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Abstract

JWST has discovered an early period of galaxy formation that was more vigorous than expected, which has
challenged our understanding of the early Universe. In this work, we present the longest spectroscopic integration
ever acquired by JWST/MIRI (¢,,s =~ 51 hr). This spectrum covers the brightest rest-frame optical nebular
emission lines for the luminous galaxy JADES-GS-z14-0 at z = 14.18. Most notably, we detect [O II]
AM959, 5007 at ~140 and Ha at ~40 with these ultradeep observations. These lines reveal that JADES-GS-z14-0
has low dust attenuation with a recent star formation rate of SFR &~ 8 4+ 2M., yr ', star formation rate surface
density of Xgpg ~ 20 4+ 5M,, yr ' kpc 2, and ionizing photon production efficiency of Eion ~ 1073 Hz erg™
Using standard strong-line diagnostics, we infer a gas-phase oxygen abundance of log,,(O/H) + 12 =~ 7.5 = 0.2
(~6%Z), carbon-to-oxygen ratio of [C/O] ~ —0.4 = 0.2, ionization parameter of log,,(U) 2 —2.4, and density
of ny &~ 690 + 200 cm . Using detailed photoionization modeling, we instead derive log,,(O/H) + 12 = 8.5f8jﬁ
(~60%Z.), log,o(U) ~ —1.4703, and ny ~ 5407330 cm~>. The inferred properties of JADES-GS-z14-0 are
similar to those measured for similarly luminous galaxies at z > 10 with previous MIRI/Spectroscopy, such as
GHZ2/GLASSz12, GN-z11, and MACS0647-JD1. These results suggest extreme ionization conditions and rapid
metal enrichment less than 300 Myr after the Big Bang. Existing simulations are unable to reproduce the empirical
and inferred properties of JADES-GS-z14-0. This work demonstrates an important step toward understanding the
formation of the first stars and heavy elements in the Universe. Future work will focus on the detection of the rest-
frame optical continuum and its interpretation for the stellar population properties of JADES-GS-z14-0.
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1. Introduction

In its first few years of science operation, JWST has revealed
an early period of galaxy formation that was more vigorous
than expected. Early results from JWST have shown that a
population of luminous galaxies with Myy ~ —20 (e.g.,
P. Arrabal Haro et al. 2023a, 2023b; A. J. Bunker et al. 2023;
E. Curtis-Lake et al. 2023; S. Carniani et al. 2024; M. Castellano
et al. 2024; V. Kokorev et al. 2025; R. P. Naidu et al. 2026) and
supermassive black holes (e.g., A. D. Goulding et al. 2023;
Y. Harikane et al. 2023; D. D. Kocevski et al. 2023;
R. L. Larson et al. 2023; J. E. Greene et al. 2024; R. Maiolino
et al. 2024a, 2024b; J. Matthee et al. 2024) already existed less
than a billion years after the Big Bang. The observed number
densities for these sources are discrepant with predictions from
theoretical models and cosmological simulations, sparking
debate about whether our understanding of the early Universe,
and possibly even the standard cosmological model, needs
revision (e.g., M. Boylan-Kolchin 2023).

The most notable and luminous example for this early
period of galaxy formation at z > 12 is JADES-GS-z14-0 at
z = 14.18 (S. Carniani et al. 2024, 2025; S. Schouws et al.
2025a). It is currently one of only two galaxies that have been
spectroscopically confirmed at z > 14, alongside MoM-z14 at
z = 14.44 (R. P. Naidu et al. 2026). Beyond the extreme
redshift of JADES-GS-z14-0, there are many other remarkable
properties of this galaxy. First, it is spatially resolved with a
half-light radius of ryy = 260 £+ 20 pc (S. Carniani et al.
2024), which implies the emission at these wavelengths is
dominated by stars and nebular gas rather than by an active
galactic nucleus (AGN). This galaxy is exceptionally luminous
with an absolute UV magnitude of Myy = —20.81 £ 0.16
(S. Carniani et al. 2024), a clear confirmation of the slow
decline in the number density of luminous galaxies at z > 12
(B. Robertson et al. 2024; L. Whitler et al. 2025; A. Weibel
et al. 2026), contrasting with predictions prior to the launch of
JWST. JADES-GS-z14-0’s rest-frame UV continuum slope
Buv = —2.20 4+ 0.07 (S. Carniani et al. 2024) shows that it is
redder than expected for a galaxy at this redshift; its redness is
likely caused by evolved stellar populations, significant dust
attenuation, relatively high gas-phase metallicities, or
enhanced nebular continuum emission. Finally, perhaps the
most intriguing property of JADES-GS-z14-0 is the significant
(S/N =~ 13) photometric detection at 7.7 yum with JWST’s
Mid-Infrared Instrument (MIRI; J. M. Helton et al. 2025). The
observation with JWST/MIRI suggests that JADES-GS-z14-0
is metal enriched, which has been confirmed by detections of
the emission lines C IIJAA1907, 1909 (S. Carniani et al. 2024)
using the JWST Near-Infrared Spectrograph (NIRSpec) along
with [O1I]A88 um using the Atacama Large Millimeter/
submillimeter Array (ALMA; S. Carniani et al. 2025;
S. Schouws et al. 2025a). A second set of observations with
ALMA targeted [C IJA158 um, but the line was not detected
(S. Schouws et al. 2025b), although this does not necessarily
mean the galaxy is gas poor; JADES-GS-z14-0 is likely
embedded in a substantial, pristine reservoir of neutral gas that
dominates its total baryon content (K. E. Heintz et al. 2025).
Altogether, these results suggest rapid mass assembly and

metal enrichment during the earliest phases of galaxy
formation, less than 300 Myr after the Big Bang.

Nearly 10 days of JWST mission time have already been
invested in observing JADES-GS-z14-0 (S. Carniani et al.
2024; B. Robertson et al. 2024; J. M. Helton et al. 2025).
However, the existing observations provide an ambiguous
picture of this distant galaxy because of degeneracies in the
inferred physical properties. For example, the R; index
(defined as [O TII]A5007 /H/) is often used to probe a galaxy’s
gas-phase metallicity since this measurement is strongly
correlated with the gas-phase oxygen abundance O/H. Using
photometry from JWST/MIRI and JWST/NIRCam,
J. M. Helton et al. (2025) indirectly derived R; =~ 2.5,
suggesting metallicities that are less than 10% solar. Using the
same set of photometry, A. Ferrara (2024) indirectly derived
R; ~ 0.5, suggesting metallicities that are roughly 1% solar.
Finally, using those observations along with spectroscopy
from ALMA and JWST/NIRSpec, S. Carniani et al. (2025)
indirectly derived R; ~ 5.6, suggesting metallicities that are
roughly 20% solar. Directly measuring the strengths of the
rest-frame optical emission lines for JADES-GS-z14-0 would
provide a robust measurement of the gas-phase metallicity and
allow for powerful constraints on models for this galaxy.
JWST/MIRI is the only instrument capable of obtaining a rest-
frame optical spectrum for this galaxy and others at the
redshift frontier (i.e., z > 10).

Acquiring spectroscopy with JWST at both rest-frame UV
and optical wavelengths is critical for simultaneously under-
standing the properties of the stellar populations, nebular gas,
and dust in the very earliest galaxies (e.g., see A. Calabro
et al. 2024). Excitingly, MIRI/Spectroscopy has already
revealed important insights into galaxies at the redshift frontier
(e.g., T. Y.-Y. Hsiao et al. 2024a; J. Alvarez-Marquez et al.
2025; J. A. Zavala et al. 2025). Even beyond the gas-phase
metallicity, the observations of rest-frame optical emission
lines have provided a wealth of information about the
properties of these galaxies, including the density, excitation,
and ionization states of the interstellar medium in addition to
the recent star formation rate and ionizing photon production
efficiency of the stellar populations (for a review of under-
standing galaxy evolution through emission lines, see
L. J. Kewley et al. 2019).

In this work, we provide a first look at ultradeep follow-up
observations of JADES-GS-z14-0 with MIRI’s Low-Resolution
Spectrometer (LRS); this is the longest spectroscopic integration
ever acquired by JWST/MIRI. Our Letter proceeds as follows.
In Section 2, we describe the observations used in our analysis.
In Section 3, we explain the process for data reduction,
including manual postprocessing and custom corrections that
are specialized for long MIRI/LRS integrations. In Section 4,
we describe the emission line measurements. In Section 5, we
present the physical properties of JADES-GS-z14-0 as inferred
from strong-line diagnostics using some of the brightest rest-
frame optical emission lines along with the previously measured
UV and far-infrared lines. This includes diffuse dust attenuation
(Section 5.1), recent star formation rate (Section 5.2), ionizing
photon production efficiency (Section 5.3), gas-phase oxygen


http://astrothesaurus.org/uat/224
http://astrothesaurus.org/uat/459
http://astrothesaurus.org/uat/594
http://astrothesaurus.org/uat/594
http://astrothesaurus.org/uat/595
http://astrothesaurus.org/uat/734
http://astrothesaurus.org/uat/2285
https://doi.org/10.3847/2041-8213/ae7446

THE ASTROPHYSICAL JOURNAL LETTERS, 1004:L30 (21pp), 2026 June 20

abundance (Section 5.4), ionization parameter (Section 5.5), and
electron density (Section 5.6). In Section 6, we again present the
physical properties of JADES-GS-z14-0, but inferred using
photoionization modeling of those same lines. In Section 7, we
discuss the interpretation of the inferred physical properties by
placing these in the more general context of galaxy formation
and evolution in the early Universe. Finally, in Section 8, we
summarize our results and their broader implications for
understanding galaxies at the break of cosmic dawn. Through-
out this work, magnitudes are provided in the AB system
(J. B. Oke & J. E. Gunn 1983) while uncertainties are quoted as
68% confidence intervals, unless otherwise stated. We report
wavelengths in air and assume the standard flat ACDM
cosmology from Planck18 with Hy = 67.4km s ' Mpc ™' and
Q,, = 0.315 (Planck Collaboration et al. 2020). We adopt solar
abundances as 12 + log,,(O/H) = 8.69 and log,,(C/O) =
—0.23 (e.g., M. Asplund et al. 2021).

2. Observations

The primary suite of observations presented in this work
includes ultradeep, low-resolution, mid-infrared spectroscopy
of JADES-GS-z14-0 from JWST/MIRI (G. H. Rieke et al.
2015; G. S. Wright et al. 2023). The first three sets of
observations were obtained by JWST program ID GO/8544
(PL: J. Helton) on 2025 November 15—22 using the MIRI/
LRS (S. Kendrew et al. 2015; S. Kendrew et al. 2016) in slit
mode for a total on-source integration time of 183.8ks
(51.0hr). The first two-thirds of the observations were
successful in placing JADES-GS-z14-0 within the slit
(observations #2 and #3); however, the final one-third of
observations were unsuccessful in slit placement due to failed
target acquisition (TA) caused by an anomalous cosmic-ray
event (observation #1). Because of this failure, a fourth set of
observations was obtained on 2026 January 1—2 for a total on-
source integration time of 61.3 ks (17.0 hr). Figure 1 illustrates
the on-sky slit locations from these four sets of observations.
In this work, we only use the successful three-fourths
of the acquired data for a total integration time of 183.8 ks
(51.0hr). Our observing strategy was similar to that of
program ID GO/3703 (PL: J. Zavala), where the luminous
galaxy GHZ2/GLASSz12 at z = 12.34 was observed using the
MIRI/LRS for a total of 32.5ks (9.0 hr; J. A. Zavala et al.
2025). However, there are several notable differences in our
observing strategy, described in detail below.

Our target, JADES-GS-z14-0, was observed by four
separate visits using the P750L filter and the FASTRI1 readout
pattern with 119 groups per integration, 23 integrations per
exposure, four exposures per dither, and two dithers along the
slit nod. The four exposures per dither were obtained using a
two-by-two mosaic with 100% overlap for the rows and
columns. We chose to have multiple visits in order to provide
additional dithering between both of the slit locations. All four
visits were offset from the centroid of JADES-GS-z14-0 by
one pixel (i.e., 0'11) in the x-direction to avoid previously
known bad pixels overlapping with the locations of the most
prominent rest-frame optical emission lines. The second and
third visits were additionally offset from the first and fourth
visits by two pixels (i.e., 0.22) in either direction. The first
three visits were executed at a position angle (V3PA) of ~3°
for a total of 24 exposures across all three visits. The fourth
visit was executed at a position angle (V3PA) of =45° for a
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Figure 1. Slit locations for four separate visits. Our target, JADES-GS-z14-0,
was observed using the MIRI/LRS in slit mode across four separate visits with
two dithers along the slit nod for each visit. We show the eight distinct slit
locations alongside the JWST/NIRCam imaging (using F444W-F277W-
F115W filters as an RGB false-color mosaic). MIRI/LRS’s slit size is
4.7 arcsec in length and 0751 in width. Three-fourths of the observations were
successful in placing JADES-GS-z14-0 within the slit (observations #2, #3,
and #4); the remaining one-fourth of the observations were not successful
because of failed target acquisition caused by an anomalous cosmic-ray event
(observation #1).

total of eight exposures. As a reminder, we only use three-
fourths of the data for a total of 24 exposures.

For each of the visits, direct images were acquired with the
MIRI/F560W filter for initial TA and subsequent verification
after repositioning on JADES-GS-z14-0. We obtained ver-
ification images because they are strongly recommended when
obtaining slit spectroscopy with the MIRI/LRS to confirm
accurate slit placement. We chose a relatively bright
(m ~ 21 ABmag in MIRI/F560W) nearby star located roughly
40" to the northeast of JADES-GS-z14-0 as the target for TA.
For TA, we used the FASTGRPAVG readout pattern with 10
groups per integration and one integration per exposure, while
for verification, we used the FASTR1 readout pattern with 119
groups per integration and one integration per exposure. We
used the verification images to confirm that TA was successful
for three out of the four visits. The failed TA for the remaining
visit centered on a bright, unflagged cosmic-ray event instead
of centroiding on the bright nearby star that we chose. The
failed TA was possibly caused by elevated solar activity
immediately before and throughout the observing window,
which ultimately led to an increased number of cosmic-ray
events affecting our observations, both in the imaging and
spectroscopic exposures, as described in more detail below.

3. Data Reduction

To reduce the data obtained by our set of MIRI/LRS
observations, we used the most recently updated version of the
standard JWST Calibration Pipeline (version 2.0.0) and
Calibration Reference Data System (version 13.1.14) pipeline
mapping (1536). This multistage process transforms the raw



THE ASTROPHYSICAL JOURNAL LETTERS, 1004:L30 (21pp), 2026 June 20

data obtained by JWST into scientifically viable spectra by
systematically correcting for various instrumental artifacts.
Stage 1 of the calibration pipeline involves bad pixel flagging,
dark current subtraction, cosmic-ray shower removal, non-
linearity corrections, adjustments for reset effects, gain
calibration, and ramp fitting. Stage 2 of the pipeline involves
setting up the world coordinate system (WCS), flat-field
corrections, flux calibration, background subtraction, wave-
length calibration, and initial spectral extraction. Stage 3 of the
pipeline involves outlier detection, image combination, error
propagation, and final spectral extraction. While the standard
pipeline from STScI addresses the most common requirements
for calibration and reduction, the extreme depth and complex-
ity of our observations presented unique challenges that
required manual postprocessing and customized corrections to
obtain the data quality needed for effective scientific
interpretation of the data. The modifications that we developed
for the pipeline are described in detail below.

Initially, we ran the pipeline with the default configuration,
but ultimately made the following revisions to the pipeline’s
default parameters. We first run Stage 1 of the pipeline with
“find_showers” set to true and “only_use_ints” set to false for
the jump detection step in order to better deal with pixels
affected by cosmic-ray events. Immediately after Stage 1, we
correct the telescope’s (V2, V3) reference pixels in the headers
of the rate files to account for an additional offset due to the
initial pointing inaccuracy. We calculate this offset for each
visit separately by using the verification images for source
identification and comparing with the brightest objects in the
JADES photometric catalogs. In units of native pixels from
JWST/MIRI, and assuming a detector plate scale of
0’11 pixel !, we derive (V2, V3) offsets of (0.579, 1.616),
(0.761, 1.669), (0.335, 1.883), and (0.213, 1.497) for
observations #1, #2, #3, and #4, respectively. Finally, we
additionally clean the rate files by individually sigma clipping
each pixel. For each nodded dither of each visit, we mask
sigma-clipped outliers across the 92 integrations (23 integra-
tions per exposure and four exposures per dither, so 23 x 4) by
identifying pixels deviating from the median value by more
than 30, where o refers to the standard deviation derived from
the median absolute deviation; this metric is less sensitive to
outliers than a typical standard deviation.

Because we noticed persistent cosmic-ray events in the
rate files, even after masking sigma-clipped outliers, we
also mask five rows along the trace for observation #3 and
three rows along the trace for observation #4. For
reference, rows are arranged along the cross-dispersion
direction (i.e., the spatial direction) whereas columns are
arranged along the dispersion direction (i.e., the wavelength
direction). We additionally mask three columns in the
second nod of observation #4 because of significant
contamination from a foreground galaxy at a separation of
roughly 2.2 arcsec to the south (with NIRCam ID 182698
and a spectroscopic redshift of z = 2.032 from emission
lines; see also Figure 1). We experimented with using a
master background technique (as commonly used to reduce
JWST/MIRI data) to avoid masking so much data when
dealing with the contaminating galaxy, but found this
technique to be inadequate for our purposes because it
noticeably reduced the final data quality.

We then run Stage 2 of the pipeline with nodded background
subtraction and path loss corrections included. For path loss
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corrections, we assume JADES-GS-z14-0 is a point source
(“source_type” set to “POINT”) since JWST/MIRI’s point-
spread function (PSF) is notably larger than JADES-GS-z14-0
(with half-light radius of ryy = 0.079 £ 0.006 arcsec) across
the complete spectral range of the MIRI/LRS (full width at half
maximum of FWHM > 0.2 arcsec at Ay > 5.0 um). In
Stage 2, we also specify offsets for each visit (see the discussion
in Section 2 for more information about this) while saving
results for both the nodded background subtraction and assign
WCS steps; intermediate results, such as these ones, are visually
inspected at every stage of the data reduction process to validate
the various data products. Upon visual inspection, we noticed
residual backgrounds in many of the cal files. One of the most
prominent residuals was the “bar” artifact, which is effectively a
persistence imprint of the MIRI/LRS slit on the spectrum at
Aobs ~ 8.0—8.5 um. Any exposure that begins with TA will
have this feature, which quickly decays and typically disappears
by the third exposure following TA. To address this feature
in our data, and any other issues with the global background,
we individually subtract median values from each row of
each exposure.

Lastly, we run Stage 3 of the pipeline and perform optimal
extraction (“extraction_type” set to “optimal”) with “mod-
el_nod_pair” and “use_source_posn” both set to true, but
“subtract_background” set to false since we already included
nodded background subtraction in Stage 2. We do not include
the pixel replacement step since we do not want flagged pixels
to be included in the optimal extraction. The association files
for Stage 3 were modified to include all 24 exposures as
science frames. Our fiducial pipeline reduction does not
include the step for resampling spectral data during Stage 3
and instead optimally extracts one-dimensional (1D) spectra
for each of the 24 exposures as x1d files. We run Stage 3 a
second time, but include the spectral resampling step since it
extracts two-dimensional (2D) spectra for each of the
exposures, then combines these to produce the final 2D
spectrum as an s2d file (shown in the upper panel of Figure 2)
and the final 1D spectrum as a x1d file (shown in the bottom
panel of Figure 2); this is the spectrum used for all subsequent
analyses.

Figure 2 illustrates the final MIRI/LRS 2D and 1D spectra
of JADES-GS-z14-0. We provide the 2D spectrum in the
upper panel of Figure 2 along with the corresponding color bar
for the measured signal-to-noise ratio (S/N) per pixel. JWST/
MIRTI’s detector plate scale is 07 11 pixel™!, as shown by the
label for the y-axis. Blue, horizontal lines indicate the
wavelength-dependent profile adopted for the 1D optimal
extraction while the blue, vertical lines indicate the observed
wavelengths for some of the strongest rest-frame optical
emission lines: [O MJAA3727, 3729, HQ, [O 1] AM4959, 5007,
and Ha. The 1D spectrum is provided in the lower panel with
the measured flux densities shown by the solid black line and
the flux uncertainties (10) shown by the gray shaded region.
The quoted uncertainties are derived using Stage 3 of the
pipeline and provided by the error extension of the final x1d
file, although we implement an additional noise inflation term
(see discussion later in this section).

We note that in the first version of this Letter, we also
indicated the location of He IA5876 in Figure 2 since this line
was surprisingly present in the 1D spectrum, yet appeared in
only one nod of our observations. But after acquiring the
fourth set of observations, the new data refuted the tentative
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Figure 2. The rest-frame optical spectrum of JADES-GS-z14-0. Top panel: the final MIRI/LRS 2D spectrum is provided. The corresponding color bar for the
measured signal-to-noise ratio per pixel is also shown. JWST/MIRI’s detector plate scale is 0”11 pixel™!, as shown by the y-axis label. Blue, horizontal lines roughly
indicate the wavelength-dependent profiles used for the 1D optimal extraction while the blue, vertical lines indicate the locations for some of the strongest rest-frame
optical emission lines. Bottom panel: the final MIRI/LRS 1D spectrum is provided. There are two spectroscopic features that are clearly detected above the noise
level (>40) in both the 2D and 1D spectra, in addition to the continuum, which is marginally detected (>1c per wavelength bin at Ayps < 6 um). The detection of
these rest-frame optical emission lines and their scientific interpretation are the focus of this work, while the rest-frame optical continuum will be discussed and
interpreted in a forthcoming manuscript (J. M. Helton et al. 2026, in preparation). The gray, vertical lines indicate the locations of the Balmer continuum limit for
JADES-GS-z14-0 and the Pac line for the neighboring foreground galaxy at z = 3.475 (see also Figure 1). The final MIRI/LRS 2D and 1D spectra of JADES-GS-

z14-0 are made available in the online journal.
(The data used to create this figure are available in the online article.)

detection (~20) of this rarely seen He I\5876 line. For this
reason, we omit He IA5876 from all subsequent discussion in
this version of the Letter.

There are three spectroscopic features clearly detected
above the noise level in both the 2D and 1D spectra of JADES-
GS-z14-0 (see Figure 2). These features include the unresolved
[O ] AN4959, 5007 doublet detected with S/N ~ 14, unre-
solved Ha detected with S/N = 4, and the rest-frame optical
continuum detected with S/N > 1 per wavelength bin at
Aobs < 6 um (Aegr < 4000 10\). We note the location of the
Balmer continuum limit at A\, ~ 3650 A with the gray,
vertical line in the lower panel of Figure 2. The stacked
continuum is detected at S/N = 10 on both sides of the Balmer
limit. However, the continuum includes contributions from
both JADES-GS-z14-0 and a neighboring foreground galaxy.
We do not discuss the continuum measurements nor their
scientific interpretation in this work as these will be discussed
in a forthcoming manuscript (J. M. Helton et al. 2026, in
preparation), in which they will be used to infer the stellar
population properties of JADES-GS-z14-0.

However, there was some concern that the error extension of
the final x1d file was underestimating the true, intrinsic
uncertainty of the flux measurements, due to incomplete
uncertainty propagation in the aforementioned background
subtraction steps. This is a well-known issue*® when using the
JWST pipeline to reduce data from the MIRI/LRS. To
properly characterize the uncertainties in our combined
spectrum, we took advantage of the 24 exposures that were
acquired across the three successful visits and utilized a
bootstrap resampling approach to calculate the full covariance
matrix. This covariance matrix captures both the variance at
each wavelength bin and the correlations between nearby bins.
The bootstrap resampling approach provides a robust,
empirical estimate of the uncertainty distribution since it

28 For more information about known issues with the MIRI/LRS, please also
see  https://jwst-docs.stsci.edu/known-issues-with-jwst-data/miri-known-
issues /miri-Irs-known-issues. We speculate that the underestimated uncertain-
ties for the MIRI/LRS are caused by the pipeline not propagating uncertainty
terms related to the global background and influence of cosmic rays. We are
also concerned that the flat field for the MIRI/LRS is not well calibrated at
such extreme depths.


https://doi.org/10.3847/2041-8213/ae7446
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Figure 3. Zoomed-in views around the strongest rest-frame optical emission lines. From left to right, we show the final MIRI/LRS 1D spectrum centered around
[O IMAAN3727, 3729, HG + [O II]AN4959, 5007, and Hey, respectively. Top panels: the best-fit continua and line profiles are shown in red along with the measured
flux densities shown by the black lines and the flux uncertainties (1o) shown by the gray shaded regions. Blue, vertical lines once again indicate the locations for
some of the strongest emission lines. Bottom panels: the residuals of the best-fit models compared with the observations are shown by solid black lines and gray
shaded regions. We report the reduced chi-squared statistics to demonstrate the quality of our fits.

makes no assumptions about the underlying noise distribution.
For each of the 1000 bootstrap iterations, we randomly
selected exposures with replacement from the full set,
computed a mean spectrum using the x1d files from the
selected exposures (i.e., the so-called “subspectra”), and
constructed the ensemble of bootstrap realizations. The
covariance matrix was finally calculated using the full
distribution of these bootstrapped subspectra. The methodol-
ogy described here has already been used to analyze deep
JWST/NIRSpec observations from JADES (see also, e.g.,
K. N. Hainline et al. 2024; J. Witstok et al. 2025). After
calculating the full covariance and correlation matrices, we
found that the error extension of the final x1d file under-
estimates uncertainties by roughly 40%—45% without any
obvious wavelength dependence. To reach this conclusion, we
ignored wavelength bins more than five bins removed from
one another because the vast majority of correlations between
the widely separated bins are consistent with zero. In Figures 2
and 3, we inflate the errors to account for underestimated
uncertainties. Our result has broader applicability for other
work studying high-redshift galaxies using deep observations
with the MIRI/LRS, especially observing programs that have

fewer exposures and therefore cannot provide their own
empirical estimate of the uncertainties.

We were also concerned about the flux calibration of the
MIRI/LRS spectrum due to uncertain slit losses. While
JADES-GS-z14-0 is smaller than JWST/MIRI’s PSF, it is
still spatially extended. However, the pipeline performed
optimal extraction assuming that it was a point source, since
this is the only option for optimal extraction. To check the
global flux calibration and test the pipeline’s point source
assumption, we derived synthetic photometry in the MIRI/
F770W filter using the 1D spectrum presented in Figure 2 and
measured a flux density of frr7ow ~ 41.5n]y. We then
compared this synthetic photometry with the measured flux
density of fr77ow =~ 74.4 £+ 5.6 nlJy from J. M. Helton et al.
(2025), taking advantage of the ultradeep MIRI/F770W
imaging from that work, with an on-source integration
time of 7, ~ 23.8 hr. These two photometric measurements
do not agree with one another. However, we additionally
compared the average flux density at Ayps ~ 5.0—5.5 yum of
f =~ 458 £ S5.1nly using the 1D spectrum presented
in Figure 2 with the measured flux density using the
NIRCam/F444W filter of fraqqw ~ 46.9 + 0.6nJy from



THE ASTROPHYSICAL JOURNAL LETTERS, 1004:L30 (21pp), 2026 June 20

J. M. Helton et al. (2025). These two photometric measure-
ments agree with one another. Thus, we reach conflicting
conclusions when performing these two different tests, which
makes it difficult to determine if slit losses in the MIRI/LRS
spectrum presented in this work are substantial. Another
complication is that the synthetic photometry includes an
uncertain but nonnegligible contribution from a nearby
foreground galaxy at z = 3.475 with NIRCam ID 183349
(S. Carniani et al. 2024), while the measured flux density of
frrrow = 74.4 = 5.6 n]y from J. M. Helton et al. (2025) is for
JADES-GS-z14-0 alone (and fry70w ~ 46.3 *+ 4.6nly is
measured for NIRCam ID 183349). Compared with a
wavelength-independent boxcar extraction, it is more difficult
to determine the fraction of light from the neighboring
foreground galaxy when using a wavelength-dependent
optimal extraction. For a discussion of empirical constraints
on contamination in the emission lines, see the end of
Section 4.

4. Analysis of the Emission Lines

Figure 3 provides zoomed-in views around the strongest
rest-frame optical emission lines with the left, middle, and
right panels centered around [O TJAA3727, 3729, HG + [O111]
AM959, 5007, and Ha, respectively. In the upper panels of
Figure 3, the best-fit continua and line profiles are shown in
red along with the measured flux densities shown by the black
lines and the flux uncertainties (1o) shown by the gray shaded
regions. Blue, vertical lines indicate the locations for some of
the strongest optical emission lines. These best-fit models do
well at reproducing the observations, as demonstrated by the
residuals (i.e., X = [fobs — fmodell/0) shown in the lower
panels. The reduced chi-squared statistics are also provided in
the lower panels to demonstrate the quality of our fits since
these values are all close to one.

We measure fluxes, redshifts, and velocity dispersions for
the emission lines shown in Figure 3 by using
LMFIT (M. Newville et al. 2014) to perform nonlinear least-
squares minimization with the Levenberg—Marquardt algo-
rithm. The four spectral windows provided in Figure 3 are fit
separately across the full wavelength range shown in each
panel. For each window, we adopt a polynomial for the
continuum and a set of Gaussian profiles for the emission lines.
For the first of these panels, where the continuum is well
detected at >10 per wavelength bin, we assume a first-order
polynomial. For the other two panels, where the continuum is
not well detected, we instead assume a zeroth-order poly-
nomial. Each of the windows from Figure 3 has a different set
of redshifts and velocity dispersions due to uncertain
wavelength calibrations and wavelength-dependent resolving
powers for the MIRI/LRS (e.g., S. A. Beiler et al. 2023;
J. W. Xuan et al. 2024).

Two Gaussians are used to fit the [O M]AA3727, 3729
doublet, assuming the flux ratio of the doublet is equal to unity.
The precise details of the model do not matter for this fit, since
the doublet is completely unresolved; the interline separation
(R ~ 1000) is more than an order of magnitude smaller than
the instrumental line-spread function (LSF) at A,,s ~ 5.7 um
(e.g., S. Kendrew et al. 2016). Three Gaussians are used to fit
Hp and the [OTI]AAN4959, 5007 doublet, assuming the flux
ratio of the doublet is equal to 2.98. A single Gaussian is used
to fit Ha, assuming negligible contributions from the [N II]
AN6548, 6583 doublet since these lines are typically at least an
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Table 1
Measured Line Fluxes and Equivalent Widths for the Rest-frame Optical
Emission Lines of JADES-GS-z14-0

Line Flux Equivalent Width
Emission Line(s) (10" ergs cm [A, Rest-Frame]
[O JAN3727, 3729 02+ 1.8 0 £+ 20
Hg 53+ 1.6 >140(30)
[O 1] A\4959 7.7 +£ 0.5 >220(30)
[O mI]A5007 23.0 + 1.6 >650(30)
Ha 8.8+ 20 >350(30)

Note. The reported line fluxes have not been corrected for lensing
magnification (¢ = 1.17; S. Carniani et al. 2024). The equivalent widths
should be treated as lower limits since the continuum includes an uncertain
contribution from a nearby foreground galaxy. We assume the flux ratios of
the [O TJAA3727, 3729 and [O 1I]AN4959, 5007 doublets are equal to unity
and 2.98, respectively. Despite being lower limits, our spectroscopic
measurements of the equivalent widths are larger than those indirectly
inferred from the photometry (J. M. Helton et al. 2025).

order of magnitude weaker than Ho at z > 3 (e.g., A. J. Cameron
et al. 2023). A negligible contribution from [N II] is supported by
the nondetection of nitrogen lines in the rest-frame UV along
with the nondetection of other nearby low-ionization transitions,
such as [S 1I]. We should caution that it is difficult to provide
robust emission line measurements for the [O IJAA3727, 3729
doublet due to an uncertain local continuum.

Table 1 provides the rest-frame optical emission line fluxes and
equivalent widths, as measured in this work using the recently
acquired MIRI/LRS spectrum. We measure z = 14.201 + 0.007
and o = 1030 + 240km s ' by fitting H3 and the [O 1]
AM959, 5007 doublet, which are consistent with the previous
spectroscopic redshifts (see Table 2) and the expected instru-
mental resolution at Ay, &~ 7.5 pm (R = 100; S. Kendrew et al.
2016). The equivalent widths reported in Table 1 are quoted as 3¢
lower limits because the continuum is not well detected at
Aobs =, 6 pm. Furthermore, these equivalent widths should be
treated as lower limits since the measured continuum includes
an uncertain contribution from a neighboring foreground galaxy,
as briefly discussed at the end of Section 3. Despite being
reported as lower limits, our spectroscopic measurements of
the rest-frame equivalent widths (EWyg 0 iy > 1010 A, 30)
are still larger than similar values indirectly inferred from the
photometry (EWii5, jorm = 370775 A; J. M. Helton et al. 2025).
These are consistent with but smaller than values for similarly
luminous galaxies at z ~ 8 (e.g., R. Endsley et al. 2024).

Up to this point, we implicitly assumed that the emission
line fluxes are produced by JADES-GS-z14-0 alone. However,
JADES-GS-z14-0 is close in projection to a foreground galaxy
at a separation of roughly 0.4 arcsec to the east (with NIRCam
ID 183349 and a spectroscopic redshift of z = 3.475 from
emission lines; S. Carniani et al. 2024). Deblending the flux
from these two galaxies is challenging but essential for the
physical interpretation of our observations. Given the size of
MIRI/LRS’s slit (4.7 arcsec in length and 0.51 in width; see
also Figure 1), there will be significant contamination from
183349 in both the emission lines and continuum of JADES-
GS-z14-0. Unfortunately, this is not a minor concern since
183349 has rest-frame near-infrared lines that will directly
overlap some of JADES-GS-z14-0’s rest-frame optical lines.
For example, [Fe II] emission lines at rest-frame 1.257 ym and
1.644 pm will directly coincide with JADES-GS-z14-0’s [O 11]
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Table 2
Empirical and Inferred Physical Properties of JADES-GS-z14-0

Empirical Properties

R.A. [degrees (ICRS)] +53.08294
Decl. [degrees (ICRS)] —27.85563
Spectroscopic Redshift (zLyn)b 14.323(}%
14.178 £ 0.013

14.1796 + 0.0007

Spectroscopic Redshift (z¢ III])\)\1907,1909)b
Spectroscopic Redshift (zjo s jm)°

UV Luminosity (Myy)™” —20.81 £+ 0.16
UV Continuum Slope Buv)® —2.20 £ 0.07
UV Half-Light Radius (ryy/pc)” 260 + 20
UV Half-Light Radius (ryy/arcsec)” 0.079 + 0.006
Apparent Magnitude (mg277w/ mag)d 27.05 + 0.01
Apparent Magnitude (mgqaw/ mag)d 27.22 + 0.01
Apparent Magnitude (mg770w/ mag)’ 26.72 + 0.08

Inferred Properties from Standard Strong-Line Diagnostics (Section 5)

Diffuse Dust Attenuation (Ay/mag)® —-19+ 13
Star Formation Rate (SFR/[M,/yr])™* 84 £20
SFR Surface Density (ZSFR/[M@/yr/kpcz])“'e 19.8 £+ 4.8
Ionizing Photon Production Effi- 25.25 £ 0.12
ciency (log, [&;,,/ {Hz/erg}])*
Gas-Phase Oxygen Abundance ([O/H]/dex)® —1.20 £ 0.23
Carbon-to-Oxygen Ratio ([C/O]/dex)® —-0.37 £ 0.24
Ionization Parameter (log,,[U])* >—2.35(30 limit)
Electron Density (ne/(:m"z)e 690 4+ 200

Inferred Properties from Detailed Photoionization Modeling (Section 6)

Ionizing Photon Production Effi- 25.25f8j8§
ciency (log,o[&o,/ (Hz/erg}D)*

Gas-Phase Oxygen Abundance ([O/H]/dex)° —0.24703

Nitrogen-to-Oxygen Ratio ([N/O]/dex)* —0.28703

Carbon-to-Oxygen Ratio ([C/O]/dex)* +0.085382

Ionization Parameter (log;,[U1)° —1.35%03%

Electron Density (n,/ cm3)° 5401330

Inferred Properties from SED Fitting (J. M. Helton et al. 2025)

Stellar Mass (log,[Ms/M])™ 8.720:48

Stellar Metallicity (log,o[Zx/Z.])" —1.847080
Mass-Weighted Stellar Age (z,./Myr)* 1524281
Star Formation Rate (SFR;o/[M/ yr])* 25.173%
SFR Surface Density (Zsgrio/[Mo/yr/pe])™® 64114
Optical Equivalent Width (EW o s 115/A)° 37035
Diffuse Dust Attenuation (Ay/mag)’ 0.557-9%]
Other Inferred Properties
Neutral Hydrogen Column Density (log;[Nui/cm~2])° 22.23+9:98
Neutral Hydrogen Column Density (log;[N/cm~2]) 21.96+008
Dynamical Mass (log;o[Mayn/M:1)" 9.0+92
Dynamical Mass (log;o[Mayn/Mo1)™" 9.410%
Rotational Support (Ve /)" >2.5

Notes.

? This quantity has been corrected for a lensing magnification of y = 1.17
(S. Carniani et al. 2024).

P S. Carniani et al. (2024).

¢ S. Carniani et al. (2025).

4 J. M. Helton et al. (2025).

© This work.

£'1. Scholtz et al. (2025a).
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AA3727, 3729 and HJ lines, respectively. To provide an upper
limit on the strengths of 183349’s [Fe 1I] lines, we search for
the stronger Paschen lines in the combined MIRI/LRS
spectrum of JADES-GS-z14-0 and 183349. Models of star-
forming galaxies and AGN suggest that the Paschen
lines should always be stronger than the [Fe II] lines
(e.g., A. Calabro et al. 2023). For 183349, we expect to see
Pag at A\gps &~ 5.737 pm and Pacv at A\gps =~ 8.391 um. A gray,
vertical line indicates the location of Pac in the lower panel of
Figure 2. Since there is negative flux in the 1D spectrum at this
location, we find no evidence for Pac; this indicates that the
measured emission line fluxes are from JADES-GS-z14-0
alone, with a negligible contribution from the neighboring
foreground galaxy.

5. Inferring Physical Properties Using Standard
Strong-line Diagnostics

As already mentioned, the rest-frame optical emission lines
are highly diagnostic since they encode valuable information
about the incident ionizing spectrum, which also includes the
detailed properties of the stellar populations and interstellar
medium. In this section, we explore the physical properties of
JADES-GS-z14-0 as inferred from strong-line diagnostics that
primarily use the brightest rest-frame optical emission lines.
These include the diffuse dust attenuation (Section 5.1), recent
star formation rate (Section 5.2), ionizing photon production
efficiency (Section 5.3), gas-phase oxygen abundance
(Section 5.4), ionization parameter (Section 5.5), and electron
density (Section 5.6). The empirical and inferred properties of
JADES-GS-z14-0 are succinctly summarized in Table 2, with
many of the values coming from this work’s emission line
modeling.

To place the physical properties of JADES-GS-z14-0 in the
context of other star-forming galaxies at high redshifts, we
compare with galaxies from the JADES Data Release 4 (DR4;
E. Curtis-Lake et al. 2025; J. Scholtz et al. 2025b), which
includes the complete JWST/NIRSpec spectroscopy of
JADES. For this work, we use measurements from the five-
pixel extraction of the low-resolution NIRSpec/PRISM
spectrum. We select N ~ 1500 galaxies at z > 3 with
spectroscopic redshifts from at least one emission line
detection (z_Spec Flag= = A, B, or C). For galaxies with
multiple entries in the JADES DR4, we select the entry with
the longest exposure time. These galaxies are represented by
gray circles throughout the manuscript. We further select
N = 850 galaxies at z > 3 with high-quality redshifts from the
previous comparison sample by requiring H{3 to have
S/N > 4. These galaxies are represented by green squares
throughout. By requiring HG to be well detected, we are
effectively making a cut on the recent star formation rate.

We additionally compare with three galaxies at z > 10 from
the literature that have spectroscopic redshifts from at least one
emission line detection and previous MIRI/Spectroscopy. In
order of decreasing redshift, these three galaxies include
GHZ2/GLASSz12 at z = 12.34 (M. Castellano et al. 2024;
J. A. Zavala et/al. 2025), GN-z11 at z = 10.60 (A. J. Bunker
et al. 2023; J. Alvarez-Madrquez et al. 2025), and MACS0647-
JD1 at z = 10.17 (T. Y.-Y. Hsiao et al. 2024a, 2024b). Similar
to the observations of JADES-GS-z14-0 presented in this
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work, the previous observations of MIRI/Spectroscopy have
targeted some of the brightest rest-frame optical nebular
emission lines. For self-consistency, we rederive physical
properties for each of the galaxies in the comparison samples
using the same methodology as used for JADES-GS-z14-0.

5.1. Diffuse Dust Attenuation

Existing predictions for the diffuse dust attenuation
(Ay ~ 0.2—0.6 mag; S. Carniani et al. 2024, 2025; J. M. Helton
et al. 2025) suggest that the measured line fluxes should be
unaffected by dust, at least within the quoted uncertainties.
We can directly check this with the Balmer decrement
(i.e., Ha/HP) since any deviation from its intrinsic value can
be attributed to dust attenuation. An intrinsic value of 2.86 is
appropriate for gas with an electron density of ny = 10%cm™>
and an electron temperature of 7, = 10*K when assuming
Case B recombination. The assumed density is consistent with
the upper limit from the inferred [O JA5007/[O NI]A88 pm
ratio (ny; < 700 cm ), which was estimated using single-zone
photoionization models (S. Carniani et al. 2025); see also the
discussion of densities in Sections 5.6 and 6. However, we note
that the Balmer decrement is largely insensitive to density and
only marginally sensitive to temperature. We measure
Ha/HB = 1.7 £ 0.6, which is smaller than the intrinsic value
predicted by Case B recombination and thus consistent with no
measurable dust attenuation in JADES-GS-z14-0, so we assume
Ay = 0 for the remainder of this manuscript. Our simplifying
assumption is the same one used to study the other galaxies
at z > 10 with previous spectroscopy from JWST/MIRI
(e.g., J. A. Zavala et al. 2025). However, we note that
if we assume the attenuation curve from D. Calzetti et al.
(2000) and then use our measured Balmer decrement to
infer the V-band dust attenuation, we measure a value of
Ay =~ —1.9 £ 1.3 mag.

Although HB is only marginally detected (=30),
our measurement of the Balmer decrement indicates a
relatively low dust content in the interstellar medium of
JADES-GS-z14-0 when compared to similarly massive
galaxies (M, =~ 108 — 109M®) at lower redshifts (z =~ 6).
S. Carniani et al. (2024) discuss the low dust content of
JADES-GS-z14-0 in great detail, and they find that the
observed dust attenuation can possibly be explained by three
different scenarios: (#1) large amounts of dust are distributed
on large scales due to galactic outflows, (#2) dust composi-
tions are different from at lower redshifts, and/or (#3) the
destruction rate of dust grains from supernova shock waves is
higher than expected.

R. Schneider & R. Maiolino (2024) reviewed the formation
and evolution of dust in the early Universe while focusing on
the different sources of dust grains. They argue that dust grains
produced by core-collapse supernovae represent the most
likely formation pathway for dust in the first billion years of
cosmic time (z > 5; see also, e.g., J. McKinney et al. 2025).
Their argument revolves around the fact that other formation
channels for dust grains that are dominant in lower-redshift
galaxies, including asymptotic giant branch (AGB) stars and
ambient grain growth in the cold interstellar medium, have
timescales that are comparable to or greater than the age of the
Universe for galaxies at z > 5. However, ambient grain
growth may still be needed to explain the large observed dust
masses in galaxies at z ~ 6 (D. Narayanan et al. 2026). Core-
collapse supernovae produce fewer small grains than other
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formation channels, since only larger grains are capable of
surviving the reverse shock of supernovae in order to reach the
interstellar medium. This implies that attenuation curves
should flatten at high redshifts with only a weak dependence
on wavelength, which has important implications for the
inferred properties of distant galaxies. For example, with
flattened attenuation curves, galaxies can have considerable
dust attenuation (Ay ~ | mag) without leading to unphysical
rest-frame UV colors and stellar masses. Thus, flat attenuation
curves would reduce our ability to constrain the dust content of
galaxies in the early Universe.

5.2. Recent Star Formation Rate

A galaxy’s star formation rate reflects the complex balance
between gas supply (through the interplay of gas inflows and
outflows) and the efficiency of this gas turning into stars
(through the star formation efficiency, or SFE). Observation-
ally, star formation rates can be inferred using multiple semi-
independent tracers, each with distinct advantages and
limitations. The rest-frame UV continuum is sensitive to the
emission from hot, massive, short-lived stars (i.e., O and B
stars) and thus probes star formation on timescales of
t < 100Myr. On the other hand, the rest-frame optical
emission lines, such as the Balmer hydrogen line Ha, are
sensitive to ionizing radiation from the youngest stellar
populations (O stars) and thus probe star formation on shorter
timescales of ¢ < 10 Myr. Importantly, optical emission is less
affected by dust attenuation than UV emission. Additionally,
comparing star formation rates that probe different timescales,
such as those inferred from the UV continuum emission and
the optical emission lines, can provide an important constraint
on the burstiness of the recent star formation history (SFH).

R. C. Kennicutt (1998) proposed the classical calibration to
convert Ho line luminosities into star formation rates, as
demonstrated by Equation 1, assuming solar metallicity and a
constant SFH over the previous 100 Myr based on the typical
conditions of galaxies in the local Universe (for a review, see
R. C. Kennicutt & N. J. Evans 2012). However, distant star-
forming galaxies are known to experience lower metallicities
and burstier SFHs than their local counterparts, indicating that
the classical calibration should evolve with redshift (e.g.,
A. E. Shapley et al. 2023). R. L. Theios et al. (2019) derive
updated calibrations for this relation at high redshifts, finding
Cyo = —41.35 for a Kroupa-type initial mass function (IMF)
and solar metallicity, along with Cy, = —41.64 for subsolar
metallicity. The updated calibrations include binarity in the stellar
populations and implicitly assume an escape fraction of zero.

SFR Lia
IOglo(iM _1) = IOglo( - _1) + Gua ey
o yr erg s

Finally, I. G. Kramarenko et al. (2026) derive another set of
updated calibrations for this relation, as demonstrated by
Equation 2, finding values between the two quoted by
R. L. Theios et al. (2019). I. G. Kramarenko et al. (2026)
include a secondary dependence on the Ha line luminosities
since low-mass, low-metallicity galaxies are more efficient at
producing Ha photons per unit star formation rate when
compared to their higher-mass, higher-metallicity counter-
parts. They derive their updated calibrations using the
SPHINX cosmological simulations to select a sample of star-
forming galaxies that are representative of the Ha-emitting
population observed with JWST. However, at the highest
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Figure 4. Ho line luminosity versus absolute UV magnitude. Left panel: these measurements are shown for a few different samples of high-redshift star-forming
galaxies at z > 3. These include N ~ 1500 galaxies at z > 3 from the JADES DR4, represented by the gray circles, and N = 850 of those same galaxies with H3
well-detected at >4, represented by the green squares (E. Curtis-Lake et al. 2025; J. Scholtz et al. 2025b). For galaxies at z 2> 6 in the JADES DR4, Ho has shifted
beyond JWST/NIRSpec’s wavelength coverage, so we use the H line luminosities instead and assume zero dust attenuation, consistent with Case B recombination.
Three galaxies at z > 10 from the literature with previous MIRI/Spectroscopy are illustrated by the purple diamonds. These include, in order of decreasing
brightness, GN-z11 at z = 10.60 (A. J. Bunker et al. 2023; J. Alvarez—Mérquez et al. 2025), GHZ2/GLASSz12 at z = 12.34 (M. Castellano et al. 2024; J. A. Zavala
et al. 2025), and MACS0647-JD1 at z = 10.17 (T. Y.-Y. Hsiao et al. 2024a, 2024b). Our measurements for JADES-GS-z14-0 at z = 14.18 are depicted by the blue
star and represent the most distant detection of Hov. As a point of comparison, we provide brown lines to show the relation between Ly, and Myy as parametrized by
the ionizing photon production efficiency. Right panel: histograms showing the distributions of He line luminosities, which are used as a proxy for the recent star
formation rate. Solid lines represent measurements for galaxies at z > 10 while gray dashed and dotted lines represent medians and 68% confidence intervals for the
samples of galaxies at z > 3 from JADES DR4. JADES-GS-z14-0 is among the most actively star-forming galaxies at z > 3 with spectroscopic confirmation.

redshifts (i.e., z > 10), it is unclear if these calibrations are SFR = 84 + 2.0M. yr ' from Equation 2. We further
applicable since the ionizing photon outputs of low-metallicity estimate Ygpg = 19.8 + 4.8M, yr ' kpc ™ using the measured
stars with early Universe abundance patterns are poorly half-light radius (ryvy; see also Table 2) from S. Carniani et al.

understood. We should also note that the choice of IMF slope (2024) and Equation 3.
and stellar population synthesis model results in a cumulative

systematic error of ~0.2—0.3dex (I. G. Kramarenko et al. S = SFR 3)
2026). Varying the high-mass cutoff for the IMF results in an 27 (ryv )?
even larger systematic error. Despite these caveats, our work
represents one of the first attempts at exploring the applic- In Figure 4, we compare Ha luminosities with rest-frame
ability of classical calibrations for measuring star formation UV magnitudes for various samples of star-forming galaxies at
rates at the redshift frontier. z > 3. JADES-GS-z14-0 is among the most actively star-
forming galaxies at z > 3 with spectroscopic confirmation.
lo SFR | lo Ly, _ 4145 Despite being spatially extended and among the largest
€10 M. yr! Y erg 5! ) galaxies observed at z > 10, our measurements confirm that

JADES-GS-z14-0 has a star formation rate surface density that

[ ( Lya ) 4 90] @) is comparable to some of the most vigorous starbursts
1 ’ observed in the local Universe (e.g., R. C. Kennicutt &

M. A. C. De Los Reyes 2021). This is an important result to

For JADES-GS-z14-0, we measure an Ha luminosity of consider because, at such extreme surface densities, it is
Lijo = 223 + 0.50 x 10*?erg s' from the measured Ha line predicted that the escape fraction of ionizing photons should
flux after accounting for the luminosity distance at z = 14.18 be nonzero and possibly approaching order unity (e.g.,
and the lensing magnification of y = 1.17 (S. Carniani et al. M. Sharma et al. 2016; Y. L. Izotov et al. 2018). A nonzero
2024). We then wuse this measurement to infer an escape fraction would imply that the star formation rates

10
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derived from emission lines in this work are underestimates of
the true values. The escape fraction is discussed in a bit more
detail in Section 5.3. We will also discuss the escape fraction
as inferred from spectral energy distribution (SED) fitting in a
forthcoming manuscript from the JADES collaboration
(J. M. Helton et al. 2026, in preparation).

Our measurements of the recent star formation rate and star
formation rate surface density are significantly smaller than
similar values inferred from SED fitting that did not include
the newly acquired MIRI/LRS data (S. Carniani et al.
2024, 2025; J. M. Helton et al. 2025). These previous works
estimated SFR;, ~ 15—30M_, yr ' by averaging the inferred
SFH over the most recent 10 Myr of lookback time. We
speculate that this discrepancy is caused by JADES-GS-z14-0
experiencing a lull (or decline) in the most recent few million
years of the SFH, thereby affecting the shorter timescale
emission lines more than the longer timescale UV continuum
emission. This explanation is consistent with the SFH inferred
by S. Carniani et al. (2025). We return to this idea of a lulling
(or declining) SFH for JADES-GS-z14-0 in Section 7.

5.3. lonizing Photon Production Efficiency

Immediately after the formation of the first stars and
galaxies, Lyman continuum photons with A < 912 A started
ionizing the neutral hydrogen that permeated the intergalactic
medium (IGM). Equation 4 shows that the number of ionizing
photons available to reionize the neutral IGM per unit time and
comoving volume (#;,,) is dependent on the abundance of
galaxies per unit comoving volume (pyy), the ionizing photon
production efficiency (&on), and the ionizing photon escape
fraction (fis.). Assuming canonical values for the ionizing
photon production efficiency, relatively large average escape
fractions (fosc &~ 10%—20%) are necessary for galaxies to be
the dominant source of reionization (e.g., M. Ouchi et al. 2009;
B. E. Robertson et al. 2013, 2015; S. L. Finkelstein et al. 2019;
R. P. Naidu et al. 2020). Both standard models of reionization
and observations of %alaxies at 7 < 4 suggest canonical values
of &on =~ 10251723 Hz erg71 (e.g., P. Madau et al. 1999;
R. J. Bouwens et al. 2016).

Hion = Puv gionfesc 4)

As described in Equation 5, it is possible to indirectly infer
the number of ionizing photons from the hydrogen recombina-
tion lines, since those lines are produced after photoionization
has occurred. We should note that this is modulo the fraction of
ionizing photons absorbed by dust, which can be nonnegligible
for high ionization parameters (e.g., J. S. Mathis 1986).
Ly, rePresents the dust-corrected luminosity of Ha in units of
ergs  while Lyy represents the dust-corrected monochromatic
luminosity of the uv in units of erg st Hzfl, as measured at
rest-frame 1500 A. The adopted calibration is provided by
D. E. Osterbrock & G. J. Ferland (2006), assuming a
temperature of 7, = 10K and a density of ny = 100 cm .
This calibration does not account for further complications such
as the burstiness of the SFH, IMF, metallicity, and the way in
which individual stars evolve (e.g., binarity).

fion _ Liua(7.28 x_10')
Lyv(1 — fiio)

It is well established that the ionizing photon production
efficiency increases with redshift (e.g., R. J. Bouwens et al.
2016; J. Matthee et al. 2017). The observed redshift evolution

fion -

&)

Lyy
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in the ionizing photon production efficiency is likely physical
in origin (rather than an observational bias) and possibly
caused by the increasing prevalence of low-mass galaxies with
bursty SFHs at high redshifts (e.g., C. Simmonds et al. 2024a;
C. Simmonds et al. 2024b). This result is illustrated by
Figure 5, where we compare ionizing photon production
efficiencies with both spectroscopic redshifts and absolute UV
magnitudes. The lower envelope of green and gray points,
representing galaxies at z > 3 from JADES DR4, demonstrates
the redshift evolution; the upper envelope demonstrates the
increasing importance of dust at lower redshifts. For JADES-
GS-214-0, we infer &y = 102212 Hz erg ™! by assuming
an escape fraction of zero and zero dust attenuation, since we
measure a Balmer decrement consistent with Case B recombi-
nation (see Section 5.1). Any dust effects would decrease our
estimates of the ionizing photon production efficiency, since
the rest-frame UV emission should be more attenuated by dust
than the rest-frame optical emission, assuming standard
attenuation laws.

On the other hand, nonzero escape fractions would increase
our estimates of the ionizing photon production efficiency (see
Equation 5). S. Carniani et al. (2025) indirectly infer
Jese = 4%—20% for JADES-GS-z14-0 from SED fitting of
the available JWST and ALMA observations, but not
including the newly acquired MIRI/LRS data. A nonzero
escape fraction was needed to explain the relative weakness of
the C MIJAA1907, 1909 equivalent width when compared to the
strength of [OTI]A88 um. An alternative estimate of the
escape fraction relies on converting the measured rest-frame
UV continuum slope (Gyy) into an escape fraction by adopting
the relation from J. Chisholm et al. (2022). Using their
relation, we indirectly infer fisc ~ 2%—20% for JADES-GS-
z14-0. We should caution the reader that the relation from
J. Chisholm et al. (2022) was calibrated with local (z ~ 0)
Lyman continuum leaking galaxies and thus their applicability
at z > 10 is not well understood.

fue = (1.3 £ 0.6) x 1074 Fuv(12£0.D 6)

If real, the origin of a nonzero escape fraction could be
strong galactic outflows that expel gas and dust from the
interstellar medium of JADES-GS-z14-0, which has been
suggested by A. Ferrara et al. (2025) in their “attenuation-free
models” to possibly explain the surprising abundance of
luminous galaxies observed at high redshifts. Their argument
is that supernova-driven winds could evacuate a pathway out
of the galaxy, allowing ionizing photons to escape. The
damped Lya absorption inferred for JADES-GS-z14-0 (see
Table 2; S. Carniani et al. 2024, 2025), which is required to
explain the redshifted and smoothed Ly« break relative to the
emission lines, could be related to a potential galactic outflow.

5.4. Gas-phase Oxygen Abundance

The chemical properties of galaxies provide powerful
constraints on models of galaxy formation and evolution. For
example, the abundance of heavy elements (i.e., the metalli-
city) in the interstellar medium provides crucial information
about a galaxy’s integrated SFH along with the interplay of
outflowing metals and inflowing pristine gas. Furthermore,
each heavy element has a different formation pathway with a
characteristic timescale and, thus, their relative abundances
probe the history of stellar mass assembly and star formation
of a galaxy. JWST has revealed a complex picture of chemical
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Figure 5. Ionizing photon production efficiency versus both spectroscopic redshift and absolute UV magnitude. Left panel: we show the same three samples of star-
forming galaxies at z > 3 from Figure 4 using a consistent plotting scheme. For comparison, the canonical values that have been predicted and observed in galaxies at
z < 4 are shown by the gray shaded region (e.g., P. Madau et al. 1999; R. J. Bouwens et al. 2016) while the approximate stellar population maximum is shown by the
black line (e.g., D. Schaerer et al. 2025). Among the four galaxies at z > 10 with these measurements, there are three that are similarly efficient at producing ionizing
photons and include JADES-GS-z14-0, GHZ2/GLASSz12, and GN-z11. No dust corrections have been applied to these galaxies. The observed redshift evolution in
the lower envelope of green points is caused by observational limitations and burstier SFHs at high redshifts, while the evolution in the upper envelope is caused by
smaller dust reservoirs at high redshifts. Right panel: the faintest galaxies are observed as the most efficient producers of ionizing photons.

abundance patterns in galaxies at the redshift frontier,
including the discovery of galaxies with diverse, nonsolar
abundance patterns. Currently, it is unclear what exactly is
causing the diversity in these nonsolar abundance patterns,
although proposed explanations have included enrichment
from Population III stars and protoglobular cluster formation
in which runaway stellar collisions could produce remarkable
objects, such as supermassive stars.

A standard way to infer gas-phase oxygen abundances is
using the flux ratios of rest-frame optical emission lines (e.g., for
a review, see R. Maiolino & F. Mannucci 2019), such as the
commonly used R3 and R,; indices. R; is defined as the flux
ratio [OIIJA5007/HB while R,; is defined as {[O1I]
AN3727, 3729 + [OmI]ANM959, 5007} /HB. The standard
strong-line diagnostics O, (see also Section 5.5) versus Rz and
R3 are illustrated in Figure 6. This figure also shows brown
vertical lines of constant metallicity and brown horizontal lines
of constant ionization parameter. We use Equation (7) to
determine metallicities, where Z refers to the inferred gas-phase
oxygen abundance 12 + log,,(O/H) — 8.69, C; are coefficients
for the adopted metallicity calibration from Appendix B of
M. Curti et al. (2024), and R is the relevant flux ratio.

logo(R) = Z GZ',
i=0

)

Using the R3 and R,3 indices, we derive a gas-phase oxygen
abundance of log;,(O/H) = —1.2 & 0.2 for JADES-GS-z14-0

12

(which corresponds to ~=6%Z., with a 1o confidence interval
of ~4%—10%Z).

There is a well-known, double-valued degeneracy between
the gas-phase oxygen abundance and our adopted strong-line
diagnostics (R3 and R,3). The turnover in the relation between
abundance and emission line ratios occurs at ~25%Z.,, where
lower values correspond to lower stellar masses and higher
values correspond to higher stellar masses. In order to convert
the measured line ratios into oxygen abundances, we assume
the lower values to break the double-valued degeneracy. This
is one of many limitations in using standard strong-line
diagnostics to infer physical properties for the most distant
galaxies. In Section 7, we additionally infer the gas-phase
oxygen abundance using detailed photoionization modeling
and find much larger values (=60%Z,). This is consistent with
results from strong-line diagnostics if we were to instead
assume the higher values to break the double-valued
degeneracy in R; and R»;.

Following the methodology from T. Y.-Y. Hsiao et al.
(2025), we further infer the carbon-to-oxygen ratio C/O using
the C TIIJAA1907, 1909 flux from S. Carniani et al. (2024). To
accomplish this, we calculate the doubly ionized carbon-to-
oxygen ratio C* /O™ and then correct for unobserved ionic
species using an ionization correction factor from D. A. Berg
et al. (2019). Assuming a gas-phase metallicity of 10%Z.,, we
use the 30 lower limit on the ionization parameter from
Section 5.5 to determine an ionization correction factor of
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Figure 6. Standard strong-line diagnostics with O3, versus R3 and R,3. Both panels: these emission line diagnostics are commonly used to infer gas-phase metallicity
with R3 and R,3 and ionization parameter with O3,. We show the same three samples of star-forming galaxies at z > 3 from Figure 4. We also show brown vertical
lines of constant metallicity and brown horizontal lines of constant ionization parameter. No dust corrections have been applied to any of these galaxies. We find that
JADES-GS-z14-0 and the other three galaxies at z > 10 are characterized by extreme ionization conditions and relatively high metallicities, indicating rapid metal
enrichment. Simulations struggle to reproduce these results (see the discussion in Section 7).

ICF > 0.98 (since [O M]AA3727, 3729 is undetected). We
assume that C IIJAA1907, 1909 and [O II]AA4959, 5007 arise
from nebular gas with the same electron temperature and
density. Using these assumptions, the inferred ionization
correction factor, and the getlonAbundance function from
the PyNeb package (V. Luridiana et al. 2015), we determine a
carbon-to-oxygen ratio of log,(C/0O) = —0.37 £ 0.24 for
JADES-GS-z14-0. The inferred abundance pattern is largely
insensitive to the assumed density. However, the inferred
carbon-to-oxygen ratios are ~3—5 x smaller if we assume a
temperature of 1.5 x 10*K instead of 10* K. Figure 7 shows
the carbon-to-oxygen ratio versus gas-phase oxygen abun-
dance for JADES-GS-z14-0 alongside some other high-
redshift galaxies that have coverage of C IIJAA1907, 1909
and [O ] AA4959, 5007. For simplicity and self-consistency,
no dust corrections have been applied to any of the galaxies in
Figure 7. The inferred chemical abundance pattern for JADES-
GS-z14-0 is consistent with the predicted yields from core-
collapse supernovae for a young, low-metallicity galaxy.

5.5. Ionization Parameter

The vast majority of the commonly observed emission lines
arise from ionized atoms, either through recombination
emission, such as those from the Balmer hydrogen lines
(e.g., Ha), or collisionally excited emission, such as those
from the ionized oxygen lines (e.g., [O III]). The absolute and
relative strengths of these lines are sensitive to the intrinsic
ionizing spectrum and the dominant gas cooling mechanisms

13

(i.e., radiative cooling from ionized metallic emission lines).
Thus, the ionization state of gas permeating the interstellar
medium is a crucial property to understand about distant
galaxies. The ionization state of nebular gas is commonly
parametrized by the dimensionless ionization parameter (U),
which is defined as the ratio between the number density of
incident hydrogen-ionizing photons (g) and the number density
of hydrogen (ny), divided by the speed of light.

It has been shown that the ionization parameter evolves with
respect to galaxy properties and redshift (e.g., R. L. Sanders
et al. 2016; A. L. Strom et al. 2017, 2018). For example, the
ionization parameter tends to increase with decreasing stellar
mass and gas-phase metallicity along with increasing redshift.
The physical explanation for the redshift evolution at fixed
stellar mass 1is that high-redshift galaxies have lower
metallicities and higher specific star formation rates than their
lower redshift counterparts, which together increase the
number of incident hydrogen-ionizing photons. So far, JWST
observations have confirmed this redshift evolution into the
redshift frontier, finding galaxies with extreme ionization
conditions described by ionization parameters that are more
than an order of magnitude larger than those of typical star-
forming galaxies at lower redshifts (e.g., A. J. Bunker et al.
2023; A. Calabro et al. 2024; R. P. Naidu et al. 2026).

log;((U) = 0.79 x log;,(03,) — 2.95 ®)

As described in Equation 8, the standard way to infer the
ionization parameter is using the Os, index (e.g., for a review,
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Figure 7. Carbon-to-oxygen ratio versus gas-phase oxygen abundance. The
inferred chemical abundance patterns for JADES-GS-z14-0 are compared with
the same three samples of star-forming galaxies at z > 3 from Figure 4. There
are two measurements provided for JADES-GS-z14-0; one at low-metallicity
from standard strong-line diagnostics (Section 5.4) and the other at high-
metallicity from detailed photoionization modeling (Section 6). No dust
corrections have been applied to any of these galaxies. With the strong-line
diagnostics, the inferred abundance patterns are highly sensitive to the
assumed electron temperature. We also compare with the predicted yields
from core-collapse supernovae (N. Tominaga et al. 2007) as illustrated by the
gray shaded region and those from galactic chemical evolution models
(C. Kobayashi et al. 2020) as illustrated by the solid black line. The inferred
chemical abundance pattern for JADES-GS-z14-0 is consistent with predicted
yields from core-collapse supernovae for a young, low-metallicity galaxy.

see L. J. Kewley et al. 2019). O3, is defined as the flux ratio
[0 1I]AN4959, 5007/[0 1]AN3727, 3729. This equation
presents the calibration from A. L. Strom et al. (2018) using
a sample of N = 150 star-forming galaxies at z ~ 2—3. A more
recent calibration from C. Papovich et al. (2022), which used a
sample of star-forming galaxies at z ~ 1—2, agrees with our
adopted calibration. Since [O MMJAA3727, 3729 is not well
detected, we derive a 30 lower limit of log,,(U) 2 —2.4 for
JADES-GS-z14-0.

5.6. Electron Density

Many of the aforementioned physical properties have
higher-order dependencies on the electron density. At high
densities, recombination rates increase and collisional de-
excitation begins, at least for certain emission lines with
sufficiently low critical densities. For example, the electron
density is partially responsible for determining the slope of the
mass—metallicity relation and, at high densities, O3, begins to
trace density more than ionization parameter due to collisional
de-excitation of the [O 1]JAA3727, 3729 doublet (e.g.,
N. Choustikov et al. 2025).

The physical picture of distant galaxies is further
complicated by the multiphased structure of the interstellar
medium, in which different diagnostics of the electron
density suggest entirely different densities. For example, at
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high redshifts, rest-frame UV tracers for the electron density
such as C MIJAA1907, 1909 typically imply higher densities
than optical tracers such as [O I]JAA3727, 3729 or [S II]
AN6717, 6731, which typically imply higher densities than far-
infrared tracers such as [O IIIJAA52, 88 yum (e.g., Y. Harikane
et al. 2025a). Furthermore, prior work shows that electron
density tends to increase with redshift due to smaller physical
sizes and thus larger surface densities (e.g., Y. Isobe et al.
2023; M. W. Topping et al. 2025).

For JADES-GS-z14-0, we only have access to one tracer for
the electron density due to the low spectral resolution of the
available data at rest-frame UV and optical wavelengths. The
one diagnostic available to us is the flux ratio of [O II]A5007
and [O II]\88 pum. To first order, this ratio is sensitive to the
electron density, with a secondary dependence on the electron
temperature due to significantly different energy levels for the
two relevant atomic transitions. There is no dependence on
metallicity nor ionization parameter since these two emission
lines originate from the same ionic species.

We determine predictions for the relevant emission line ratio of
[O 1] using the getEmissivity function from the PyNeb package
(V. Luridiana et al. 2015). By assuming an electron temperature
of T, = 10* K, we first derive a density of nyy = 690 £ 200 cm
for JADES-GS-z14-0. If we instead assume a temperature of
T, = 1.5 x 10*K, we instead derive niz = 150 & 110cm ™.
Additionally, we explore the predicted [O III] ratio across a wide
range of electron density (log[nu/ cm 3] =0 — 10) and
temperature (log,,[7./K] = 3.7 — 4.5), finding larger (smaller)
densities at smaller (larger) temperatures. The adopted parameter
ranges are identical to those presented in J. A. Zavala et al. (2025)
for GHZ2/GLASS-z12.

6. Inferring Physical Properties Using Detailed
Photoionization Modeling

In Section 5, we explored the physical properties of JADES-
GS-z14-0 as inferred from strong-line diagnostics using the
brightest rest-frame optical emission lines. This methodology
has been used extensively in the literature for all types of
galaxies across nearly the full range of cosmic history (for a
review, see L. J. Kewley et al. 2019). However, the method of
strong-line diagnostics relies on assumptions about unknown
physical properties of individual galaxies. For example, by
inferring gas-phase metallicities using the Rz, R,3, or R
indices, we implicitly assume that differences in line ratios
correspond to differences in an individual physical property—
in this case, gas-phase oxygen abundance. But it is well known
that these line ratios are also dependent on many other
properties of the interstellar medium, including the excitation
and ionization states of the nebular gas. One result of this
implicit assumption is that the quoted uncertainties using
strong-line diagnostics do not fully encapsulate the uncertain-
ties from the unknown nebular properties of individual
galaxies. Thus, the quoted uncertainties for the physical
properties inferred in Section 5 are likely underestimates of the
true values.

To address these issues, we utilize Cue (Y. Li et al.
2024, 2025) in order to infer the same physical properties
from Section 5, but this time fully accounting for the
covariance between each of the inferred properties by
constraining all of these properties simultaneously. Cue is a
fast and flexible neural network emulator trained on the
Cloudy photoionization modeling code (G. J. Ferland et al. 1998;
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Figure 8. Constraints on physical properties using photoionization modeling. We utilize Cue (Y. Li et al. 2024, 2025) to simultaneously infer various physical
properties for JADES-GS-z14-0 by modeling observations of nebular emission lines. Lower left: the joint posterior distributions are shown for ionizing photon
production efficiency, gas-phase oxygen abundance, carbon-to-oxygen ratio, nitrogen-to-oxygen ratio, ionization parameter, and electron density. The contours in the
off-diagonal panels represent the 68%, 95%, and 99% confidence intervals of the modeling. The dashed and dotted lines in the diagonal panels represent the medians
and 68% confidence intervals. The black solid lines represent the properties inferred using the standard strong-line diagnostics described in Section 5. Upper right:
the predicted line luminosities are compared with observed quantities, demonstrating consistency between the model predictions and observations. All panels: the
source of the intrinsic ionizing spectrum (&,,) along with the state of the interstellar medium (U and ny) are well constrained by existing spectroscopic observations
while the chemical abundance patterns (N/O and C/O) are poorly constrained by the data. The results from our emission line modeling demonstrate extreme

ionization conditions and relatively high metallicities within JADES-GS-z14-0.

M. Chatzikos et al. 2023). Importantly, unlike traditional
modeling of nebular emission lines, Cue does not require a
specific ionizing spectrum as input; rather, it approximates the
intrinsic ionizing spectrum with a four-part piecewise power
law. This parameterization of the ionizing spectrum is agnostic
about the source of the ionizing photons. Thus, Cue is capable
of modeling ionizing sources from stellar populations,

accreting supermassive black holes, and, perhaps most
intriguingly, efficient and/or hard ionizing sources that are
outside of our known modeling space. Cue has already been
used to infer the properties of the most distant galaxy currently
known, MoM-z14 at z = 14.44 (R. P. Naidu et al. 2026).
Figure 8 provides constraints on the joint posterior
distributions for some of the most important physical
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properties inferred using the strong-line diagnostics described
in Section 5. In the lower left, from left to right, these
properties include the ionizing photon production efficiency
(&on)> gas-phase oxygen abundance ([O/H]), carbon-to-oxy-
gen ratio ([C/O]), nitrogen-to-oxygen ratio ([N/QO]), ioniz-
ation parameter (U), and electron density (ny). The dashed
lines represent the medians of the Cue predictions while the
dotted lines represent the 68% confidence intervals. In the
upper right, we show the comparison between the observed
and predicted fluxes for each of the nebular emission lines that
were used as input into Cue. Note that we only have upper
limits for some of the provided emission lines and we include
these limits because they are still informative. The Cue
models do well at reproducing the observations, as demon-
strated by the reduced chi-squared statistic, which is less than
one. This figure highlights constraints for each of the inferred
physical properties, but also degeneracies between some of
these properties. Most notably, there is a degeneracy between
the gas-phase oxygen abundance and electron density, in
which we infer smaller metallicities for smaller densities and
higher metallicities for higher densities. We should also note
that the nitrogen-to-oxygen ratio is almost entirely uncon-
strained since none of the nitrogen lines are detected, although
the upper limit on the N TI[JAA1747 —1754 quintuplet provides
a small, nonzero constraint on this value.

To quickly summarize these results from the detailed
photoionization modeling using Cue, we generally find
consistency between the physical properties inferred using
this method and those same properties inferred using the
standard strong-line diagnostics described in Section 5.
The most notable difference between these methods is in the
inferred gas-phase oxygen abundance, for which we derive
~6%Z., when using the standard strong-line diagnostics, but
~60%Z., when using Cue’s detailed photoionization model-
ing. Another notable difference is in the inferred uncertainties,
which are 2—5 X larger when using Cue’s photoionization
modeling that properly accounts for the covariances between
each of the inferred properties. Cue predicts that [O 1]
A52 ym should be one of the brightest emission lines for
JADES-GS-z14-0, roughly 2—3 X stronger than [O1I]
A88 pum. It is important to note that the relative strength of
[OMIJAS2 um and [O NIJA88 um is highly sensitive to the
electron density. Since there is a degeneracy between the gas-
phase oxygen abundance and electron density, we would
recommend obtaining observations of [OIIJAS2 um for
JADES-GS-z14-0 to improve constraints on these degenerate
physical properties. However, [O IIJA52 um for JADES-GS-
z14-0 directly coincides with an atmospheric absorption
feature and is thus unobservable with ground-based
observatories.

We performed one more iteration of photoionization
modeling using Cue, but this time without fitting the rest-
frame optical emission lines in order to explore the impact of
including those lines. This informs us about the amount of
information that we gained after acquiring the ultradeep, low-
resolution, mid-infrared spectroscopy of JADES-GS-z14-0
presented in this work. The most notable difference is in the
predicted ionizing photon production efficiency, for which we
infer values of log,(&,,,/[Hz erg~']) = 25.25700% with the full

dataset and log,((,,,/[Hz erg~']) = 25.23704} without fitting
the rest-frame optical emission lines. Similarly, the other
notable difference is in the electron density, for which we infer
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values of log,,(ng/[cm~3]) = 2.73703 with the full dataset

and log,(nu/[cm3]) = 2277082 without fitting the rest-
frame optical emission lines. The remainder of the inferred
properties and their associated uncertainties are identical
between the two iterations of Cue’s photoionization modeling.
Thus, the ultradeep mid-infrared spectroscopy that we
acquired resulted in ionizing photon production efficiencies
and electron densities that are 2—3 X better constrained,
highlighting the importance of obtaining mid-infrared obser-
vations for understanding galaxies at the redshift frontier.

7. Results, Interpretation, and Discussion

7.1. Trying to Explain the Surprising Abundance of Luminous
Galaxies in the Early Universe

Despite remarkable progress with identifying and under-
standing galaxies in the early Universe, JWST has revealed a
profound puzzle—galaxies at the redshift frontier are drama-
tically more numerous and luminous than predicted by many
theoretical models produced prior to the launch of JWST.
Several competing, and possibly complementary, hypotheses
have emerged in the last few years to explain these surprising
observations:

#1 Bursty SFHs. High-redshift galaxies have been pre-
dicted to experience intense episodic bursts of star
formation (e.g., C. A. Mason et al. 2023; X. Shen et al.
2023; G. Sun et al. 2023). During these bursts, the
youngest and most massive stars will dominate the light
and “outshine” the older stellar population that dom-
inates the mass. Thus, galaxies will appear more
luminous during bursts of star formation, while obscur-
ing evidence of prior and extended star formation. To
put it another way, bursty SFHs would increase the
scatter in the relation between UV luminosity (Lyy) and
halo mass (My,,1,). However, the timescales and physical
origins of these bursts remain poorly constrained.

#2 Increased SFEs. Galaxies in the early Universe may
have been able to convert nebular gas into stars much
more efficiently (e.g., A. Dekel et al. 2023; R. Feldmann
et al. 2025; T. B. Jeong et al. 2025; V. Mauerhofer et al.
2025). This increased efficiency is possibly caused by
feedback-free starbursts (FFBs), when the high densities
and low metallicities at high redshifts guarantee
increased SFEs in the most massive dark matter halos
due to ineffective feedback processes when compared to
the local Universe. FFBs occur when the free-fall time is
shorter than the time it takes for low-metallicity stars to
develop winds and produce supernovae. However, the
magnitude and physical origins of these efficiencies are
not fully understood.

#3 Different IMFs. The first galaxies are expected to form
stars dissimilarly to galaxies in the local Universe (e.g.,
E. R. Cueto et al. 2024; A. Trinca et al. 2024,
L. Y. A. Yung et al. 2024; T. B. Jeong et al. 2025;
B. Liu et al. 2025; V. Mauerhofer et al. 2025). For
example, it is likely that the formation of low-mass stars
is suppressed (“bottom-light” IMF) and the formation of
high-mass stars is enhanced (“top-heavy” IMF) in the
early Universe due to lower metallicities and an
increased temperature of the cosmic microwave back-
ground (T =~ 60 K at z = 20). These modifications to the
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IMF would produce brighter galaxies for a given
amount of stellar mass because massive stars are more
luminous than lower mass stars. These modifications
would also accelerate metal enrichment due to increased
supernova rates. If the IMF extends to stars with masses
larger than 200M, pair-instability supernovae would
further enhance metal yields (B. Liu et al. 2025).
However, there is still no convincing evidence for IMF
variations in the early Universe.

Thankfully, these three competing hypotheses have distinct
predictions for the properties of the most distant galaxies (e.g.,
N. Choustikov et al. 2025). Let us present the evidence that we
have assembled for JADES-GS-z14-0. The measured rest-
frame optical equivalent widths for JADES-GS-z14-0 are
consistent with but smaller than those measured for similarly
luminous galaxies at lower redshifts (z ~ 8; R. Endsley et al.
2024). Additionally, the shorter timescale star formation rate
inferred from Ha is much smaller than the longer timescale
star formation rate inferred from rest-frame UV continuum
emission (see the discussion at the end of Section 5.2). To put
it another way, the luminosity of Ha (i.e., Ly,) divided by that
of the UV continuum (i.e., Lyy) suggests ionizing photon
production efficiencies similar to the canonical value (i.e.,
&on ~ 1072 Hz ergfl) and far below the stellar population
maximum (i.e., &on ~ 10°“°Hz erg™'; see Figure 5 and the
discussion within Section 5.3).

Using these empirical and inferred properties, we can rule
out top-heavy IMFs for JADES-GS-z14-0, since its ionizing
photon production efficiencies are far below the stellar
population maximum. At first glance, it appears that we
can rule out bursty SFHs because the equivalent widths
measured for JADES-GS-z14-0 are not extreme. However, a
Iull (or decline) in the most recent few million years
of the SFH would naturally explain the discrepancy between
star formation rates inferred from the shorter timescale
emission lines and the longer timescale rest-frame UV
continuum. For these reasons, out of the three hypotheses
presented here, we argue that increased SFEs and bursty
SFHs are the two most likely explanations for the existence
of JADES-GS-z14-0, although we cannot definitively rule out
different IMFs, especially those with fewer low-mass stars
(i.e., bottom-light).

7.2. JADES-GS-z14-0 in the Broader Context of Luminous
Galaxies at z > 10

Y. Harikane et al. (2025b) and R. P. Naidu et al. (2026)
found evidence for a size-chemistry bimodality in the
population of luminous (Myy < —20) galaxies at z > 10 with
spectroscopic  confirmation. These works showed that
extended high-redshift sources tend to be nitrogen-weak with
relatively weak rest-frame UV emission lines (e.g., JADES-
GS-z14-0) while compact high-redshift sources tend to be
nitrogen-strong with relatively strong UV lines (e.g., GN-z11,
GHZ2/GLASS-z12, and MoM-z14). At first glance, these
differences in apparent sizes, chemical abundance patterns,
and line strengths suggest the existence of at least two
fundamentally different formation pathways among luminous
galaxies at z > 10. But are two formation pathways truly
necessary to explain the population of luminous galaxies
at z > 10?
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G. Roberts-Borsani et al. (2026) provide an alternative
interpretation for these two populations of galaxies at z > 10,
suggesting they are short-lived snapshots along a common
evolutionary pathway; a similar interpretation is provided by
M. Tang et al. (2026). Their arguments are that compact high-
redshift sources with relatively strong rest-frame UV lines are
experiencing a recent burst in the last few million years of their
SFHs while extended high-redshift sources with relatively
weak UV lines are experiencing a recent lull in their SFHs.
Additionally, M. Tang et al. (2026) find that the prevalence of
galaxies with bursty SFHs increases with redshift.

Our results are consistent with the interpretation from
G. Roberts-Borsani et al. (2026) and M. Tang et al. (2026). For the
four luminous galaxies at z > 10 that have MIRI/Spectroscopy,
we find similar optical emission line ratios (R;, Rp3, and O3)),
indicating similar conditions in the interstellar mediums
of these galaxies. However, despite their similar luminosities,
JADES-GS-z14-0 and MACS0647-JD1 have smaller ionizing
photon production efficiencies (§on = 10%°Hz ergfl)
when compared to GN-z11 and GHZ2/GLASSz12 (§on ~
10%°Hz ergfl). A recent lull (or decline) in the SFH would
naturally explain this difference. Furthermore, JADES-GS-z14-0
has a larger physical size (ryy ~ 260 pc) and thus a smaller stellar
surface density when compared to GN-z11 and GHZ2/GLASSz12
(ruv =~ 40—607pc), while MACS0647-JD1 has multiple compo-
nents and possibly represents an ongoing galaxy merger. These
differences could possibly be explained by inside-out growth, in
which compact sources are forming their cores while extended
sources are forming their disks.

We additionally compare JADES-GS-z14-0’s inferred
physical properties from Cue with those same properties
inferred for MoM-z14 at z > 14 (R. P. Naidu et al. 2026). The
modeling assumptions are identical and, thus, this represents
close to a one-to-one comparison between the two most
distant galaxies currently known, modulo differences in
available data. The most important difference is the
additional constraints for some of the strongest rest-frame
optical and far-infrared emission lines for JADES-GS-z14-0,
which are absent for MoM-z14; there are at least twice as
many observables used to constrain the photoionization
model for JADES-GS-z14-0. When compared to MoM-z14,
we find that JADES-GS-z14-0 has a notably less efficient
ionizing spectrum, larger gas-phase oxygen abundance,
larger carbon-to-oxygen ratio, smaller nitrogen-to-oxygen
ratio, similar ionization parameter, and smaller electron
density. Empirically, these differences are best demonstrated
by the rest-frame UV emission lines, which are 2—5 X stron-
ger for MoM-z14 than JADES-GS-z14-0 (S. Carniani et al.
2024). The extreme ionizing photon production efficiency
of MoM-z14 (§on &~ 10**3*%  Hz erg™") is ~3—5 x higher
than GHZ2/GLASSz12 (J. A. Zavala et al. 2025) and even
GN-z11 (J. Alvarez-Marquez et al. 2025), making it unique
among luminous galaxies at z > 10. Spectroscopic observa-
tions with JWST/MIRI are necessary to confirm the extreme
ionizing photon production efficiency of MoM-z14.

7.3. Comparison with Theoretical Predictions

JADES-GS-z14-0 is unlike theoretical predictions for
galaxies at z > 14 because of its extreme redshift and
combination of inferred stellar mass (M, 2, 10°M..) and gas-
phase metallicity (Zy,s 2 10%Z.). Most recently, H. Kim et al.
(2026) performed cosmological zoom-in simulations using six
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different state-of-the-art galaxy formation simulation codes
(ENZO, RAMSES, CHANGA, GADGET-3, GADGET-4, and
GIZMO). They focused on studying high-redshift galaxies
(z > 10) that have dark matter halo masses with 10'°—10''M,
at z = 10. Their goal is to test the performance of galaxy
formation models developed for lower redshifts without
having to invoke additional physics for the high-redshift
environments. We find that their simulations are unable
to reproduce any of the empirical and inferred properties
for JADES-GS-z14-0, including absolute UV magnitude,
stellar mass, star formation rate, and gas-phase metallicity.
At z > 14, the most luminous and massive galaxy in their
simulations has Myy ~ — 18, My ~ 10'M_, SFR ~ 1M, yr ',
and Z,,s = 1%Z. Each of these values is at least an order of
magnitude smaller than the same empirical and inferred
properties for JADES-GS-z14-0. Even at z = 10, there are zero
galaxies that are similar to JADES-GS-z14-0. H. Kim et al.
(2026) conclude that the properties of high-redshift galaxies
are extremely sensitive to assumptions about feedback.
Increasing the SFE of the simulations by an order of
magnitude, from a few percent to a few tens of percent,
would potentially rectify these differences between observa-
tions and theoretical predictions.

We additionally compare with other large-scale, state-of-
the-art simulations of galaxy formation, including the First
Light And Reionization Epoch Simulations (FLARES;
S. M. Wilkins et al. 2023), the MillenniumTNG project
(R. Kannan et al. 2023), and the THESAN-ZOOM project
(R. Kannan et al. 2025). These are some of the only galaxy
simulations with comparable predictions at z > 10. They each
adopt different resolutions, feedback prescriptions, and
assumptions about the multiphased interstellar medium. Yet
none of these simulations are able to reproduce the empirical
and inferred properties of JADES-GS-z14-0, supporting our
conclusion that this distant galaxy is unlike theoretical
predictions for galaxy formation and evolution in the early
Universe.

8. Summary and Conclusions

JADES-GS-z14-0 is challenging our understanding of the
early Universe as one of the archetypes for the early period of
galaxy formation and evolution that has been discovered by
JWST. In this work, we provided a first look at ultradeep
(tobs =~ 51 hr) spectroscopic follow-up observations of JADES-
GS-z14-0 with JWST/MIRI’s LRS, which is by far the longest
spectroscopic integration ever acquired by JWST/MIRL
These recently acquired observations cover the brightest rest-
frame optical nebular emission lines ([O II[JAA3727, 3729, H,
[OI]AN4959, 5007, and Ha) in addition to the stellar
continuum for one of the most distant galaxies currently
known at z = 14.18. By studying these prominent emission
lines, we unveiled important insights into the properties of this
extreme galaxy, less than 300 Myr after the Big Bang. Our
findings can be summarized as follows.

1. We clearly detect two features above the noise level in
the 2D and 1D spectra (see Figure 2) along with the
continuum. These spectroscopic features include [O III]
AM959, 5007 detected at ~140 and Ho detected at ~4o0
(see also Figure 3), which are the most distant detections
of these lines. We note that [O M]AA3727, 3729 is
undetected while HJ is only marginally detected at ~30.

18

Helton et al.

2. We directly determine the Balmer decrement and find
Ha/HB = 1.7 £ 0.6. This is fully consistent with Case B
recombination and thus no measurable dust attenuation
in JADES-GS-z14-0.

3. We directly measure the Ha line luminosity (see
Figure 4) and infer a recent star formation rate of
SFR ~ 8 + 2M,, yr '. The inferred star formation rate
surface density (Nspr &~ 20 + 5M. yr ' kpc™?) is
consistent with values measured for similarly luminous
galaxies at z ~ 8 and comparable to the most vigorous
starbursts observed at z ~ 0.

4. By comparing the luminosities of Ho and the rest-frame
UV continuum, we infer an ionizing photon production
efficiency of &, ~ 10*3+01 gy erg7l (see Figure 5).
Our inference is consistent with the canonical value
observed locally, but significantly lower than the stellar
population maximum along with values inferred for
similarly luminous galaxies at z > 10, such as GN-z11
and GHZ2/GLASSz12.

5. By comparing the strengths of collisionally excited
oxygen lines and recombination hydrogen lines, we
measure the R; and R,z indices (see Figure 6) and then
use these to infer the gas-phase oxygen abundance,
finding log,,(O/H) + 12 ~ 7.5 £ 0.2. The inferred gas-
phase metallicity is consistent with ~6% Z, and similar
to values measured for galaxies at z > 3 from JADES
DR4. Detailed photoionization modeling suggests much
larger metallicities of ~60% Z, (see Figure 8), although
there appears to be a strong degeneracy between
metallicity and density. We further infer a carbon-to-
oxygen ratio of [C/O] ~ —0.4 + 0.2 using C 1]
AA1907, 1909.

6. We provide a limit on the Os, index (see Figure 6), then
use this to infer the ionization parameter and find a 3o
lower limit of log,,(U) 2 —2.4.

7. By comparing the luminosities of [O IITJA5007 and [O I11]
A88 ym, we infer the electron density and find
ny ~ 690 £+ 200cm > if we assume an electron
temperature of T, = 10" K. The inferred density is larger
than typical conditions seen in the local Universe (z =~ 0)
and provides further evidence for a redshift evolution
toward increasing electron densities at high redshifts.
This evolution might be driven by increased star
formation rate surface densities (Xggr) at high redshifts.

Altogether, our results suggest that JADES-GS-z14-0 is a
prolific producer of ionizing photons and a significant
fraction of these are possibly escaping the galaxy into
the IGM. These ionizing photons are creating one of the
earliest ionized regions in the IGM, less than 300 Myr after
the Big Bang, when the Universe was only ~2% of its
current age.

Furthermore, our results confirm the relatively high metal
content within JADES-GS-z14-0, suggesting rapid metal
enrichment, which existing simulations struggle to reproduce
so early in cosmic history (see the discussion in Section 7.3).
The presence of metals indicates that massive stars have
already lived, died, and enriched the interstellar material of
JADES-GS-z14-0 in only a few hundred million years. By
studying some of the first generations of stars and the buildup
of heavy metals at the break of cosmic dawn, our findings have
important implications for the understanding of galaxy
formation and evolution in the early Universe. In this work,
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we focused our attention on the rest-frame optical emission
lines of JADES-GS-z14-0, while the rest-frame optical
continuum will be discussed and interpreted in a forthcoming
manuscript from the JADES collaboration (J. M. Helton et al.
2026, in preparation). This forthcoming work will simulta-
neously model the properties of the stars, nebular gas, and dust
by fitting the panchromatic SED of JADES-GS-z14-0.

The primary limitation of our work is its focus on a
single galaxy at the redshift frontier, since it is unclear if
JADES-GS-z14-0 is representative of the high-redshift star-
forming galaxy population due to its spatial extent and
relatively weak nebular emission lines. Thankfully, upcom-
ing observations will address the primary limitation of our
work. JWST Cycle 4 devoted an enormous amount of mission
time (¢ ~ 330 hr) in order to obtain mid-infrared spectroscopy
for a relatively large sample of galaxies at the redshift
frontier, including a total of 15 galaxies at z 2 10 (see
proposal IDs: 7078, 8051, 8544, 9165, 9425); JWST/MIRI
will observe these galaxies in the next year. These
observations will expand our work by improving our
understanding of the rest-frame optical emission lines for
the highest redshift galaxies, since these lines encode
valuable information about the properties of the stars, nebular
gas, and dust. The manual postprocessing and custom
corrections that we developed for this work are specialized
for long MIRI/LRS integrations and will ultimately increase
the scientific return for many of these upcoming observations.
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