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ABSTRACT

JADES-GS-z14-0 is the most distant spectroscopically confirmed galaxy yet, at z > 14. With a UV magnitude of —20.81, it is one of
the most luminous galaxies at cosmic dawn and its half-light radius of 260 pc means that stars dominate the observed UV emission.
We report the Atacama Large Millimeter/submillimeter Array (ALMA) detection of [O m]88um line emission with a significance of
6.670 and at a frequency of 223.524 GHz, corresponding to a redshift of 14.1796+0.0007, which is consistent with the candidate C ]
line detected in the NIRSpec spectrum. At this spectroscopic redshift, the Lyman-a break identified with NIRSpec requires a damped
Lyman-a absorber with a column density of log(Ngr/cm™2) = 21.96. The total [O m]88um luminosity (log(Liomm/Le) = 8.3 £ 0.1)
is fully consistent with the local Lion;; — S FR relation and indicating a gas-phase metallicity > 0.1 Z,. Using prospector spectral
energy distribution (SED) modeling and combining the ALMA data with JWST observations, we find Z = 0.17 Z; and a non-
zero escape fraction of ionizing photons (~ 11%), which is necessary by the code to reproduce the UV spectrum. We measure an
[OII1]5007A /[OI11]88um line flux ratio between 1 and 20, resulting in an upper limit to the electron density of roughly 700 cm™
assuming a single-cloud photoionization model. The [Omjemission line is spectrally resolved, with a FWHM of 10232 km s71,
resulting in a dynamical mass of log(Mgyn/Ms) = 9.0+0.2. When compared to the stellar mass, this value represents a conservative
upper limit on the gas mass fraction, which ranges from 50% to 80%, depending on the assumed star formation history. Past radiation-
driven outflows may have cleared the galaxy from the gas, reducing the gas fraction and thus increasing the escape fraction of ionizing

photons.

1. Introduction

One of the most exciting and puzzling results to come out
of observations with JWST is the discovery of numerous lu-
minous (Myy < -—20) galaxies already in place 300-500
Myr after the Big Bang (Arrabal Haro et al. 2023; Bunker et al.
2023; Curtis-Lake et al. 2023; Robertson et al. 2023; Wang et al.
2023; Castellano et al. 2024; Carniani et al. 2024; Zavala et al.
2024). Indeed, the number of such bright galaxies at z > 10
is up to one order of magnitude higher than what was ex-
trapolated based on both pre-JWST observations and cosmo-
logical simulations (e.g., Finkelstein et al. 2023; Donnan et al.

2024; Robertson et al. 2024). Such observations have raised
several questions about the formation of first galaxy popula-
tions, and some studies have suggested a slow decline in the
number density of galaxies at z > 12, with increasing effi-
ciency of galaxy formation in halos at higher redshifts (e.g.,
Dekel et al. 2023; Robertson et al. 2024). Other studies sug-
gest that the overabundance of UV-luminous galaxies can be
also explained with an attenuation-free model (Ferrara et al.
2023; Ferrara 2024). This assumes that the radiation pressure
of the stars expels gas and dust from the galaxy reducing the
dust attenuation and boosting the observed UV emission. Al-
ternatively, stochasticity in the galaxy luminosities and star-
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formation rate (SFR) at fixed halo mass (Mason et al. 2023;
Mirocha & Furlanetto 2023; Shen et al. 2023), a top-heavy ini-
tial mass function (Inayoshi et al. 2022; Trinca et al. 2024), and
a contribution from accreting black holes (Inayoshi et al. 2022;
Trinca et al. 2024; Hegde et al. 2024) are other possible scenar-
ios that can explain the observed UV luminosity function at the
Cosmic Dawn.

The study of the UV luminosity function alone is not suffi-
cient to distinguish the various models. However, each model is
expected to make different predictions regarding the stellar pop-
ulation and interstellar medium (ISM) properties of such lumi-
nous galaxies; constraining these galaxies through observations
would thus allow us to discern among the models and break the
degeneracies encountered on the population level. However, the
properties derived from the spectral energy distribution (SED)
fitting of the most distant galaxies are not well-constrained and
are highly degenerate between each other, particularly because
the available photometry usually only probes the rest-frame UV
emission (i.e., there is a strong degeneracy between the stel-
lar mass, dust attenuation law, and star-formation history). To
make further progress additional data at other wavelengths are
extremely valuable.

To date, JADES-GS-z14-0 is the most distant galaxy known
so far (Robertson et al. 2024; Helton et al. 2024; Carniani et al.
2024). With a UV luminosity of Myy ~ -21, this galaxy
is among the most luminous galaxies at z > 8 in GOODS-
S and GOODS-N CANDELS fields (Hainline et al. 2024b). It
is two times more luminous than the GHZ2 at z = 12.33
(Myy ~ -20.5; Castellano et al. 2024) and nearly as lumi-
nous as GN-z11 at z = 10.6 (Myy ~ -21.5; Tacchella et al.
2023; Bunker et al. 2023). NIRCam observations reveal that
JADES-GS-z14-0 is spatially resolved with a half-light ra-
dius of 260 pc (0.079”), indicating its emission is domi-
nated by light from the stellar population and does not arise
from an active galactic nucleus (AGN). The galaxy has also
been detected in a 43-h MIRI pointing at 7.7 pum, with ex-
cess wide-band emission likely indicating strong emission lines
from [Om]A44959,5007 and Hp, corresponding to a rest-
frame equivalent width EW([Om]A44959,5007 + HB) = 370A
(Helton et al. 2024).

The JWST/NIRSpec follow-up observations have revealed
a prominent sharp Lyman-a break, indicating a redshift of
z = 14.32*09 (Carniani et al. 2024). As the Lyman-e break
profile is sensitive to the column density of neutral hydro-
gen along the line of sight, the uncertainties on the spec-
troscopic redshift are quite large and asymmetric toward low
values, whose probability is not negligible given the recent
discovery of damped Lyman systems at very high redshifts
(Hsiao et al. 2024a; Heintz et al. 2025; D’Eugenio et al. 2024b;
Hainline et al. 2024a; Witstok et al. 2024). Despite the deep ob-
servations, the NIRSpec spectrum does not show any clear rest-
frame UV emission lines. There is only a tentative (3.607) de-
tection of C] 411907, 1909 at 2.89 um, which would yield a
redshift of 14.178 + 0.013. If this redshift is confirmed, it would
require the presence of a damped Lyman-a absorber (DLA) with
a hydrogen column density of log(Ny;/cm™2) = 22.23 to explain
the redshifted Lyman-« break (Carniani et al. 2024).

The SED fitting of JWST photometric and spectroscopic data
indicates an ongoing star-formation rate (SFR) of 19 My /yr and
a stellar mass of 4 x 108 My, The latter suffers from large uncer-
tainties (0.4 dex) due to the unknown origin of the excess MIRI
flux at 7 um (Helton et al. 2024). The spectral modeling suggests
that one-third of the MIRI flux is associated with the rest-optical
nebular emission lines [O1m]214959,5007 and HB, but the re-
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sults depend on the star-formation history priors adopted in the
SED fitting (Which are highly uncertain at these high redshifts,
Tacchella et al. 2022b; Whitler et al. 2023).

The absence of bright UV emission lines in NIRSpec spec-
trum sets only upper limits (with significant uncertainties) on the
properties of the ISM. Additional multi-wavelength observations
are thus fundamental to constrain the galaxy and ISM properties
and provide deeper insights into the galaxy evolution of JADES-
GS-z14-0.

In this paper, we combine JWST data with the public ALMA
observations (DDT 2023.A.00037.S, PI: S. Schouws) of JADES-
GS-z14-0. The observations carried out in the frequency range
between 218 and 229 GHz allow us to identify the far-infrared
oxygen line [Om]at rest-frame 88 um and determine the red-
shift of the galaxy with high accuracy. In addition to that, the
far-infrared line probes the gas-phase metallicity and then, com-
bined with the MIRI data, allows us to constrain the electron
density. Finally, the continuum emission allows us to study the
dust content and investigate the nature of the moderate optical
dust attenuation (Ay = 0.3) determined from the JWST data.

Throughout this paper, we adopt the standard cosmological
parameters Hy = 70 kms™! Mpc™', Qy = 0.30, Q4 = 0.70, ac-
cording to which 1 arcsec at z = 14 corresponds to a proper
distance of 3.268 kpc. Astronomical coordinates and magnitudes
are given in the ICRS and AB systems, respectively. Abundance
patterns are from Byler et al. (2017a) unless otherwise stated.

2. ALMA observations and data reduction

JADES-GS-z14-0 was observed with ALMA Band 6 as part of
2023.A.00037.S program, in two spectral configurations to tar-
get the [Om] 88 yum emission line and cover 98% of the red-
shift probability distribution reported in Carniani et al. (2024).
Each spectral configuration was observed for 2.82 hours of on-
source integration time. The calibrated visibilities were down-
loaded from the ALMA archive. The first spectral configuration
was observed with ALMA configuration C4, while the second
one with configuration C5, hence the two spectral configurations
have different spatial resolutions.

We performed the cleaning on the calibrated visibilities us-
ing the Common Astronomy Software Applications package
(CASA; McMullin et al. 2007) task tclean. To optimize the
sensitivity to detect the [O m1] emission line, we adopted a natural
and briggs robust=0.5 weighting scales, hogbom deconvolver, a
spaxel scale of 0.1”, and a channel width of 10 km s~! to cre-
ate the final datacubes. The final datacubes for the first spectral
configuration have a beam size of 0.82” x 0.60” and 1.09” x
0.82” for the briggs robust=0.5 and natural cubes, respectively.
For the second spectrum configuration, we obtain datacubes with
0.42"7% 0.38” and 0.58 ”x 0.50 ”” for the briggs robust=0.5 and
natural cubes, respectively.

We also imaged the dust-continuum emission at 88 um rest-
frame by using the “mfs” mode of the task tclean using natural
weighting to maximize the signal-to-noise ratio (S/N). The final
continuum image has a beam size of 0.66” x 0.84”" and a sensi-

tivity of 4.4 uJy beam™.

3. Data analysis

The frequency range of these ALMA observations covers about
98% (Fig. 1) of the posterior distribution function of the spectro-
scopic redshift determined from the fitting of the Lyman-break
profile of JIWST/NIRSpec data (Carniani et al. 2024). Given the
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Fig. 1: [Om]88 um spectrum (left) and flux map (right) of JADES-GS-z14-0. The top panel illustrates the redshift probability
distribution determined from the JWST/NIRSpec data. The red vertical dotted line shows the redshift determined from the candidate
C ] detection (Carniani et al. 2024). The black contours in the flux map show +3, +4, +5, and +6 o of [O m]emission, while red
contours correspond to the rest-frame UV emission from JWST/NIRCam F200W observations.

large uncertainty on the spectroscopic redshift, we have per-
formed a blind-line search in the ALMA datacube. In particular,
we have analyzed the region of the datacube enclosed within 5
arcsec from the location of the target. The adopted customized
line finder code was already used in other ALMA studies (e.g.,
Maiolino et al. 2015; Carniani et al. 2017, 2020) and was opti-
mized to identify point-like sources in datacubes without defin-
ing a priori the line width of the emission line. More details of
the code are explained in Appendix B of Carniani et al. (2020).

At the location of the galaxy, we have identified an [Om]
emission line with a significance level at 6.670 at a frequency
of 223.524 GHz, which corresponds to a redshift of 14.1796 +
0.0007. Fig. 1 shows the spectrum of the detected line and
the integrated map. The line has a full width at half maxi-
mum (FWHM) of 10233 km s~ and an integrated flux den-
sity of 0.037 + 0.009 Jy km s~!, resulting in an [Om] lumi-
nosity log(Liom/Le) = 8.3 £ 0.1. We checked whether the
detection could be due to a line associated to the foreground
galaxy at z = 3.475 located close to JADES-GS-z14-0 to its East
(Carniani et al. 2024). We find no line species that would be red-
shifted to a frequency of 223.524 GHz given the above redshift.

We have also analyzed the continuum map, but no signal at
the spatial position of the [O m]88um line emission has been de-
tected. We have thus derived a 30 upper limit on the continuum
emission for a point-like source of S gg,m < 13 uly.

The fidelity of the ALMA emission line detection is verified
in Appendix A. We note that there is an additional 3.7¢ signal
in the [O m]moment-0 map at the same redshift 2.5 arcsec NW
from JADES-GS-z14-0. Given the low significance and the lack
of continuum detection in the NIRCam images, we do not con-
sider this additional 3.7-0 signal as a solid detection.

4. Results
4.1. Dust content

As the dust thermal emission is not detected in the ALMA
continuum map at 88um, we estimate an upper limit on dust
mass. We assume a typical single-temperature modified black
body function (e.g., equation 1 in Carniani et al. 2019) to repro-
duce the dust thermal emission spectral-energy distribution in

the rest-frame far-infrared. We adopt a dust opacity coefficient
at 250 GHz of 0.45 g cm2 and an emissivity index of 8 = 1.8
(Witstok et al. 2023), and correct for the effect of the cosmic mi-
crowave background following da Cunha et al. (2013). Given the
modified black body function, the flux at 88um depends on dust
mass and temperature.

Figure 2 shows the 30 upper limits on the dust mass as a
function of the dust temperature, based on the continuum sen-
sitivity of the DDT ALMA program. The dust mass cannot be
constrained with only one ALMA measurement due to the de-
generacy with the dust temperature. In addition to that, if we
assume that the dust temperature is lower than 60 K, the con-
tinuum sensitivity is not sufficient to put any constraint on the
dust enrichment mechanism. The upper limits on the dust-to-
stellar mass ratio at low temperatures are higher than 0.002 (ver-
tical black dashed line in Figure 2). Such value is higher than
the typical dust-to-stellar mass ratio observed in high-z galaxies
(Witstok et al. 2022) and expected by theoretical models assum-
ing that at such early times dust enrichment mechanism is mainly
associated with supernova ejecta (Schneider & Maiolino 2024).
This means that in the hypothesis of low temperatures, the depth
of current observations is not sufficient to put any constraints on
the dust content.

We note that the upper limit on the continuum emission is
consistent with the recent predictions by Ferrara et al. (2024).
The authors show that the flux at 88 um depends on both the
dust-to-stellar mass ratio and the extension of the dust. In their
fiducial case with dust-to-stellar equal to 1/529, the dust is ex-
pected to be extended up to 1.4 kpc to reproduce the inferred Ay
from Carniani et al. (2024), have a luminosity-weighted temper-
ature of 72 K, and a flux of about 15 pJy. In conclusion, the con-
tinuum sensitivity of this DDT program does not provide any in-
formation about the dust content in JADES-GS-z14-0 and deeper
future observations are needed to unveil the dust content in the
galaxy and investigate the formation (and destruction) of dust
grains in the early Universe.

4.2. DLA

We detect an emission line at 6.70- which we associate with
the [O ] 88 um transition, implying a spectroscopic redshift of
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Fig. 2: Predicted continuum flux density at the rest-frame wave-
length 88um as a function of dust temperature and dust mass.
The red line shows the 30 sensitivity of the DDT ALMA pro-
gram of JADES-GS-z14-0. The top axis shows the dust-to-stellar
mass ratio for the stellar mass of JADES-GS-z14-0 (M., =
10%° My). The vertical dashed line shows the expected dust-to-
stellar mass ratio for the supernova dust enrichment mechanism,
and black circles illustrate the current measurements in galaxies
at z > 7. The CMB temperature at z = 14 is 41.7 K (dashed
region).

z = 14.1796 + 0.0007. The [Omi]redshift is within the prob-
ability distribution function of redshifts inferred from the Ly-
man break analysis for this galaxy (top panel of Figure 1) and
is consistent with the redshift from the tentative detection of
Cm] of 14.178 + 0.013 (Carniani et al. 2024). This redshift,
however, is lower than what was predicted from the Lya break
alone (z = 14.32), and indicates the presence of additional
damped Lya absorption for the source, in agreement for what
has been observed in other galaxies at z > 10 (Heintz et al.
2024; Umeda et al. 2024; D’Eugenio et al. 2024a; Hainline et al.
2024a; Heintz et al. 2025; Witstok et al. 2024).

Using the redshift determined from the detected far-infrared
line, we explore the potential need for a DLA to explain the Ly-
man break profile. To that end, we fit the slit-loss-corrected NIR-
Spec spectrum with a power-law function of the form f; o« 17
and apply the attenuation we would expect from the host galaxy
ISM or circumgalactic medium column density of neutral hy-
drogen (Ny;) along the line of sight as modeled in Witstok et al.
(2024) and Hainline et al. (2024a). From this fit, we measure a
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hydrogen column density of log(Ny/cm™2) = 22.23 for JADES-
GS-z14-0.

This column density, which is similar to those measured in
other, intrinsically fainter, high-redshift galaxies, indicates the
presence of a large reservoir of pristine gas surrounding JADES-
GS-z14-0. The presence of a strong DLA in JADES-GS-z14-0
may indicate that we are observing the source still in the process
of assembly and growth. This result may be surprising given its
observed brightness and the lack of similar sources found at later
cosmic times (Carniani et al. 2024). The location, and extent of
the DLA with respect to the host galaxy is still uncertain, how-
ever.

The smoothness of the Lya break, implied by the redshift
measured via [O m]and C ] being slightly lower than expected
from the break alone, can alternatively be explained by invoking
an unusually strong two-photon nebular continuum (Katz et al.
2024). This would require the nebular continuum to dominate
in the rest-frame UV, which only occurs in the presence of
very hot ionizing sources (T.x 2 10°K) and at gas densities
of n < 10° cm™ (Cameron et al. 2024). In this case, the two-
photon radiative decay from the 2s state produces prominent
continuum emission with a characteristic, fixed shape featuring
a smooth ‘rollover’ redwards of Lya similar to DLA absorption
(Spitzer & Greenstein 1951).

4.3. [Olll] 88 um luminosity

We inferred the [Om]88 um luminosity from the 6.70 detec-
tion at 223.524 GHz. We estimated the measured [O m] lumi-
nosity by following Carilli & Walter (2013) and corrected for
a modest lensing magnification factor of 1.17 (Carniani et al.
2024), resulting in logjo(Ljom/Le) = 8.3 £ 0.1. We compare
the [Om] luminosity to the SFR in the top panel of Fig-
ure 3, alongside other high-redshift detections (Harikane et al.
2020; Witstok et al. 2022; Fujimoto et al. 2024) and local low-
metallicity dwarf galaxies (De Looze et al. 2014).

The [O m]detection of JADES-GS-z14-0 falls slightly below
the local and high-z [O m]-SFR observed relations but they agree
within the uncertainties. This excludes that JADES-GS-z14-0 is
extremely metal-poor (Z < 0.05 Zy). Indeed, as shown in the
bottom panel of Figure 3, the [Om]depends both on SFR and
gas-phase metallicity, and galaxies with Z < 0.05 Z, fall below
the local relation. For example, [Zw18 and SBS0335-052, which
have a gas-phase metallicity of about 3% solar (De Looze et al.
2014), show a Lo deficit of 0.2-0.3 dex relative to the local re-
lation. The ratio between Ljony and SFR of JADES-GS-z14-0 is
similar to those measured in dwarf galaxies with 0.05 Z, < Z <
1 Z5. However, we cannot exclude a lower metallicity scenario
given that Lionm/SFR is also sensitive to the ionization parameter
and electron density.

In Figure 4 we combine JWST/MIRI and ALMA data
to determine the region covered by JADES-GS-z14-0 in the
Liomysoora/Lup versus  Liomsoora/Liommssum  diagram. Since
[Om]A5007 and HB are not spectrally resolved in MIRI, we
vary Lionysoo7a/Lug from 0.1 to 10, which is a plausible range
for metal-poor galaxies with different ionization conditions. For
each combination of L oyps0o74/Lug, we use the MIRI excess
flux at 7 um (Af = 27.5+5.6 nly; Helton et al. 2024) as the total
flux of the blend, and calculate the possible value of Lioyys0074
and thus Lyopys0074/ Lionssum- The dark magenta-shaded region
reported in Figure 4 shows the range of line ratios assuming that
the stellar age of the galaxy is 50 — 100Myr and thus the stel-
lar continuum emission at 7.7 yum is as strong as that at 4.4 um
(see details in Appendix B). The light magenta-shaded regions
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Fig. 3: Liomm versus SFR (top panel) and Ljonm/SFR versus gas-
phase metallicity (bottom panel). The red circle and horizontal
line (in top and bottom panels, respectively) mark the measure-
ment for JADES-GS-z14-0. Gray circles are local dwarf galax-
ies, while green pentagons are z ~ 6 — 9 galaxies. The solid
blue line shows the local relation by De Looze et al. (2014) for
metal-poor galaxies, with the shaded area corresponding to the
Lo uncertainty. The blue dashed line illustrates the Ljonr — SFR
relation for high-z galaxies by Harikane et al. (2020). Dotted and
dashed gray lines illustrate the Cloudy models for different gas-
phase metallicities and electron densities (Harikane et al. 2020;
Jones et al. 2020).

illustrate the extreme case in which there is an inverse Balmer
break in the spectral due to a young (< 5 Myr) stellar population
in the galaxy (Appendix B). We stress that the Ljgys0074 and
Lyg inferred directly from the SED fitting cannot be used in this
analysis because the fitting process and thus the intensity of the
emission lines are inferred assuming a fixed electronic density.

The line ratios we show are corrected for dust attenuation. To
illustrate the effect of dust attenuation, we plot a reddening vec-
tor corresponding to Ay = 0.25 (as extreme value determined by
the SED fitting later in Sec. 5) assuming an average SMC extinc-
tion law (Gordon et al. 2003). Due to the low Ay, the reddening
correction for L op50074 / Liomssum 18 not sensitive to the choice
of the extinction curve.

For comparison, we also show in Figure 4 predictions
from photoionization single-density component models com-
puted with the code Croupy (c17.03, Ferland et al. 2017) with
arange of metallicities, ionization parameters, and gas densities.
We summarize the full set of model parameters in Tab. 1. In brief,
we assume the gas is photoionized by radiation from a 1 Myr-old
simple stellar population (SSP) generated by the Binary Popula-
tion and Spectral Synthesis code (BPASS v2.3, Eldridge et al.
2017; Stanway & Eldridge 2018; Byrne et al. 2022). We allow
the stellar metallicity to vary from 5% solar to 20% solar and
match the gas-phase metallicity with the stellar metallicity. Dust
depletion is included such that 40% of oxygen from the gas
is depleted onto dust grains (Cowie & Songaila 1986; Jenkins
1987). We vary the dimensionless ionization parameter, defined
as U = Qp/nuc (Qy is the ionizing photon flux, ny is the hydro-
gen density, and c is the speed of light), from —3.5 to —1, and the
density in a range of 10 < ny/cm™ < 10*. For the equation of
state (EoS), we assume the gas is isobaric.

The constraints imposed by the ALMA and MIRI observa-
tions set upper limits on the electron density (7.) of [O m]88um-
emitting regions of JADES-GS-z14-0 depending on the metal-
licity. By interpolating the model grids linearly in the logarith-
mic space of ny and U using the GripDATA function in the scipy
package (Virtanen et al. 2020), we obtain density upper limits of
NHplim = 180 cm™ (Z/Zo = 0.05), 300 cm™ (Z/Z, = 0.1),
and 420 cm™3 (Z/Z,, = 0.2) after dust attenuation corrections. In
the inverse Balmer break scenario, which corresponds to a stellar
age of less than 5 Myr, we determine an upper limit for the elec-

tronic density of nquhm =700 cm™3 at Z/Z, = 0.2. We emphasize
that this upper limit is highly conservative, even when consider-
ing the possibility of multiple-density regions within the galaxy.
Specifically, if a fraction of the [O m] 5007 emission arises from
regions with electronic densities exceeding the critical density
of [Om]88um (~ 500-1000 cm™3), where [Om] 88 um is not
emitted, the Lio w5007 4 /Liom) 88 um ratio and consequently the in-
ferred electronic density would be lower than the value reported
in Figure 4. In summary, we conclude that the [O m] 88 yum-
emitting regions in JADES-GS-z14-0 have an electronic density
below 700 cm™3. However, JADES-GS-z14-0 may also contain
denser star-forming regions that are not effectively probed by
[O m] 88 um. High-spectral-resolution observations of C ] dou-
blet could provide a valuable diagnostic for the electronic densi-
ties in these regions (James et al. 2014; Mingozzi et al. 2022).

The upper limits on the densities determined from the optical
[0 1]243726,3729 doublet, which has a critical density compa-
rable to that of [Om]88um, are comparable to those found in
galaxies at z = 2 — 3 (e.g., Sanders et al. 2016; Kashino et al.
2017; Strom et al. 2017; Davies et al. 2021), but appear lower
than galaxies at z > 8 (e.g., Isobe et al. 2023; Abdurro’uf et al.
2024; Marconcini et al. 2024). For example, Isobe et al. (2023)
find that galaxies at z = 4 — 9 have electron densities higher than
ne ~ 300 cm™ (ne ~ 1.1 ny for Hu regions), and the median
value for 7 = 7—9 is n. ~ 1000 cm™>. Furthermore, . might fur-
ther increase with increasing z if the relation given by Isobe et al.
(2023) is extrapolated to z > 9. As another example, based on
the ALMA observation of GHZ2, a bright galaxy at z = 12.33,
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Table 1: Input parameters for CLoupy photoionization models

Parameter Values

Z|Z 0.05,0.1,0.2

logU -3.5,-3,-25,-2,-15,-1
log(ng/cm™>) 1,15,2,25,3,35,4
EoS Constant gas pressure
SED 1 Myr SSP from BPASS

Grevesse et al. (2010) abundance set
Groves et al. (2004) relation
Dopita et al. (2000) relation

Cowie & Songaila (1986);
Jenkins (1987) depletion factors
CHIANTI (v7; Dere et al. 1997,

Landi et al. 2013)

Solar abundance set
N/O (C/O) vs. O/H
He/H vs. O/H

Dust depletion

Atomic data

Zavala et al. (2024) infer a density of n, = 100 — 3000 cm™3
or higher depending on the assumed temperature. However, we
caution that the above high-redshift results are currently based
on small number statistics and might be subject to measurement
systematics (Sanders et al. 2024).

From Figure 4, one can see a degeneracy between the ioniza-
tion parameter and the metallicity. If we constrain 7, > 300 cm™>
(i.e., to be higher than the average density in SF galaxies at z =
2 -3, Sanders et al. 2016; Strom et al. 2017), then only the high-
est metallicity model with Z/Z, = 0.2 [(O/H)gss/(O/H)solar =
0.12 after dust depletion] is able to reproduce the observed
line ratios, which also constrain the ionization parameter to be
-3 < logU < —1.5. Considering an observed scatter of roughly
100 cm™3 in the density (Sanders et al. 2016; Strom et al. 2017),
models with Z/Z; = 0.1 [(O/H)gas/(O/H)sotar = 0.06] and
-3 < logU < —1.5 are also plausible. Again, we caution that
the current constraint on the densities at high redshift has large
uncertainties and we cannot exclude the possibility that JADES-
GS-z14-0 is a low-density outlier at high redshift.

5. SED modeling: NIRSpec+NIRCam+MIRI+ALMA
5.1. Stellar mass

The combination of ALMA and JWST provides us with new
constraints on the SED modeling. We add our ALMA con-
straints to existing NIR and MIR data; we use NIRSpec/MSA
spectroscopy and NIRCam photometry from Carniani et al.
(2024), in combination with MIRI F770W photometry from
Helton et al. (2024, capturing HB and [Om]244959,5007).
We adopt the Bayesian inference framework prospector
(Johnson et al. 2021), itself relying on £sps (Conroy et al. 2009;
Conroy & Gunn 2010) for stellar spectra, and on pre-computed
nebular emission from Byler et al. (2017b). In our setup, we
use MIST isochrones (Choi et al. 2016) and the C3K model at-
mospheres (Conroy et al. 2019). We use a recent implementa-
tion'. We generally follow the model setup of Tacchella et al.
(2022a, hereafter T22). The differences are the IMF (we as-
sume a Chabrier 2003 IMF with lower and upper mass limits
of 0.1 and 300 M), a stronger prior on the parameters of the
Kriek & Conroy (2013) dust attenuation, the inclusion of a 2"-
order multiplicative Chebyshev polynomial (to match the shapes
of the photometry and of the spectrum), the maximum allowed
redshift (no star formation is allowed earlier than z = 30), the

"' In particular, we employed development branch ‘v2’, build

1.2.1.dev103+gb055d6£.d20240919.
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Fig. 4: [Om]5007A/[O m]88um versus [Om]5007A/HB dia-
gram. Top and bottom panels show model grids computed with
Croupy with metallicities Z/Z; = 0.05 to Z/Z; = 0.2, respec-
tively. Each model grid spans a range of ionization parameters
(=3.5 < logU < —1) and hydrogen densities (10 cm™ < ny <
10* cm™3) in steps of 0.5 dex. Details on model parameters are
provided in Tab. 1. The magenta-shaded regions show the plau-
sible attenuation-corrected line ratios for JADES-GS-z14-0 in-
ferred from observations by JWST/MIRI and ALMA. The dark
regions report the range of line ratios assuming that the MIRI
excess is only due to the optical line. The light regions illustrate
the range of line ratios in the case the stellar age is 1 Myr and
there is an inverse Balmer break in the spectrum. The gray arrow
represents a reddening vector with Ay = 0.25 assuming the neb-
ular dust attenuation follows an average SMC extinction curve.

addition of a DLA (with variable redshift and column density),
and a rising prior on the star-formation history (SFH), follow-
ing the redshift evolution of the accretion rate of dark-matter
haloes. The rising prior is parameterized by the log-ratio of
the SFR between each time bin and the previous bin in cosmic
time; by default, this prior behaves similarly to the delayed-t
models, but we allow substantial freedom by using a probabil-
ity prior on the log SFR ratio that is a Student’s ¢ distribution
with scale 1 and v = 2 (following Leja et al. 2019). The ris-
ing prior on the SFH follows the mass accretion rate of dark-
matter halos (Tacchella et al. 2018), and will be presented in
Turner et al. (2025). The shape of this prior is shown in Fig. 5f
(gray shaded region). The model attempts to reproduce the spec-
trum (modulo the polynomial scaling), the NIRCam—MIRI pho-
tometry, and the ALMA observations, both the [O n]A88um line
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flux and the upper limit on the flux density of the dust contin-
uum. The NIRSpec and NIRCam data are from Carniani et al.
(2024), the MIRI data is from Helton et al. (2024). Given the
redshift measurement from ALMA, we impose a strong Gaus-
sian prior centered on z = 14.1796 with dispersion 0.0001. A
summary of the model parameters is reported in Table 2. We in-
fer the posterior probability distribution of our model parameters
using dynesty (Speagle 2020; Koposov et al. 2022). The 1-d
marginalized posteriors are also listed in Table 2. Fig. 5 reports
the main 1-d and 2-d posterior probabilities (triangle diagram;
Fig. 5a), the galaxy’s SED (panel b), the normalized residuals
(panel c), and the SFH (panel d). When fitting spectroscopy, the
S/N of the data is much higher than for photometry, resulting in
significantly smaller uncertainties. The result is that our poste-
rior probabilities are dominated by systematic uncertainties. To
estimate their magnitude, we run PROSPECTOR five times using the
same data but different priors.

With this setup, we find fiducial (magnification-
corrected) log M, /My = 8.29t8:(1)‘9‘(f8:‘1‘ systematics) and a
log SFR/M, yr™') = 1.167005(x0.1). We report the star-

formation rate averaged over the previous 10 Myr. To match the
redshift of [Om]A88um with that of the Lya drop, the model
also requires a DLA, with log Ny,/em™ = 21.96*00%(+0.01);
this value is in agreement with the fiducial DLA model which
gives a value of 22.23 (Section 4.2). We rule out a major role
of wavelength-calibration issues between ALMA and NIRSpec,
because the redshift from ALMA matches the 3-0 tentative
detection of Cm] from NIRSpec itself. The results are in
agreement with the power-law fits reported in Section 4.2. We
find a metallicity of 0.17 solar, somewhat higher than previous
results (Carniani et al. 2024; Helton et al. 2024); this could be
driven by the [O 1] 88um detection. Our setup finds a lower dust
attenuation value and escape fraction than Carniani et al. (2024),
however, these two parameters are unsurprisingly degenerate.
In our fiducial model, the model preference for a low dust
attenuation requires a strong nebular continuum to explain the
relatively flat UV slope reported by Carniani et al. (2024); this
is evident from the presence of a Balmer jump in the posterior
model (Fig. 5b). At the same time, the bright flux measured
by MIRI requires a moderate contribution from the stellar con-
tinuum in addition to HB and [O m]414959, 5007. This stellar
continuum displays a moderate Balmer break (=~ 1.4, when
measured without the nebular continuum). The ALMA line
flux predicted by the model exhibits strong degeneracies with
stellar mass, metallicity, SFR, and ionization parameter. These
degeneracies highlight the power of combining ALMA and
JWST observations to break parameter constraints and achieve
a more comprehensive understanding of galaxy properties.

The SFH follows the rising shape of the prior probability, al-
though we note that the prior width is significantly wider than
the posterior probability (gray vs red shaded regions in Fig. 5f).
We stress that the prior range shown in the SFH is the scale pa-
rameter of the Student’s ¢ distribution; the prior standard devi-
ation is larger. The key constraints from the prior come at the
earliest epochs, when the prior suppresses the earliest and least
constrained stages of star formation. There is some indication of
the SFH ‘stalling’ at recent times, with the SFR being roughly
constant in the last 30 Myr. This goes against the rising expecta-
tion from the prior, which would give a certain degree of confi-
dence to this stalling behavior. However, we also find that differ-
ent assumptions on the dust attenuation and prior on the SFH do
impact the exact shape of the recovered SFH.

5.2. Dynamical mass

Given that we spectroscopically resolve the emission line in the
ALMA observations, we are now able to constrain the dynamical
mass (Mgyn), assuming that the system is close to virialization,
and can compare it to the stellar mass from the prospector
SED fitting. We estimated the dynamical mass following the ap-
proach described by Ubler et al. (2023) using the equation:

o’R,

Mgy = K(n)K(q) ey

where K(n) = 8.87 — 0.831n + 0.0241n”> and with Sérsic
index n, following Cappellari et al. (2006), K(q) = [0.87 +
0.38¢3710-912 with axis ratio q following van der Wel et al.
(2022), o is the integrated stellar velocity dispersion, and R,
is the effective radius. We remark that the above approach was
calibrated for stellar kinematics of massive galaxies at z = 0.8
(M, = 10°-10"" My). However, a range of possible calibra-
tions (e.g., Wisnioski et al. 2018; Cappellari et al. 2013) pro-
vides similar answers, within 0.3 dex (see e.g. Marconcini et al.
2024). We use our measured value of o = FHWM/2.355 =
43.5323 km s~! from [O m]88 um, to which we apply a correc-

tion of Alog(c/(km s™')) = +0.1 following Ubler et al. (2023),
since galaxies with low integrated ionized gas velocity disper-
sion tend to have higher integrated stellar velocity dispersion
(Bezanson et al. 2018). We adopt a R, value of 260+20 pc
from Carniani et al. (2024). For JADES-GS-z14-0, Helton et al.
(2024) reports n = 0.877 = 0.027 for the Sérsic index and
g = 0.425 + 0.008 for the axis ratio. However, since it is un-
clear whether the stellar emission in the rest-frame UV has the
same morphological properties as the nebular emission in the
rest-frame far-infrared, we adopt a range of values for the Sérsic
index and axis ratio (n=0.8-2 and q=0.3-1). We thus estimate a
log(Mgyn/Mp) = 9.0+0.2.

This value of Mgy, is five times larger than the stellar mass
from our SED fitting (log M, /My = 8.29*05. which assumes
a Chabrier 2003 IMF). Assuming a disc-like geometry with a
mean inclination of i = 60°, this would imply a fraction of gas
mass and dark matter in this galaxy of ~ 80%. However, we
stress that this gas mass fraction is an upper limit. If we adopt
the stellar mass estimates inferred by Helton et al. (2024), who
explored different star-formation histories, we infer a gas mass
fraction lower than 50%-60%. Alternatively, if the inclination
was very small (close to face on) or the [O nrJextent is signif-
icantly broader than that of UV continuum emission, the line
broadening could underestimate the dynamical mass. Observa-
tions with higher spatial resolution would be required to address
this scenario.

6. A non-zero escape fraction?

The luminosity of the [O mi]far-infrared line of JADES-GS-z14-
0 indicates a gas-phase metallicity of about 0.2 Z,, which is
similar to that measured in other luminous galaxies such as
GN-z11 (Bunker et al. 2024; Maiolino et al. 2024) and GHZ2
(Castellano et al. 2024; Zavala et al. 2024; Calabro et al. 2024).
Although these three galaxies have similar UV luminosities and
metal enrichment conditions, most of the UV lines of JADES-
GS-z14-0 are undetected in the deep NIRSpec observations. The
upper limits on the rest-frame equivalent widths of JADES-GS-
z14-0 are up to seven times lower with respect to those measured
in GN-z11 and GHZ2.
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Fig. 5: Summary of prospector SED model. Panel a. Triangle diagram with the marginalized posterior distribution over a subset
of the model-free or dependent parameters (see Table 2 for a description of the parameters and their probability prior). Panel b. SED,
including wide- and medium-band measured flux densities (diamonds), the spectrum (grey line with grey region as the uncertainty).
NIRCam, MIRI and ALMA data are in black, blue and pink, respectively. Model predictions are red circles (flux densities) or the
red line (spectrum). The sand-coloured line is the model SED without convolving to the spectral resolution fo the data. Panel c.
Model residuals normalised by the uncertainties. Panel d. Same as panel b, but for the FIR region. The orange square is the ALMA
[O m]flux. Panel e. Same as panel c, but for the FIR region. Panel f. Star-formation history (red), with the prior probability in grey.

A non-zero escape fraction of ionizing photons might ex-
plain the low intensity of UV emission lines in JADES-GS-z14-
0. This scenario is also supported by the SED fitting of the com-
bined ALMA and JWST datasets that report an escape fraction
of at least 10%. Figure 6 shows the equivalent of C m] as a func-
tion of gas-phase metallicity from PROSPECTOR using exponen-
tial star-formation histories with stellar ages from 1 Myr to 50
Myr (see details in Appendix B. Independently from the stellar
age, the EW of the UV line increases with decreasing metallicity
down to 0.15 Z, and then decreases because carbon abundance
decreases. To reproduce the strength of C m] of JADES-GS-z14-
0, the gas phase metallicity should be either lower than 0.05 Z;
or higher than 0.3 Z.. The latter was considered less probable
by Carniani et al. (2024) and Helton et al. (2024) because of the
intensity of the MIRI flux and the stellar age of the galaxy. How-
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ever, the new detection of the far-infrared oxygen line combined
with the current SFR of the galaxy puts a stringent limit of 0.1-
0.3 Z to the gas-phase metallicity, which corresponds to the
metallicity range excluded initially by the analysis based solely
on the UV lines. With the new constraints from ALMA, PROSPEC-
ToR thus requires an escape fraction of ~ 10% to match the two
apparently discordant observables of a relatively high [O m]flux
but a relatively low EW of C mi]. We stress that — like all SED fit-
ting, we are assuming here a single-zone model, with a reference
electron density and solar abundances (Byler et al. 2017b).

The origin of such a high escape fraction can be the re-
sult of fast galactic outflows that expel gas to a large scale and
carve the ISM of the galaxy. For example, Ferrara et al. (2024)
predict that JADES-GS-z14-0 may have recently experienced a
starburst phase and radiation-driven outflows have cleared the
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Table 2: Summary of the parameters, prior probabilities, and posterior probabilities of the fiducial prospector SED model (see
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also Fig. 5a).

Parameter Free Description Prior Posterior
@ @ O &) ®)
Zobs Y  redshift N (zZspec, 0.001) 14.17 8t8:80}
_ logM,.[Mg u Y total stellar mass formed U(6,10) 8.29f8:(1)4 foz‘lt)
§ log Z[Zs] Y  stellar and gas metallicity U(-2,0) —0.78f8:8§9 (+0.03)
2 log SFR ratios Y  ratio of the log SFR of non-parametric SFH T(R(z)*,1,2) —
§ oy [km s™!] Y  stellar intrinsic velocity dispersion U(0,300) 190f30
2on Y  power-law modifier of the dust curve (T22,eq.5)  G(0,0.1;-1.0,0.2) 0.06f0: S
g Ty Y  optical depth of the diffuse dust (T22, eq. 5) UW,2) 0. 19f§:§2
Lg U Y ratio of optical depths of the birth clouds and 7y G(1,0.1;0,2) 0.94f0:g§
2 O gas [km s Y intrinsic velocity dispersion of the star-forming gas 2/(0, 1500) 1,310* 1%
logU Y  ionization parameter of the star-forming gas U-4,-1) =247 g
Sesc Y  birth-cloud escape fraction of ionizing radiation U©O,1) 0.1 1t818%
log Ny, Y  column density of neutral hydrogen U17,25) 21 .96f8'8§ (+0.1)
o Jspec Y  multiplicative noise inflation term for spectrum U(0.5,2) I.ngzi
go log S FRyo[Mg yr~! =117 N  SFR averaged over the last 10 Myr — 1.16f8:82 (£0.05)
log S FR100[Me yrf1 #—1]+ N  SFR averaged over the last 100 Myr — 0.29f8'(1)3(10. 1)
Ay[mag] N  optical dust attenuation — 0.1 9f0‘07 (x£0.05)
F[O ] [10-19 erg slem™] N FIR [Om]line flux — 2.77’:%22(10.05)
age [Myr] N  Mass-weighted stellar age — 40+ 5

(1) Parameter name and units (where applicable). (2) Only parameters marked with ‘Y’ are optimized by prospector; parameters
marked with ‘N’ are either tied to other parameters (see Column 4), or are calculated after the fit from the posterior distribution (in
this case, Column 4 is empty). (3) Parameter description. (4) Parameter prior probability distribution; N(u, o) is the normal distri-
bution with mean u and dispersion o; U(a, b) is the uniform distribution between a and b; 7 (u, o, v) is the Student’s ¢ distribution
with mean y, dispersion o and v degrees of freedom; G(u, o7; a, b) is the normal distribution with mean u and dispersion o, truncated
between a and b. (5) Median and 16"-84™ percentile range of the marginalised posterior distribution; for some nuisance parameters
we do not present the posterior statistics (e.g., log SFR ratios). © We corrected all extensive quantities for gravitational lensing, using
u = 1.17 (Carniani et al. 2024). ¥ The non-parametric SFH is expressed by the logarithm of the SFR between adjacent time bins; we
use a ‘rising’ SFH probability prior, which at each time bin is a 7~ distribution with mean log ratio R(z) = log (S FR(z;)/S FR(zi+1)),
where z; is the redshift of the i SFH bin and the S FR(z) is given by Turner et al. (2025), their eq. (4).
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Fig. 6: EWs of Cmi] as a function of gas-phase metallicity. The
blue, orange, green, red, purple, and brown curves denote the
metallicity dependencies for exponential SFH (see Appendix B)
with stellar ages of 1, 2, 5, 10, 25, and 50 Myr, respectively. The
gray line and shaded region represent the C m] EW measurement
of JADES-GS-z14-0. The observed C ] EW is typical of galax-
ies with Z > 0.3Z or Z < 0.05Z

galaxy from dust and gas. Current JWST and ALMA data do
not have the sensitivity to identify the presence of “wings” in
the emission line profiles tracing outflowing gas. However, the
analysis of the dynamical mass suggests that the potential well
is dominated by the stellar population and a large fraction of the
gas may have been removed from the galaxy. If the observed
log(Nyx Jem™2) = 22.23 DLA described in Section 4.2 was a re-
sult of a potential galactic outflow, this would help explain its
presence while also allowing for a high escape fraction of ioniz-
ing radiation. Another possible explanation is the ionizing pho-
tons escape along a different direction than that of DLA systems
and are not absorbed (see Tacchella et al. 2024 for the z = 5.94
galaxy GS9422).

Intriguingly, the implied 10% escape fraction in a source
with the luminosity of JADES-GS-z14-0 would imply the rapid
formation of a local ionized ‘bubble’ allowing Ly emission to
escape through the intergalactic medium, as required for JADES-
GS-z13-1-LA observed to have a bright Ly line at z = 13
(Witstok et al. 2024).

7. Carbon-to-oxygen abundance ratio

Leveraging the redshift delivered by the detection of [O m]88um
in the ALMA observations, we can confirm the tentative de-
tection of C ] previously reported by Carniani et al. (2024) in
the JWST/NIRSpec spectrum at 2.89um. This allows us, un-
der a number of fiducial assumptions discussed below, to derive
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the carbon-over-oxygen abundance (C/O) for JADES-GS-z14-0,
yielding the most distant measurement of such abundance ratio
to date.

To derive C/O, we first corrected the measured Cm)] flux
for nebular attenuation assuming Ay=0.25 as inferred from our
SED modeling> We then derive the C**/O** abundance from
the Cm]/[Om]88um line ratio adopting pyNeB (Luridiana et al.
2015), assuming an electron temperature of T,=15,000 K and
an electron density of n,=100 cm™3. The assumed T, value is
consistent with the best-fit metallicity and ionization parameter
inferred from the SED modeling, and we assume to reside in
the low-density regime as suggested by the simultaneous model-
ing of the [O m]88um/[O m]5007 and [O m]5007/HB ratios (see
Figure 4). We then correct the C**/O** abundance to the to-
tal C/O by applying an ionization correction factor (ICF) de-
rived from the models presented in Berg et al. (2024), under
the assumption of log(U)=-2.4 and Z=0.2 Z; (i.e., the best-
fit values from the SED fitting). The total C/O value is there-
fore log(C/O)= —0.72+0.13, corresponding to [C/O]=log(C/O)-
log(C/O)e = —0.36, where the formal uncertainties are computed
by randomly varying the measured fluxes by their errors and re-
peating the calculation 100 times, taking the standard deviation
of the resulting C/O distribution.

Nonetheless, we note that variations in our assumptions on
both T, and n,, as well as uncertainties associated with the
dust attenuation correction, can have a non-negligible impact
onto the final C/O. In the left panel of Figure 7, we show how
the final inferred C/O value would change as a function of
the C m]/[O m]88um line ratio (comparing in particular the ob-
served and dust-corrected value based on the SED-inferred Ay)
and of the electron temperature, under our fiducial assumption
of n,=100 cm™3. For instance, at fixed Cm]/[O m]88um ratio
and n,, varying T, between 15,000 K (our fiducial value) and
20, 000K lowers the inferred C/O by ~ 0.45 dex. On the other
hand, assuming n,=300 cm™3 instead of 100 cm™ (at fixed line
ratio and T,) would lower the C/O by ~ 0.18 dex. We there-
fore estimate the amount of systematic uncertainty on our C/O
derivation associated with different assumptions on density and
temperature by computing the C/O values over a grid in n, and
T, spanning n, € [100,300] cm™3 and T, € [10,000, 20,000] K,
yielding a final log(C/O)= —0.72 + 0.13 (*J? systematics).

In the right-panel of Figure 7, we finally plot JADES-GS-
z14-0 on the C/O vs O/H diagram as the red diamond marker.
The solid errorbars report the formal statistical uncertainty on
C/O from the flux measurement errors (0.13 dex), whereas the
dashed errorbars encompass the systematic uncertainties (*)-2)
from our assumptions on n, and T, as discussed above. The oxy-
gen abundance is inferred from the best-fit PROSPECTOR metallic-
ity. For comparison, a compilation of C/O measurement at high-z
from JWST spectroscopy is also shown (see the legend and cap-
tion of Figure 7 for details).

The fiducial C/O value measured in JADES-GS-z14-0 ap-
pears in line with expectations given its moderate metallic-
ity, and it is consistent within the uncertainties with pre-
dictions from galactic chemical evolution models of the so-
lar neighborhood (Kobayashi et al. 2020), as well as with the
yields from pure core-collapse Supernovae (CC-SNe) enrich-
ment (Tominaga et al. 2007), in agreement with a rapid and re-
cent history of mass assembly. Nonetheless, we note that even
slightly higher C/O values than predicted by pure CC-SNe en-
richment, as possibly shown by taking our C/O measurement in
JADES-GS-z14-0 at face value, might be indicative of a lower

2 Weused Ay =7y - (1 + pg) - 1.086.
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effective oxygen yield, as possibly driven by SNe-driven out-
flows preferentially expelling oxygen from the ISM following
an intense phase of star-formation (as also discussed in Sect. 6),
whereas any contribution to Carbon enrichment from evolved,
low-mass stars is unlikely given the age of the system.

As a caveat, we reiterate that our C/O measurement assumes
that Cmi] and [Om]88um trace regions with similar densities.
However, the carbon line can originate from regions with den-
sities exceeding the critical density of [O m]88um, potentially
affecting the C/O abundance estimate. In the presence of multi-
ple density components, the C/O ratio can only be reliably mea-
sured using emission lines with comparable critical densities.
In this context, deeper observations of JADES-GS-z14-0 with
NIRSpec/JWST have the potential to detect O mr]A11661, 1666,
which, when combined with C mi], would enable a more precise
determination of the carbon-to-oxygen ratio.

8. Conclusions

We have presented the analysis of the new DDT ALMA program
targeting the [O 1] 88 um emission in the most distant and lumi-
nous galaxy known so far, JADES-GS-z14-0. We have detected
the FIR line with a level of significance of 6.67¢ at a frequency
of 223.524 GHz. We have thus determined the spectroscopic red-
shifts of zjonn = 14.1796 + 0.0007, in excellent agreement with
that from the tentative detection of C ] (zcy = 14.178+0.013),
and consistent with the Lyman-break redshift (z1y, = 14.32*5)

2
when accounting for a DLA (log Ny, /cm™ = 21.967008).

The measured luminosity of the line (Lo /Lo = 8.3+0.1) is
consistent with the Liorm — S FR relation of local dwarf galaxies.
The detection of the FIR line indicates a gas-phase metallicity
Z > 0.1 Zs and thus suggests a rapid metal enrichment during
the earliest phases of galaxy formation. The modest metal en-
richment measured in this work is somewhat unexpected, given
the lack of most of the rest-frame UV emission lines in the deep
NIRSpec spectrum (Carniani et al. 2024). However, the discrep-
ancy between the two observations can be mitigated by assum-
ing a non-zero escape fraction (~ 10%), which would explain the
low intensity of UV emission lines despite the modest gas-phase
metallicity measured in JADES-GS-z14-0.

We have combined the MIRI flux at 7.7 yum and the ALMA
detection to constrain the interstellar medium condition by us-
ing predictions from Croupy models. The excess of MIRI flux,
likely associated to the nebular optical lines of oxygen and hy-
drogen, and the FIR Loy set a stringent upper limit on the elec-
tron density of n, < 700 cm™ at Z = 0.2 Z, which is lower
than those previously found in several [Omn]-emitting sources
at z > 9 (e.g., Abdurro’uf et al. 2024; Marconcini et al. 2024,
Zavala et al. 2024), and also lower compared to the average den-
sity (ne ~ 1000 cm™3) expected at z > 9 from the extrapolation
of the [On]-derived n. vs. z relation by Isobe et al. (2023). One
possible physical reason is that galactic outflows may have ex-
pelled gas on large scales and reduced the gas density within the
galaxy.

To constrain the properties of the stellar population and inter-
stellar medium we have performed the SED fitting with prosPEc-
ToR to the JWST and ALMA data. The inferred star-formation
rate and stellar mass are in agreement with those inferred by
Carniani et al. (2024) and Helton et al. (2024). We note that
PROSPECTOR results indicate a gas-phase metallicity 17% solar,
but it requires an escape fraction of 0.1 to match the NIRSpec
spectrum and, therefore, the weakness of the UV emission line.
Combining the [O m]88um detection in ALMA with the 3.50
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Fig. 7: Carbon-over-oxygen abundance for JADES-GS-z14-0. The left-hand panel shows how the final inferred C/O value changes
as a function of the Cm]/[O m]88um line ratio and of the electron temperature, T,, under our fiducial assumption of N,=100 cm™3.
The observed and dust-corrected C m]/[O m]88um ratios for JADES-GS-z14-0 are marked in green and yellow, respectively. In the
right-hand panel, we report our fiducial C/O measurement for JADES-GS-z14-0 on the C/O vs O/H diagram. The oxygen abundance
is inferred from the best-fit PrRosPECTOR metallicity reported in Table 2. The C/O value measured in JADES-GS-z14-0 is consistent
with pure enrichment from core-collapse Supernovae. We also report for comparison a sample of C/O measurements from JWST
compiled from the literature, namely GS-z12 (z = 12.5; D’Eugenio et al. 2024b), GHZ2 (z = 12.34; Castellano et al. 2024), GN-z11
(z = 10.6; Cameron et al. 2024), MACS0647-JD (z = 10.2; Hsiao et al. 2024b), GS-z9-0 (z = 9.4; Curti et al. 2024), ERO-4590 (z
= 8.5; Arellano-Cérdova et al. 2022), RXCJ2248-ID (z = 6.11; Topping et al. 2024), GLASS-150008 (z = 6.23; Jones et al. 2023),
GS-3073 (z=5.5; Jietal. 2024). The C/O vs O/H pattern predicted by Galactic Chemical Evolution models of Kobayashi et al.
(2020) is shown in blue, whereas the C/O range allowed by the CC-SNe yields from Tominaga et al. (2007) is marked by the golden

region.

Cm] emission detected by JWST/NIRSpec, we also derive a
carbon-over-oxygen abundance log(C/O)= —0.72 + 0.13 (*J?),
in agreement with chemical evolution models of the solar neigh-
borhood given the moderate enrichment of the system.

We have spectroscopically resolved the [Om] allowing us
to measure the dynamical mass of this galaxy of log(Mgyn) =
9.0+0.20. We find this measurement consistent with the stellar
mass estimated from PROSPECTOR, implying a gas fraction lower
than 80%. However, we note that adopting different priors on
the star formation history in the SED fitting process Helton et al.
(2024) results in an inferred gas mass fraction below 50%—60%.
We speculate that galactic outflows may have carved the inter-
stellar medium, hence reducing the gas reservoir and resulting in
a non-zero escape fraction as expected by PROSPECTOR results.

This study demonstrates that multi-wavelength observations
are necessary to constrain the properties of galaxies at the high-
est redshifts. However, the detection of only one emission line
is not sufficient to put stringent constraints on the interstellar
medium condition. MIRI spectroscopic observations and deep
NIRSpec data would allow us to investigate directly the lumi-
nosity of a range of optical and UV emission lines. Combined
with ALMA, these lines would provide new insight on the metal
enrichment conditions of the galaxy. Deeper and higher fre-
quency ALMA observations capable of probing the dust contin-
uum would also be invaluable, by providing crucial information
on the dust content and attenuation.
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Appendix A: fidelity of ALMA [O ] line detection

To assess the fidelity of ALMA [Om] 88 um line detection at
223.524 GHz, we have blindly searched for positive and neg-
ative peaks in reduced ALMA spectral cube. Using the natu-
ral cube, we first measure noise spectrum from each channel
(median: 0.15 mJy beam™' per 10 kms~! velocity bin). We then
bin the spectral cube with various velocity sizes of 30, 50, ...,
170kms™!, respectively, and search for positive and negative
peaks in the collapsed spectral cubes over the central 25" x 25”
region. The S/N of detected peaks is computed by the peak
brightness divided by the noise spectrum collapsed over the same
velocity bin.

[ positive
1041 [ negative
103 ]
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100 ]
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Fig. A.1: Statistics of positive and negative peaks from natural-
weighted spectral cubes, collapsed with various velocity bin
sizes at 30—170kms~'. The maximum S/N = 6.67 is seen at the
centroid of JADES-GS-z14-0 at 223.524 GHz with a velocity bin
size of 130 km s~!, for which we interpret as an [O mi] 88 yum line
detection at z = 14.1796. This is much more significant than the
strongest negative peak seen in the spectral cube (—=5.70°). There-
fore, we conclude the fidelity of ALMA line detection.

Figure A.1 summarizes the statistics of positive and nega-
tive peaks throughout the collapsed spectral cubes. The maxi-
mum S/N of the collapsed spectral cubes is seen at the centroid
of JADES-GS-z14-0 with a velocity bin size of 130kms~! at a
central frequency of 223.524 GHz, for which we interpret as an
[Om] 88um emission line detection at z = 14.1796 + 0.0007.
We also examine the noise spectrum and conclude no additional
telluric absorption or contamination is present at this frequency.
This line detection is much more significant than the strongest
negative peak seen within the spectral cube, which is at S/N=—
5.73 with velocity bin size of 50kms~!. We have also experi-
mented the Briggs-weighted (robust=0.5) spectral cube and the
conclusion is similar, although the line S/N is slightly reduced
to 6.22. The reduced S/N in Briggs-weighted cube with smaller
synthesized beam size may indicate that the [O m] 88 um line of
JADES-GS-z14-0 is spatially extended. Although this is consis-
tent with the spatially extended nature of JADES-GS-z14-0 in
the rest-frame UV, the current line S/N is not high enough to en-
sure a robust size measurement of [O 1] 88 um emission. Nev-
ertheless, we conclude the fidelity of the ALMA emission line
presented in this work.

Appendix B: balmer break

Helton et al. (2024) determine that at least one-third of the flux
detected with the MIRI filter 770W comes from the rest-frame
optical emission lines HB and optical [O m]doublet. However,
determining the intensity of these optical nebular lines requires
follow-up MIRI observations in Low-Resolution Spectroscopy
mode to disentangle the continuum emission from the line emis-
sion component. Indeed. the excess flux of 27.5 nJy in F770W
with respect to F444W (Helton et al. 2024) is not a direct mea-
surement of the HB +[Omi]line intensity as the flux level of
the underlining continuum emission at 7.7um might be differ-
ent from that measured in the F444W filter. The Balmer break,
which ois the ratio between the Contionuum emission at A =
4200 A and that at Ay = 3500 A depends mainly on the
stellar age. Wilkins et al. (2023) shows that the luminosity ra-
tio log,(La200/L3s00) is as large as -0.3 for a stellar population
with a stellar age of 1 Myr and reaches a value of about 0.5 for a
galaxy with an average stellar age of 1 Gyr. The authors also em-
phasized that the strength of the Balmer break is also influenced
by the shape of the star-formation history.

To constrain the intensity of the optical HS +[O mi]line of
JADES-GS-z14-0, we have evaluated the dependence of the
continuum emission at 7.7 ym on the star-formation history.
In particular, we have assumed five different exponential star-
formation histories of the form S FR(t) oc exp™"/™ where ¢ corre-
sponds to the time before the observations (i.e, lookback time)
and 7 has been selected to return mass-weighted stellar ages
of 1, 5, 10, 25, and 50 Myrs (Fig. B.1). We have generated a
mock galaxy spectrum for each star-formation history by us-
ing BPASS models Eldridge et al. (2017); Stanway & Eldridge
(2018); Byrne et al. (2022) for the stellar population and the neb-
ular line and continuum component with CLOUDY. We have
then normalized the spectra to the photometric value 46.9nJy,
calculated within the wavelength range covered by the NIR-
Cam F444W filter Robertson et al. (2023); Helton et al. (2024);
Carniani et al. (2024). Finally, we have removed the emission
line from the spectra and estimated the flux density in the MIRI
filter F770W. The bottom panel of Fig. B.1 illustrates the flux
density in the MIRI filter with respect to the NIRCam flux den-
sity at 4.5 um. We note that the two flux densities are comparable
when the mass-weighted stellar age of the galaxy is larger than
40-50 Myrs. In the extreme case where the mass-weighted stellar
ages are of the order of 1 Myr, the continuum flux density level
in the MIRI filter is about 0.65 times lower than that measured in
the NIRCam wavelength range. In this case, the equivalent width
of the nebular optical lines can be higher than that estimated as-
suming that the continuum flux level at 7.7 um is as large as the
continuum at 4.5 ym.
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Fig. B.1: Top: star-formation histories (SFHs) with different
mass-weighted stellar age and of the form S FR(f) o« exp /.
The line colors correspond to the stellar age reported in the leg-
ends Middle: SED models after removing emission lines for each
SFHs and color-coded depending on the stellar age reported in
the top panel. All SEDs are normalized to the flux density level
of 46.9 nJy in the NIRCam F444W filter. The black lines show
the transmission curves for F444W (left) and F770W (right)
JWST filters. Bottom: flux density ratio between the F770W and
F444W filters as a function of the mass-weighted stellar age.
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