log(U) = —2.5 & 0.5 (J. M. Helton et al. 2024).

stellar mass of GS-z14 inferred by J. M. Helton et al. (2024), we
infer a dust-to-stellar mass ratio &, = My/M, < 1.9 x 1073,

The above estimates require the assumption of a dust
temperature. Assuming a lower temperature of Ty4=45K,
which would imply no significant evolution of the dust
temperature from z ~ 4 (e.g., A. L. Faisst et al. 2020), results
in a dust mass of log(My/My) < 6.8. Meanwhile, a signifi-
cantly higher temperature of 7 = 100 K would result in a dust
mass of log(My/M) < 5.3. In Section 4.2, we discuss this in
further detail, focusing on the attenuation-free model (AFM) by
A. Ferrara et al. (2025), which self-consistently predicts a dust
temperature for GS-z14 based on the observed V-band
attenuation and the spatial extent of the dust.

4. Discussion
4.1. Constraints on the ISM of GS-z14

Luminosity ratios of emission lines are invaluable diagnostic
tools to probe the conditions of the ISM in galaxies. Although
the NIRSpec spectroscopy of GS-z14 does not show significant
emission lines, its detection in the MIRI F770W band places a
constraint on the combined [O IMI]AN959,5007 A + HS flux.
Following J. M. Helton et al. (2024), we assume that the flux
excess in F770W is 27.5 + 5.6 nJy based on a flat underlying
continuum emission._

The [O II]AS007 A luminosity (hereafter [O III]) can subse-
quently be calculated based on an assumed [OIII]/HS ratio
and can be compared to the luminosity of O IIl as measured by
ALMA. We repeat this calculation 10°x, drawing random
[O 1mI]/HQ ratios from probability distributions from the SED
fitting by J. M. Helton et al. (2024), where we combine the
probability distributions from the three star formation history
assumptions. This distribution has a median ratio of 2.51)¢. As
noted by J. M. Helton et al. (2024), this is lower than the
median [OTI]/HB at z~8.0, which is 6.0734 in JADES
(J. M. Helton et al. 2024), 6.4 + 0.9 in FRESCO (R. A. Meyer
et al. 2024), and 7.272% in PRIMAL (K. E. Heintz et al. 2025).

In this process, we also account for the uncertainty in the line
luminosities from ALMA and JWST by drawing random
values from a Gaussian error distribution.

The resulting constraints on the [O I]/[O Illgg ,m Versus
[O11]/HS line ratios are shown in Figure 4. For context, we
show a grid of ISM models for a large range of conditions
based on Cloudy models (G. J. Ferland et al. 2017). The models
consist of a H II region that smoothly transitions to a
photodissociation region until a fixed optical depth (Ay = 10)
in a plane parallel geometry. For more details on the model, we
refer to J. Witstok et al. (2022). We note that the ionization
parameter of GS-z14 has been loosely constrained by
J. M. Helton et al. (2024) to be log(Uipn) = —2.5 £ 0.5, and
we therefore show two sets of CLOUDY models bracketing this
range, at a fixed log(Uon) € (—3.0, —2.0). We focus on the
grid with an ionization parameter log(Uj,) = —2, as
M. Kohandel et al. (2023) predict the most [OIl]gg ;um -
luminous galaxies at z 2 10 have high ionization parameters.
Moreover, if the assumed [O11]/HS is underestimated, the
observed line ratios can only be reproduced by higher values of
the ionization parameter.

While the uncertainties are substantial, given the existeonce of
only a photometric detection of the [O IIJAN4959,5007 A line,
the J. Witstok et al. (2022) models suggest a relatively high
metallicity of Z~ 0.1 Z., in combination with a moderate-to-
low electron density (log N < 1029). This is on the low end of,
albeit still consistent with, the distribution of electron densities
found for z>5 galaxies, which typically show values of
log(N) ~ 2 — 3 (e.g., Y. Isobe et al. 2023). However, for more
accurate constraints on the ISM conditions of GS-z14, direct
spectroscopic detections of additional oxygen lines are crucial,
for example, through MIRI spectroscopy.

Intriguingly, the detection of [O I]gg ymat z=14.1793 &
0.0007 is consistent within 1o with the tentative detection of
CIIJAN1907,9 A reported by S. Carniani et al. (2024) at

=14.178 £ 0.013. S. Carniani et al. (2024) derive a C11]
AA1907,9 A rest-frame equivalent width (EWy) of 8.0 £ 2.3 A,
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Figure 5. The rest-frame equivalent width of C IIJAA1907,9 A as a function of
EWq([O 11]+Hp) (S. Carniani et al. 2024; J. M. Helton et al. 2024). GS-z14-0
is broadly consistent with measurements from the literature at z = 1-3 (gray,
purple, and orange points; M. V. Maseda et al. 2017; S. Ravindranath
et al. 2020; M. Tang et al. 2021).

which is relatively high compared to the EW([O m]+Hg) of
370750 A estimated by J. M. Helton et al. (2024), albeit
consistent with the distribution found for galaxies at z ~ 0—4
(e.g., M. V. Maseda et al. 2017; S. Ravindranath et al. 2020;
M. Tang et al. 2021), see Figure 5. The measured equivalent
widths are in agreement with predictions from CLOUDY at a
metallicity of Z~ 0.05-0.2 Z., and with an ionization para-
meter of log(U) ~ —2.5, in agreement with J. M. Helton
et al. (2024).

Moreover, T. Jones et al. (2020) derive a calibration for the
oxygen abundance using the [OIllgg .y line and star
formation rate. Using their calibration, we derive 12 +
log O+ /H"=7.66103] (~6%-14% solar metallicity, using
the solar abundance from M. Asplund et al. 2009). In Figure 6,
we use a CLOUDY grid with a 1 Myr old input stellar population
to estimate the [OIllgs,m/SFR ratio as a function of
ionization parameter, for models with different metallicity
and gas density. For modest gas density, the measurements are
consistent with 10% solar oxygen abundance; however, higher
gas densities or older ages for the input stellar population will
give higher metallicity estimates (up to solar metallicity).

The detection of both carbon and oxygen lines thus
reinforces the notion that GS-z14 is already moderately
chemically enriched. Adopting a fiducial Z~ 0.05-0.2 Z, in
combination with the stellar mass from J. M. Helton et al.
(2024), GS-z14 falls onto the high-redshift mass—metallicity
relation, which has been mapped out to z ~ 10, and appears to
show only mild evolution beyond z2>3 (e.g., M. Curti
et al. 2024).

4.2. Constraints on Dust Formation Processes

The build-up of dust in galaxies is a complex process
involving multiple mechanisms of dust production and
destruction, operating on different timescales. Supernovae
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ionization parameter for a range of metallicities and densities ~50-100 cm .

Our model gives a lower limit on the metallicity of ~10% Z.,, with higher gas
densities and older ages preferring higher metallicity estimates.

(SNe) produce dust quickly, on timescales similar to the
lifecycle of massive stars (~10 Myr), while asymptotic giant
branch stars contribute to dust production on significantly
longer timescales (~300Myr; R. Schneider & R. Maiolino
2024). The contribution from grain growth in the ISM depends
on the physical conditions, but is expected to be subdominant
at extremely high redshifts and low gas-phase metallicities
(A. Ferrara et al. 2016; P. Dayal et al. 2022; J. Witstok et al.
2023a; V. Markov et al. 2024).

At lower redshifts, it is difficult to disentangle the impact of
different contributions (e.g., 1. De Looze et al. 2020;
F. Galliano et al. 2021), but GS-z14 has formed sufficiently
early in cosmic history that dust production through SNe is
likely the dominant formation process. This makes GS-z14 an
ideal test-bed for dust formation models in the early Universe.

The efficiency of dust production from SNe can be inferred
by measuring the dust-to-stellar-mass ratio (£,). This parameter
is hard to interpret as it depends on both the expected number
of SNe per unit of formed stellar mass (v), which, in turn,
depends on the assumed IMF, and on the net dust yield per
supernova (SN) event (v,), £, =y4 X v. In local SN remnants,
vq values varying in the wide range from 0.01 to 1.1 M, have
been directly measured (D. Milisavljevic et al. 2024).
Such values are broadly in agreement with most indirect
high-z measurements based on dust-to-stellar-mass ratios
(L. Sommovigo et al. 2022a, 2022b).

Utilizing the continuum nondetection of GS-z14, we can
attempt to place an upper limit on y,; Following
M. J. Michatowski (2015) and adopting a Salpeter IMF, the
limit of £, <2 x 10~ suggests a yield of y, < 0.24 M, /SN.
This is consistent with a commonly adopted yield of
ya~0.1 M./SN (e.g., P. Dayal et al. 2022; L. Sommovigo
et al. 2022a). If we rely on such a value for y;~ 0.1 M. /SN
and assume that dust follows a similar spatial distribution as the
stellar component, GS-z14 should be largely obscured
(Ay ~9.5; see also A. Ferrara et al. 2025) and would not have
been detected with JWST. However, the JWST data only reveal
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Table 1

Properties of GS-z14
Parameter Value
R.A. 03:32:19.9049
Decl. —27:51:20.265
Redshift z = 14.1793(7)
Myv —20.81 £ 0.16
Stellar Mass (log(M.)) 8.7103
Star Formation Rate (M, /yr) 2518
[O IMTJgg ,um Luminosity (10° L) 21405
FWHM [O illgg m (kms™") 136 + 31
Dynamical Mass (M, (sin i)?) (1.0 + 0.5) x 10°
90 pm continuum flux (pJy/beam) <15.1 3o)
Dust Mass (log(M)) <6.0

Note. Myy from S. Carniani et al. (2024); stellar mass and SFR from
J. M. Helton et al. (2024). Values have been corrected for a lensing
magnification of 1.17x (S. Carniani et al. 2024).

a relatively low visual extinction of Ay, =0.31, implying a
much (1 dex) lower dust mass of 5 x 10* M, with &; < 1074
and y; < 0.015 M /SN (A. Ferrara et al. 2025).

Clearly, SNe (and later on growth in the ISM) do produce
tangible amounts of dust, as less than 500 Myr later, at z~ 7,
dust appears widespread (H. Inami et al. 2022; H. S. B. Algera
et al. 2023; S. Schouws et al. 2023; J. Witstok et al. 2023a)—
both puzzlingly high dust-to-stellar-mass ratios (My/M, ~
0.01; H. S. B. Algera et al. 2024) and fully dust-obscured
sources (Y. Fudamoto et al. 2021) are observed at this epoch.
In addition, features of the attenuation curve associated with the
carbonaceous dust grains produced by SNe are observed at
z~6.7 (J. Witstok et al. 2023b).

The discrepancy between what is observed by JWST versus
what is expected based on dust production from past SNe can
be resolved by assuming that the majority of the dust has been
removed from star-forming regions by radiation pressure-
driven outflows. Such a scenario had been suggested in the
AFM presented in A. Ferrara et al. (2025).

In their fiducial model, A. Ferrara et al. (2025) suggest the
dust in GS-z14 to have a typical extent of 1.4 kpc, as a more
compact size would be inconsistent with the visual extinction
measured by JWST. We note that, given the resolution of
our data, dust of this extent would not be resolved across
multiple ALMA beams. Combined with a fiducial yield of
0.1 M /SN, the AFM predicts a continuum flux density for
GS-z14 of Fgg = 14.9 uly. This is just below the sensitivity
limit of our observations, which yield an upper limit of
Fgg < 15.1 pJy beam™'. However, if the assumed dust yield is
0.5 dex lower (0.1 M, /SN), then the expected flux density
would be Fgg ~ 8 uly, well below the current limit. As such, a
conclusive investigation of the dust content of GS-z14, as
well as further testing of the AFM model predictions, requires
deeper and high-resolution ALMA continuum observations.

5. Summary

We report the robust detection of a 6.60 [O Ill]gg ;,m line of
JADES-GS-z14-0 at 223.528 4 0.009 GHz, providing us with
a precise spectroscopic redshift measurement of z = 14.1793 &+
0.0007 (see Table 1). This represents a substantial jump in
redshift over the previous high-redshift [O Ill]gg ,,m-detection
from MACS1149-JD1 at z=9.1096 (T. Hashimoto et al.
2018). The [O I]gg ,,m line was identified using data from an
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ALMA Cycle-10 DDT program (2023.A.00037.S, PIL
Schouws) providing a spectral scan from 218.70 to
229.45 GHz (10.75 GHz baseline), covering the redshift range
z7=13.79-14.51. The precision of the current redshift measure-
ment represents 180X gain over the prior redshift measure-
ment of z = 14.32799 from NIRSpec.

The redshift we find for the source is consistent with the
redshift S. Carniani et al. (2024) derive (z=14.178 £0.013)
based on their tentative 3.60 detection of C IIT];907,1909 doublet at
2.89 pm, providing strong evidence that the earlier line detection
is real. As such, we now have multiple line detections of GS-
Z14-O, CHI]1907’1909 (360') with JWST and [O IH]gg pm (660')
with ALMA, providing rather definitive evidence for the
robustness of the redshift determination of GS-z14-0. Of note,
the detection of [O IlJgg ,,m With ALMA was achieved with less
integration time (2.8 hr) than was required for the 3.60 tentative
detection of C IMT];997,1900 With JWST (9.3 hr), providing a rather
dramatic illustration of the discovery potential of ALMA.

We find no detection of the dust continuum from JADES-
GS-z14-0 based on the DDT observations, with a < 30 upper
limit of <15.1 pJy beam ™. This suggests a low dust-to-stellar-
mass ratio of My/M, < 1.9 X 1073, consistent with supernova
dust production yields y; < 0.24 M, /SN.

Combining a previous JWST/MIRI photometric measure-
ment of the [O III]AA4959,5007 A and H( lines with CLOUDY
models, we find GS-z14 to be surprisingly metal-enriched
(Z~0.05-0.2 Z) a mere 300 Myr after the Big Bang, with
moderate to low density log(N) < 3.0 cm ™3,

Thanks to the precise spectroscopic redshift measurement
and [O ]gg ,,m line detection we now have for GS-14-0 using
just 2.8 hr, it is clear that additional follow-up of GS-z14-0 with
ALMA would be highly fruitful and should include (1) higher
spatial resolution observations of [OIll]gg ,mto improve
constraints on dynamical masses and state of GS-z14-0 and
deeper constraints on the dust continuum, (2) observations of
the [C1I];s3 ,m line in Band 4, lying just 0.2 GHz above the
low-frequency boundary, to better probe the ionization
parameter U and build-up of metals, and (3) JWST/MIRI
observations of [O I]AM959,5007 A and HJ3 to place tighter
constraints on the electron density and metallicity of GS-z14-0.
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