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ABSTRACT

JWST has revealed a stunning population of bright galaxies at surprisingly early epochs, z > 10,
where few such sources were expected. Here we present the most distant example of this class yet —
MoM-z14, a luminous (Myy = —20.2) source in the COSMOS legacy field at zgpec = 14.447502 that
expands the observational frontier to a mere 280 million years after the Big Bang. The redshift is
confirmed with NIRSpec/prism spectroscopy through a sharp Lyman-« break and ~ 30 detections
of five rest-UV emission lines. The number density of bright zspec &~ 14 — 15 sources implied by our
“Mirage or Miracle” survey spanning ~ 350 arcmin® is > 100x larger (1827322 %) than pre-JWST
consensus models. The high EWs of UV lines (~15—35A) signal a rising star-formation history, with

a ~10x increase in the last 5 Myr (SFRsmyr/SFRsomyr = 9.9759). The source is extremely compact

(circularized ro = 74715 pc), and yet elongated (b/a = 0.25%51%), suggesting an AGN is not the

dominant source of UV light. The steep UV slope (5 = —2.5f8j§) implies negligible dust attenuation
and a young stellar population. The absence of a strong damping wing provides tentative evidence
that the immediate surroundings of MoM-z14 may be partially ionized at a redshift where virtually
every reionization model predicts a = 100% neutral fraction. The nitrogen emission and highly super-
solar [N/C]> 1 hint at an abundance pattern similar to local globular clusters that may have once
hosted luminous supermassive stars. Since this abundance pattern is also common among the most
ancient stars born in the Milky Way, we may be directly witnessing the formation of such stars in
dense clusters, connecting galaxy evolution across the entire sweep of cosmic time.
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1. INTRODUCTION

The quest to observe the earliest galaxies in the uni-
verse has been at the heart of observational cosmology
since Hubble’s discovery of the expanding universe a cen-
tury ago. JWST was designed with this precise goal
in mind: to push the observational frontier to cosmic
dawn, revealing the first luminous objects that formed
after the Big Bang (e.g., Gardner et al. 2006, 2023).
Prior to JWST’s launch, theoretical models predicted
that detecting bright galaxies beyond redshift z > 10,
past the Hubble Space Telescope’s reach, would be ex-
traordinarily challenging (e.g., Mason et al. 2015; Tac-
chella et al. 2018; Williams et al. 2018). For example,
the sum total of deep and wide surveys planned for the
first year of JWST observations (e.g., Treu et al. 2022;
Eisenstein et al. 2023a; Finkelstein et al. 2025) were gen-
erally expected to yield only a handful of relatively faint
(2 29 — 30 mag AB) sources beyond z > 10 that would
take tens of hours of spectroscopy to confirm (e.g., Dayal
et al. 2017; Yung et al. 2019; Behroozi et al. 2019). These
predictions were built on hierarchical structure forma-
tion models, in which early galaxies were expected to be
small, faint, and rare (e.g., White & Frenk 1991; Bullock
& Johnston 2005; Springel et al. 2008). Broadly speak-
ing, a baseline assumption was that the rate at which
gas was transformed into stars (the star-formation effi-
ciency; SFE), the modes of star-formation (e.g., “bursty”
vs. smooth), and the resulting types of stars and black
holes at z > 10 could be predicted based on what was
observed at lower redshifts (e.g., Davé et al. 2019; Vo-
gelsberger et al. 2020; Kannan et al. 2022).

However, the discovery of GN-zl11 at z ~ 11 with
the Hubble Space Telescope (Bouwens et al. 2010;
Oesch et al. 2016) already provided a first hint that
bright galaxies might exist even in the earliest epochs.
This remarkable object was both unexpectedly luminous
(Myy =~ —21.5) and detected in a relatively small sur-
vey area (within the CANDELS fields spanning a few
100 arcmin?; Grogin et al. 2011; Koekemoer et al. 2011),
suggesting that such galaxies might be more common
than predicted. However, without additional examples,
it remained unclear whether GN-z11 was an exceptional
outlier or representative of a broader population.

Within weeks of the first science operations, JWST’s
images revealed an apparent abundance of bright galax-
ies at photometric redshifts, zpnot > 10, challenging pre-
JWST consensus models (e.g., Castellano et al. 2022;
Naidu et al. 2022¢; Finkelstein et al. 2022a; Atek et al.
2023; Harikane et al. 2023a). Over two years of pho-
tometric surveys continue to report this abundance of
luminous sources at the highest redshifts (e.g., Casey
et al. 2024; Donnan et al. 2024; Chemerynska et al. 2024;
Adams et al. 2024; Kokorev et al. 2025a; Castellano et al.
2025a; Pérez-Gonzélez et al. 2025a). This unexpected
population has electrified the community and raised fun-
damental questions about galaxy formation in the first

*E-mail: rnaidu@mit.edu

1 These authors are the PIs of “Mirage of Miracle” (JWST Pro-
gram #5224).

i NASA Hubble Fellow

~ 500 Myrs. However, before we embark on revising the
physics of the early Universe, systematic spectroscopic
confirmation and characterization of these z > 10 sys-
tems is necessary.

Despite the deluge of candidates reported from pho-
tometric surveys, spectroscopic follow-up has been lag-
ging, with only a relatively small number of sources
confirmed at zgpec > 10 (e.g., Curtis-Lake et al. 2023;
Bunker et al. 2023; Wang et al. 2023; Fujimoto et al.
2023; Harikane et al. 2024a; Hsiao et al. 2024; Napolitano
et al. 2025). Concerningly, some of the most confidently
selected sources have turned out to be low-z interlopers,
underscoring the critical need to systematically charac-
terize the contamination fraction in photometric samples
(e.g., Naidu et al. 2022¢; Zavala et al. 2023; Donnan et al.
2023; Arrabal Haro et al. 2023; Harikane et al. 2025).
At the bright end (Myyv < —20), where GN-z11 and
its peers reside, and at even higher redshifts where the
challenge to models is the most acute in the face of the
rapidly declining halo mass function, only a handful of
sources have been confirmed to date (Castellano et al.
2024; Arrabal Haro et al. 2023; Carniani et al. 2024;
Kokorev et al. 2025b). The most distant among these
sources, JADES-GS-z14-0 (zspec = 14.18; Carniani et al.
2024, 2025a; Schouws et al. 2024) was found in a mere 10
arcmin? survey implying a z = 14 — 15 number density
> 100x higher than the pre-JWST theoretical consen-
sus (e.g., Tacchella et al. 2018; Robertson et al. 2024a;
Whitler et al. 2025). Would this remarkable number den-
sity hold up if wider areas were systematically surveyed?

The first spectra of luminous z > 10 sources paint a
stunningly rich portrait of the physics of these galaxies.
Along many axes, there are few true analogs to these
sources in the entire extragalactic Universe. For exam-
ple, GNzl11 (e.g., Bunker et al. 2023; Maiolino et al. 2024)
and GLASS-z12/GHz2 (Naidu et al. 2022¢; Castellano
et al. 2022, 2024; Zavala et al. 2025; Calabro et al. 2024)
display a remarkable chemical abundance pattern (e.g.,
super-solar [N/O]J; e.g., Cameron et al. 2023a) that prior
to JWST had been observed only in a handful of sources
(Fosbury et al. 2003; Patricio et al. 2016; Mingozzi et al.
2022). Might we be witnessing globular cluster formation
in action (e.g., Senchyna et al. 2024)? Are these compact
sources the highest redshift supermassive black holes
(e.g., Maiolino et al. 2024)? Are there exotic stellar popu-
lations such as supermassive stars (SMS; > 10374M,) at
play (e.g., Charbonnel et al. 2023)? Large spectroscopic
samples are needed to decide whether the extraordinary
chemistry of these sources is ordinary (e.g., generic mas-
sive cluster formation; Belokurov & Kravtsov 2023).

To address the need for spectroscopy at the cosmic
frontier, we designed the “Mirage or Miracle” (MoM)
JWST NIRSpec survey (GO-5224, PIs: Oesch & Naidu;
Oesch et al., in prep.). We seek to test whether the
extraordinary abundance of bright galaxies at the high-
est redshifts is a photometric mirage or a spectroscopic
miracle, and whether their extraordinary physical con-
ditions are peculiar or commonplace. MoM has sys-
tematically targeted a homogeneously selected sample
of luminous zphot > 10 galaxies across JWST’s legacy
wide-area fields (COSMOS, UDS) that were imaged with
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NIRCam+MIRI by an array of Cycle 1 and 2 programs,
most prominently PRIMER (Donnan et al. 2024) and
COSMOS-Web (Casey et al. 2023a) (see §3 for a full list
of imaging programs in these fields utilized in the MoM
target selection).

In this paper we present first results on our primary
objective (see Naidu et al. 2025 for a z < 10 tar-
get). In particular, we present MoM-z14, a luminous
(Myy = —20.2) galaxy spectroscopically confirmed at
Zspec = 14.44 £ 0.02. The spectrum not only shows a
continuum break from Lya absorption, but also features
UV emission lines, enabling a reliable redshift measure-
ment as well as preliminary constraints on its physical
properties. This redshift makes it the most distant spec-
troscopically confirmed source to date, extending the ob-
servational frontier to a mere 280 million years after the
Big Bang. The overall survey design and yield, including
fillers, as well as the fate of the other targeted z = 10
sources will be presented in subsequent papers.

Throughout this work, we adopt a flat ACDM cosmol-
ogy with parameters as per Planck Collaboration et al.
(2018). We reference L*, the characteristic UV luminos-
ity in Schechter function parametrizations of luminos-
ity functions as per Bouwens et al. (2021) which corre-
sponds to Myy ~ —21 at z = 10. Magnitudes are in
the AB system (e.g., Oke & Gunn 1983). For summary
statistics, we typically report medians with uncertain-
ties on the median from bootstrapping (16" and 84"
percentiles). We adopt the following values for solar
abundances: log(N/O), = —0.86, log(C/0), = —0.26,
12+log(O/H), = 8.71.

2. DATA

MoM’s primary goal is to investigate the nature of lu-
minous (Myy < —20) z > 10 photometric candidates.
Each of the five NIRSpec pointings in this program — two
in the UDS field and three in COSMOS - is designed
around such candidates as the primary targets. Every
pointing receives 4.4 hrs of integration in the R = 100
prism mode. At this depth, the putative Lya break in
our Myy < —20 candidates may be distinguished from
Balmer breaks as well as low-z emission line galaxies.
Further details of the MoM sample, survey design, and
full survey yield will be described in Oesch et al., in prep.

2.1. Imaging, Photometry, and Selection of MoM-z14

To build the parent catalog for MoM targets, we com-
bined all publicly available JWST imaging over the COS-
MOS field as of January 2025 arising from the following
programs: COSMOS-Web (#1727; Casey et al. 2023b),
Blue Jay (#1810; Belli et al. 2024), PRIMER (#1837;
Donnan et al. 2024), JELS (#2321; Duncan et al. 2024),
PANORAMIC (#2514; Williams et al. 2025), COSMOS-
3D (#5893; Kakiichi et al. 2024), and SAPPHIRES
(#6434; Sun et al. 2025). These images are publicly
released on the DAWN JWST Archive (DJA)! as v7.4
COSMOS mosaics. Details about the imaging data
reduction using the grizli software (Brammer 2018;
Brammer et al. 2022) may be found in Valentino et al.
(2023). PSF-matched photometric catalogs based on
these images were produced following the procedure out-
lined in Weibel et al. (2024). Fluxes for the source of

! https://dawn-cph.github.io/dja/index.html

interest are listed in Table 2. These are fluxes derived
with an adopted aperture radius of 0.16” that are then
corrected to total following Weibel et al. (2024).

We fit photometric redshifts to identify potential z >
10 targets using eazy (Brammer et al. 2008a,b) with
the blue_sfhz template set featuring thirteen FSPS
templates (Conroy et al. 2009, 2010; Conroy & Gunn
2010b,a; Foreman-Mackey et al. 2014) and an empiri-
cal template based on the strong emission line source at
z = 8.5 studied in Carnall et al. (2023). We also include a
template from Naidu et al. (2022a) fit to a z = 4.9 dusty
emission line galaxy that virtually all photo-z routines
place at z &~ 16 with very high confidence (see discussion
in Arrabal Haro et al. 2023; Donnan et al. 2023; Harikane
et al. 2024a; Zavala et al. 2023).

We based one of the five MoM pointings around MoM-
z14 as a high priority target. It stood out to us as a
robust drop out, completely disappearing in the FO90W,
F115W, and F150W filters (see Fig. 1). The photo-
metric redshift of this source is zphor = 14.8670 30 with
a strong preference for z > 10 and marginal low-z so-
lutions (bottom-left panel, Fig. 2). Importantly, this
high-z solution also survives the inclusion of the z = 4.9
interloper template.

2.2. Spectroscopy

MoM-z14 was targeted in one of the COSMOS MoM
masks observed on 16th April, 2025. We reduced its
spectrum using v0.9.4 of the msaexp software (Bram-
mer 2023), details of which can be found in Heintz et al.
(2024b); de Graaff et al. (2024a). The reduction choices
we employ are the exact same as the upcoming v4 NIR-
Spec release of the DAWN JWST Archive (Pollock et al.,
in prep.; Valentino et al. 2025). A key development in
this version compared to Heintz et al. (2024b); de Graaff
et al. (2024a) is an updated flux calibration and an ex-
pansion of the nominal prism wavelength coverage up to
5.5um. The processed prism spectrum (4.4h exposure
time) is shown in Fig. 1 along with the well-centered
position of the source in its assigned MSA slitlets.

We perform two data validation checks that are shown
in the Appendix. First, the shape and normalization of
the prism spectrum is in excellent agreement with the
NIRCam photometry (Fig. 12). Note that the pho-
tometry is not used in any step of the data reduction,
and so this is an independent validation of the overall
flux calibration. Next, we reduce the spectrum with
a “global” sky background where the sky spectrum is
estimated from empty slitlets on the mask. This is in
contrast to the fiducial spectrum based on the “local”
differencing at different nod positions. Given the high
background in COSMOS owing to its proximity to the
ecliptic (relative to, e.g., EGS, Abell 2744, GOODS-N),
this is a potentially important systematic. Importantly,
all the key features analyzed in this work (e.g., the sharp
break, UV emission lines) are detected in both versions
(see Fig. 13).

3. RESULTS
3.1. Spectroscopic Redshift
3.1.1. UV lines

We use UNITE, a custom NIRSpec emission line fitting
package (Hviding et al. 2025), to model the UV emission
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Fic. 1.— JWST imaging and spectroscopy of MoM-z14. Top: 1 x 1”7 NIRCam images spanning 0.9-5um show a compact source
detected at 2 2um that is entirely absent in bluer bands. Inset: NIRCam RGB image with NIRSpec MSA slitlets overlaid from our
“Mirage or Miracle” survey. The source is well-centered and slit losses are modest such that the recovered spectral flux is fully consistent
with the NIRCam imaging (see Appendix). Bottom: The prism spectrum (2D SNR spectrum on top, 1D spectrum with 1o errors on the
bottom) reveals that the disappearance of the source below 2um in the imaging is due to an abrupt break whose sharpness implies it is a
Lyman-« break. Furthermore, an array of emission lines (dashed lines) supporting the Lyman-a break interpretation is evident. The most
prominent among these lines (N 1v]A1487A, C1vA1548,1551A, C1i]A1907, 1909A) are typically the strongest lines observed in UV spectra
of luminous z > 10 galaxies (e.g., Bunker et al. 2023; Castellano et al. 2024; Carniani et al. 2024).

lines. This package self-consistently handles the trans-
lation between idealized models of the spectrum to re-
alistic observed NIRSpec spectra by accounting for e.g.,
the wavelength-dependent resolution, LSF (idealized for
a point-source, applicable to our relatively compact ob-
ject) and calibration uncertainties following de Graaff
et al. (2024b,c). We initialize Gaussians to represent the
typical UV lines seen in spectra of luminous z > 10 galax-
ies (e.g., Bunker et al. 2023; Maiolino et al. 2024; Castel-
lano et al. 2024) with uniform priors on their FWHM up
to 650 km s~! and redshift between z = 14 — 15. The
width and redshift are tied across all lines. By construc-
tion, with UNITE the fitted widths of the emission lines
are consistent with the NIRSpec LSF. Various multiplets
and adjacent lines are blended at the prism resolution —
we model these by splitting the lines in a multi-Gaussian
fit but report combined fluxes by summing their posterior
fluxes. The continuum is fit by considering a region of
+15,000 km s~! around each line, and masking a central
region of 43,500 km s~!. Overlapping regions around
adjacent emission lines are stitched together and treated
as a contiguous region. The posteriors are sampled using

numpyro (Phan et al. 2019) and are shown in Fig. 2 and
reported in Table 3.

We recover five UV lines at &~ 30 (top-right panel, Fig.
2). There are also hints of additional lines (e.g., Ne1v
and C11) albeit at lower significance (< 20) that will re-
quire deeper data to confirm. Reassuringly, the reported
lines correspond to peaks in the 2D spectrum, and are
also seen in a version of the spectrum processed using
the global sky background (Fig. 13). The strongest lines
detected — forbidden and semi-forbidden transitions of ni-
trogen and Carbon — also happen to be the strongest UV
lines seen in other comparably luminous z > 10 galaxies
(e.g., Bunker et al. 2023; Castellano et al. 2024; Carniani
et al. 2024).

Owing to these UV lines, the inferred redshift is quite
precise (z = 14.44f8:8§), which is unique for a prism red-
shift at this early epoch (e.g., Curtis-Lake et al. 2023;
Wang et al. 2023; Carniani et al. 2024). This will enable
extremely efficient ALMA spectral scan follow-up for
e.g., [Ou1]88um and [C11]158um as well as precise mod-
eling of the damping wing. Typically, due to the paucity
of detected lines at prism resolution, only Ly« break red-
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Top-left: We use the sharp Lyman-a break to derive the redshift

(zbreak)- Our best-fit model (hot pink) accounts for the IGM neutral fraction along the line of sight (xpr) as well as the shape and

normalization of the spectrum (Buv, Muv).

See §3.1.2 for details. Top-right: We are also able to determine the redshift by fitting the

rest-UV emission lines that are detected in this source. Each individual line or blend is detected at ~ 3o. Collectively, this array of lines
is detected at & 60 resulting in an extremely precise redshift. Bottom-left: The photometric redshift distribution derived from NIRCam
(silver) shows multiple peaks at z < 5 (“Schrodinger galaxy”-like solutions; Naidu et al. 2022a) and a dominant z > 10 solution that led

us to target this source. Bottom-right: Comparison of the break redshift and UV line redshift posteriors.

Only a handful of galaxies

of comparable luminosity at z > 10 have shown a UV spectrum with multiple lines allowing for a precise redshift determination (Bunker
et al. 2023; Castellano et al. 2024; both interestingly point-like sources interpreted as putative AGN). Typically, only break redshifts with
relatively wide posteriors as shown in pink have been possible (e.g., Curtis-Lake et al. 2023; Wang et al. 2023; Carniani et al. 2024).

shifts with much wider posteriors have been possible (see
bottom panels of Fig. 2). This is due to degeneracies be-
tween the location of the break, the neutral fraction of
the IGM, and the presence of damped Lya absorption
~ g, Zprsm = 14.32709% for JADES-GS-z14-0 subse-
quently refined with ALMA to zjomy = 14.1793 10 0007
(Carniani et al. 2024; Schouws et al. 2024; Carniani et al.
2025a).

3.1.2. Lyman-a break

We perform an independent verification of the
emission-line redshift by modeling the observed break as
a Lyo break at a redshift of 21y = 14 — 15. The sharp-
ness of the break leaves little doubt that this is indeed
a Lya break — see Fig. 14 in the Appendix for a com-
parison against a typical Balmer break spectrum that
provides a poor match to the shape (a smooth, gradual
decline vs. the sharp edge) and depth of the break (flux

would be detected blueward of the break at the depth
of these observations). A recently discovered class of ob-
jects — so called “Black Hole Stars” (e.g., Naidu et al.
2025; de Graaff et al. 2025) thought to power the Little
Red Dots (e.g., Matthee et al. 2024) — show the largest
Balmer breaks on record that may mimic Lyman breaks
in broadband photometry, but these sources are excluded
based on their characteristic red optical continuum and
broad Balmer lines that are not seen in the spectrum.
Here we describe our model set-up to fit the Lya break
redshift. The prescription from Miralda-Escudé (1998)
is used to approximate the absorption profile due to the
Gunn-Peterson effect (Gunn & Peterson 1965) from neu-
tral hydrogen (H1) in the intergalactic medium (IGM).
The correction to this profile from Totani et al. (2006) is
used to determine the average neutral H1 fraction, xyi,
of the IGM in the line of sight up to the Ly« redshift,
ZLya- We assume an underlying intrinsic galaxy contin-
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Fic. 3.— Compilation of absolute UV magnitude vs. spectroscopic redshift for sources at the cosmic frontier. Bottom:
The galaxies shown in silver arise from & 600 arcmin? surveyed by JWST in the first & 2.5 years of its operations. See text for a full list of
references. We highlight three of the most well-studied bright sources at these epochs that we reference regularly as points of comparison
for MoM-z14 with square markers — GNz11 (Oesch et al. 2016; Bunker et al. 2023; Tacchella et al. 2023a), GLASS-z12/GHz2 (Naidu et al.
2022c; Castellano et al. 2022, 2024), and JADES-GS-z14-0 (Robertson et al. 2024b; Carniani et al. 2024). Top: 1 x 1”7 RGB stamps
(FO90W, F115W, F277W) of the sources highlighted with square markers. Three of these sources are extremely compact, with GS-z14
being the exception. For the silver points above, we extend the compilation from Roberts-Borsani et al. (2024) and include the following
papers: Curtis-Lake et al. (2023); Wang et al. (2023); Fujimoto et al. (2023); Arrabal Haro et al. (2023); Harikane et al. (2024a); Hsiao
et al. (2024); Napolitano et al. (2025); Kokorev et al. (2025b); Witstok et al. (2025).

uum described by a power-law, F' oc FgA\PUV | where Buv
is the rest-frame UV spectral slope and F{, is an arbi-
trary normalization factor. We use dynesty (Speagle
2019) to estimate the posteriors on the free parameters
in the model (Fy, Suv, znr1, and Z1ya) and the total ev-
idence of the distribution. We convolve the model to
match the wavelength-dependent spectral resolution of
the data. Emission lines are fit simultaneously along with
the continuum slope.

We find a best-fit Lyo break redshift of zryn =
14.4270-39 | consistent with the photometric redshift and
the inferred emission-line redshift (see Fig. 2). Intrigu-
ingly, the best-fit IGM neutral fraction is non-unity at
an epoch where virtually all reionization models predict
xpgr ~ 100% (e.g., Finkelstein et al. 2019; Mason et al.
2019; Naidu et al. 2020b; Hutter et al. 2021; Matthee
et al. 2022; Kannan et al. 2022). We also do not require
a strong DLA to model this break, which is uncommon
at these redshifts (e.g., Curtis-Lake et al. 2023; Carniani
et al. 2024; Heintz et al. 2024a). We will discuss these
constraints in detail in § 3.3.

3.2. Physical Properties
3.2.1. Morphology

The morphology of MoM-z14 is of key interest to un-
derstand the origins of its UV luminosity. Among the
handful of spectroscopically confirmed bright z > 10 ob-
jects, there appear to be two types — point-sources in-
distinguishable from the PSF (e.g., GNz11 and GLASS-
z12/GHz2), and extended galaxies (e.g., JADES-GS-z14-
0 and “Maisie’s Galaxy”; Finkelstein et al. 2022b) with
sizes following empirical scaling relations from lower red-
shifts (e.g., rso & (1 + 2)~'; Shibuya et al. 2015). Fur-
thermore, as noticed by Harikane et al. (2024b), these
morphological differences are reflected in chemical abun-
dance patterns, signaling a deeper connection between
morphology and evolutionary pathways (Fig. 5, and fur-
ther discussed in §4.3).

We model MoM-z14 using the forcepho software
(Johnson et al., in prep.; recently deployed in e.g., Tac-
chella et al. 2023a,b; Robertson et al. 2023; Carniani et al.
2024). Briefly, forcepho is a Bayesian modeling frame-
work that simultaneously fits PSF-convolved Sersic pro-
files to all filters under consideration (in our case F200W,
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TABLE 1 TABLE 3
SUMMARY OF RESULTS EmissioN LINE MEASUREMENTS
Empirical Properties Line Flux EWy SNR
R.A. [deg] 150.0933255 N1v]A1487A 5437161 33 3+154 34
Dec. [deg] 2.2731627 13:8 113
o h.ftg OV i Laar0.02 C1vA1548, 15514 44.0113% 276175 3.4
RedShTft (L E’es)k PSR HeIA1640A+O0 mA1661,1666A 4537135 20.9775% 3.0
cdshift (Lya break) e0.00 N1 AL747 — 1754A° 252199 174%8C a7
UV Luminosity (Myv) —20.2310-06 +§'g +g';
UV slope (Bua: Fr o A%) e CmA1907, 1909A 215770 150107 28
slope UV; Ja X —<4.=xl_pg17
Galaxy size (circularized re) [pc] 747_?3 NOTE. — Fluxes are in units of 1072 erg s~ cm~2 and EWs in
Galaxy size (semi-major axis a) [pc] 1477:%8 A (rvest-frame). FWHM for all lines is allowed to range up to 650
Axis ratio (b/a) 0.25+0-11 km s~1, with the width of all lines tied to each other — the FWHM
- - —0.06 is completely unconstrained in our fits. ?Quintuplet comprising
Prospector SED modeling lines at 1747A, 1749A, 1750A, 17524, 1754A.
Stellar Mass (log(M«/Mg)) 8.1f8‘g
Star-Formation Rate (5 Myr )[Mg yr—!] 13.0f§‘g
Star-Formation Rate (50 Myr) [Mg yr—1] 2.2:1)12 F200W F277W F356W
Dust Attenuation (A °) O.ng‘i 1
5500A 9
Age (ts0/Myr) 4.0 d
Star-Formation Surface Density [Mg yr—! kpc™?] 233t%8; 'E; ‘ B i .
|
Stellar Surface Density (log(X./Ma kpc™?)) 9‘61'8‘? al
Cue Emission Line Modeling B
Ionization Parameter (log U) —1.54f8‘gi
Tonizing Efficiency (log(&on/erg™! s™1)) 26A28t8‘jg
Gas Density (log(ny/cm™3)) 3.03f8:gg —
Oxygen abundance [O/H] —1A38f8"gg %
Nitrogen-to-Oxygen ratio [N/O] 0A29f8‘i§ O " A .
Carbon-to-Oxygen ratio [C/O] —0.65f8‘gg 2
Nitrogen-to-Carbon ratio [N/C] 0490t8‘%g
Nitrogen-to-Carbon ratio (from line ratios, [N/C])* > 1 (20)
NoTE. — ?Following Villar-Martin et al. (2004) who analyzed I
the N-emitting Lynx arc at z = 3.36, we conservatively bracket

Te/(10°K) = 0.5 — 3 (e.g., Cameron et al. 2023a; Calabro et al.
2024; Carniani et al. 2025b) and derive ionic abundances from C1v,

Residual

Cm),N1v], and N ). o P
1 kpC =
gABLE 2 FiG. 4.— Results of morphology analysis. The model built
PSF-MATCHED with forcepho (middle row) is fit to the three bands simultaneously
PHOTOMETRY and provides a satisfactory match to the data (top row) with no
appreciable residuals (bottom row). An extremely compact (cir-
Band Flux [nJy] cularized r5g = 741%3 pc) source is recovered in these fits. From
HST (ACS, WFC3) these fits it is clear that the object is not dominated by a point-
F606W 616 z(r)luzcg,l\?s may be expected if its UV luminosity was dominated by
F814W —6+6 ’
F125W 15415 )
F140W 1+15 F277W, and F356W where the source is well-detected).
F160W 10+14 The PSFs (from WebbPSF; Perrin et al. 2014) are ap-
JWST (NIRCam) proximated as Gaussian mixture models for rapid convo-
FO9OW 0+6 lution. In addition to using Hamiltonian Monte Carlo to
F115W —-1£5 sample from the posterior, a key feature of forcepho is
L e 4+4 that it is run on individual processed exposures and not
F200W 14+£3 : : P “XPO
FOTTW 29 ¥ 9 mosalqked images, thereby circumventing issues Suc}} as,
F356W 2042 e.g., distortions of the PSF while also making maximal
F410M 13+4 use of sub-pixel information that is smeared out in mo-
F444W 13+3 saics
Notre. — Total fluxes We present the forcepho model for MoM-z14 in Fig.
derived following Weibel 4. The thumbnails shown are 30 mas/pixel images cor-
et al. (2024) based on v7.4 .
COSMOS mosaics hosted responding to 98 pc at z = 14.44. We find the source
on the DAWN JWST is resolved and compact (circularized 74f}§ pc; semi-
Archive. Th - . . . ..
di{fs ;\ﬁoptedeig%ﬁg}’fe ra major axis, a = 1471%8 pc) with a Sersic index of 1.0f8'§.

The source is extended along the North-South direction
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Fi1G. 5.— A size-abundance bimodality among bright z > 10 galaxies. Figure adapted from Harikane et al. (2025) who reported
this trend (see also Schaerer et al. 2024). Two types of sources are evident in the size-redshift plane (left) and size-EW plane (right) —
compact N1v] emitters such as MoM-z14 (purple, navy) and extended sources with weak N1v] such as JADES-GS-z14-0 (orange). The
extrapolated size evolution from Shibuya et al. (2015) (silver band) is shown in the left panel for guidance. MoM-z14 joins GNzl1 and
GLASSz12/GHz2 as extremely compact outliers at z > 10, with sizes < 5 — 10X what would be expected from the scaling relation. The
measurements shown here are compiled from the following sources: GNzl11 (Tacchella et al. 2023a; Bunker et al. 2023), GLASS-z12/GHz2
(Castellano et al. 2024), GNz9p4 (Schaerer et al. 2024), JADES-GS-z14-0 (Carniani et al. 2024), Maisie’s Galaxy (Finkelstein et al. 2023;
Arrabal Haro et al. 2023), RXCJ2248-ID (Topping et al. 2024), Gz9p3 (Boyett et al. 2024), and CEERS2-588 (Harikane et al. 2024a).

in the thumbnails shown, with an elongated axis ratio
(b/a = 0.2575:4%). Further evidence for this elongated
morphology is seen in the radial surface brightness pro-
files that are extended relative to the PSF (see Fig. 16 in
Appendix). There may be a hint of a second component
in the images responsible for this elongation. We defer
detailed investigation of a two-component model with
deeper imaging to future work. We have verified that we
find similar results for the size (= 90 pc) by modeling the
source with pysersic (Pasha & Miller 2023) directly on
the mosaicked images using empirical PSFs constructed
following Weibel et al. (2024).

MoM-z14 deviates from typical size-luminosity-redshift
scaling relations, joining GLASS-z12/GHz2 and GNzl11
as outliers at z > 10 in terms of being extremely com-
pact despite showing high UV luminosity (Fig. 5 shows
the scaling for Myy ~ —21 mag sources; Shibuya et al.
2015). Further, as we will discuss in §4.3, MoM-z14
shows similar indications of super-solar nitrogen suggest-
ing a common evolutionary channel for these compact
sources. However, it is worth noting that, while compact,
MoM-z14 is not dominated by a central point-source un-
like these objects that disfavor an AGN as the dominant
source of the UV light (Tacchella et al. 2023a; Ono et al.
2023; Maiolino et al. 2024).

3.2.2. SED Modeling

We model the SED using the prospector Bayesian
modeling framework (Leja et al. 2017, 2019; Johnson
et al. 2021). Our setup closely follows the choices val-
idated in Tacchella et al. (2022); Naidu et al. (2022c,
2024). We use FSPS (Conroy et al. 2009, 2010; Conroy &
Gunn 2010b) with the BPASS stellar models (Stanway &
Eldridge 2018), in particular the v2.2 -bin-imf135all
100 models that assume a Salpeter (1955) IMF with a
100Mg cutoff. Nebular emission is modeled with the

CLOUDY (Ferland et al. 2017) grid produced in Byler et al.
(2017). The parameters we fit include seven bins describ-
ing a non-parametric star-formation history, the total
stellar mass, stellar and gas-phase metallicities, nebular
emission parameters, and a flexible dust model (Kriek &
Conroy 2013). We adopt a “bursty continuity” prior for
the star-formation history (Tacchella et al. 2022) with
the time bins logarithmically spaced up to a formation
redshift of z = 20. We hold the first two bins fixed at
lookback times of 0-5 and 5-10 Myr to capture bursts
that power strong emission lines (e.g., Whitler et al.
2022; Tacchella et al. 2023b) that are increasingly ubiq-
uitous towards the Epoch of Reionization and beyond
(e.g., Matthee et al. 2023; Meyer et al. 2024; Covelo-Paz
et al. 2025; Lin et al. 2025). Posteriors are sampled using
dynesty (Speagle 2018). It is important to note that sys-
tematic uncertainties loom over our model assumptions.
For example, it is unclear whether our adopted IMF is
applicable to a luminous z = 14.44 galaxy (e.g., Cameron
et al. 2024; Hutter et al. 2025; Yung et al. 2024). The
SED fitting results must therefore be viewed as a baseline
set of quantities derived under canonical assumptions.

We fit the model at fixed redshift to the NIRCam pho-
tometry and the integrated C111] emission line flux. Of
all the lines observed, C111] is modeled best by the Byler
et al. (2017) grid. The other lines are interpreted in the
following section using a more flexible model (Cue; Li
et al. 2024a) that is capable of capturing, e.g., super-
solar [N/O] to produce strong nitrogen lines. The pos-
teriors of the SED and star-formation history (SFH) are
shown in Fig. 6. The quality of the fit is reasonable
(x?/N = 1.2), with the key area for improvement be-
ing the C 1] line flux that is underestimated by 0.3 dex.
We note that this disagreement is 2x worse when using
the MIST (Choi et al. 2017, 2020) stellar library with a
Chabrier (2003) IMF.
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Fic. 6.— SED fitting results using Prospector (Johnson et al. 2021). Left: The model (orange) is fit to the NIRCam photometry
(navy) and C1]A1907, 1909A emission line flux. Modeling all the observed emission lines simultaneously requires a more flexible model
that we explore in §3.2.3 and Fig. 7. Right: The inferred star-formation history shows a steep rise, with as much as a > 10X increase over
the last ~ 10 Myrs. The high C1jA1907,1909A EW that can be matched only with a young (< 5 Myr) burst (e.g., Jaskot & Ravindranath
2016) informs this rising SFH. Note, however, that an additional older stellar population cannot be ruled out with these data as evidenced

by the broad posteriors.

We infer MoM-z14 to be a relatively low-mass galaxy,
comparable to the present-day Small Magellanic Cloud
(= 108Mgy; van der Marel et al. 2009). There is neg-
ligible dust attenuation, as evidenced by the blue UV
slope (Buyv ~ —2.5). We are observing this source dur-
ing a burst phase, wherein the star-formation rate may
have increased by up to an order of magnitude in a short
span of ~ 10 Myr. We have verified that the high C111]
EW is driving this rise in the SFH — a fit without this
line returns a prior-dominated, relatively flat SFH. In-
deed, dedicated grids built to explore Cr1ii] show that
~ 15A EWs signal < 5 Myr bursts, high ionization pa-
rameters (logU 2 —2), and low gas-phase metallicities
(£10%Z/Z) (e.g., Jaskot & Ravindranath 2016; Naka-
jima et al. 2018). While the galaxy is in the throes of a
burst, we cannot rule out the presence of even older stel-
lar populations as reflected in the SFH posteriors, given
that we are working purely with the rest-UV. Detailed
chemical abundances from high-resolution spectroscopy
(e.g., with NIRSpec, ALMA) may be the most efficient
path to refining the SFH as the relative contributions of
“delayed” channels (e.g., neutron star mergers, low-mass
stars) and “prompt” channels (e.g., supermassive stars)
manifest in different patterns (e.g., Kobayashi et al. 2020;
Johnson et al. 2023; Kobayashi & Ferrara 2024).

3.2.3. Emission Line Modeling

We deploy Cue (Li et al. 2024a) to extract insights
about the nebular conditions (gas density, ionization pa-
rameter), chemical abundances ([O/H], [N/O], [C/O]),
and ionizing sources (&on) in MoM-z14. Cue is agnostic
to the detailed physics of the source of ionizing photons
powering the emission lines and parametrizes the ion-
izing spectrum as a flexible piecewise power-law. This
is particularly useful for modeling luminous z > 10 ob-
jects where the ionizing sources are presently unknown
and may not be captured in any ab initio model. Emis-

sion lines are predicted via neural net emulation trained
on CLOUDY (Ferland et al. 2017). Note that Cue is de-
signed to model emission lines, and not to perform full
spectrum fitting. Posteriors are sampled using dynesty
(Speagle 2019). This approach captures the complex co-
variance between various parameters as opposed to flat-
tening this high-dimensional space into two-dimensional
diagnostics, i.e., using specific sets of lines to bracket the
density /temperature/metallicity vs. using all the lines
at once to constrain all parameters simultaneously (e.g.,
Li et al. 2024b).

The results from Cue are summarized in Fig. 7 and
listed in Table 1. In Fig. 7 we have summarized the ion-
izing spectrum in the form of the familiar &, for sim-
plicity — in Fig. 15 we show all the individual power law
parameters. Note that N1v is not emulated in Cue and
we do not use it in the fitting. All lines are satisfacto-
rily matched within uncertainties, producing an overall
x?/N = 0.6. We caution that the posteriors are wide
and permit a broad range of outcomes. This is unsur-
prising given that we are working with a low-resolution
spectrum where closely spaced lines are blended (e.g., the
N 111} quintuplet, He11+O 111]), and where individual line
fluxes are uncertain (30). Further, posteriors for almost
all quantities are truncated at the edges of the grid that
Cue is trained on. This is an extensive grid with wider
coverage than typical photoionization models (e.g., Fel-
tre et al. 2016; Byler et al. 2017), and yet extreme sources
like MoM-z14 may require even broader sets of param-
eters. Nonetheless, the results in Fig. 7 give us a first
order, preliminary portrait of the ISM in MoM-z14.

The Cue fits that take into account the observed EWs
and line ratios suggest an efficiently ionizing source —
log(&on/erg ™! s71) = 26.3 4+ 0.5 — irradiating the gas
with an ionization parameter of log(U) ~ —1.5. Within
errors, this is consistent with star-forming galaxies ob-
served at z > 6 (e.g., Simmonds et al. 2024), with Very
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F1G. 7.— Emission line modeling results using Cue (Li et al. 2024a). MoM-z14’s UV spectrum, with hints of several emission lines,
provides a unique window into the physics of bright galaxies at cosmic dawn — the ionizing sources powering them (logion ), the state of the
gas in their ISM (logny, logU), and their chemical abundance patterns ([O/H], [N/O], [C/O]). Satisfactory fits to the emission lines are
shown in the top-right panel, while the corner-plot illustrates the inferred posteriors. Even with only SNRA 3 emission lines, and despite
the low-resolution of the data (e.g., He H>\1640A+OIH])\1661, 1666A are observed as a blend), the model is not entirely unconstrained.
Consistent with the lack of neutral gas around the source, a highly ionizing radiation field is inferred (e.g., log &on/erg s~ 1 ~ 26.3). There
are also indications of a super-solar [N/O] and sub-solar [C/O] abundance pattern already in place by z = 14.44 reminiscent of GN-z11
(e.g., Cameron et al. 2023b) and other recently discovered N-emitters (e.g., Schaerer et al. 2024).
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Fic. 8.— The GC-like chemical abundance pattern of
MoM-z14. Top: MoM-z14 (navy) joins the ranks of nitrogen
emitters at z > 5 (light blue; compilation from Schaerer et al.
2024) showing strong N1v] emission and a super-solar [N/O]. For
comparison we show the Nicholls et al. (2017) trend that describes
the locus of local star-forming galaxies (silver; Izotov et al. 2023).
MoM-z14 and the N-emitters deviate by ~ 1 dex from the local
relation. Intriguingly, some of the most ancient stars born in the
Milky Way at z = 4 — 6 (“Aurora”; Belokurov & Kravtsov 2022;
Conroy et al. 2022; Rix et al. 2022) as well as local globular clusters
display abundances comparable to these high-z N-enriched sources
(golden points; sourced from Belokurov & Kravtsov 2023, 2024 —
note that these stars were selected to have high log N/O). Cen-
ter: Same as above, but for [C/O]. Here we see MoM-z14, the
N-emitters, and Milky Way stars are consistent with the local scal-
ing relation. Bottom: In other words, the [N/C] in these sources
is highly super-solar. We note that while constraints on Oxygen
are available only through a blended line, the nitrogen and Carbon
lines are the brightest we measure, resulting in a relatively tight
constraint (see §3.2.3 for details).

Massive/Super Massive Stars that lie around the stel-
lar population maximum log(&on/erg™! s71) =~ 26 (e.g.,
Schaerer et al. 2025), as well as metal-poor AGN (e.g.,
Nakajima & Maiolino 2022). The relatively uncertain
measurements currently in hand are unable to directly
isolate an ionizing source across these scenarios the He II,
C 11}, C 1v, N 1v], N III] EWs are all consistent with
metal-poor AGN as well as star-forming galaxies. In-
deed, Calabro et al. (2024) have shown in detail the
difficulty of distinguishing between these populations at
PRISM resolution using EWs of these emission lines in
their analysis of GLASS-z12/GHz2. However, as we dis-
cuss later here and in §4.3, the chemical abundances,
especially [N/C] are relatively robust among all our in-
ferred quantities and may already yield insights on the
ionizing sources.

The inferred gas density is &~ 20x higher than JADES-
GS-z14-0, which was found to be gas depleted perhaps
due to intense feedback (e.g., Schouws et al. 2025; Car-
niani et al. 2025b). Resolving the density sensitive N 111],
N1v], and Cuij lines with R =~ 1000 spectra will help us
precisely constrain exactly how high the gas density is.
For now we note that while high ionization parameters
(log(U) > —1) and electron densities (np; 10° cm™3)
might seem extreme, such values are plausible for high-
redshift galaxies (e.g., Topping et al. 2024) and may even
indicate AGN activity (e.g., Maiolino et al. 2024).

The derived chemical abundance patterns are contex-
tualized in Fig. 8. We find evidence for super-solar [N/O]
at relatively low [O/H] of ~ —1.3, while the [C/O] is
as expected based on local scaling relations. Though
note that the [N/O] from Cue may be underestimated
given that we do not include N1v]. To derive an inde-
pendent estimate of [N/C], we follow Villar-Martin et al.
(2004) who performed a detailed analysis of the nitrogen-
emitting Lynx arc (Fosbury et al. 2003), a lensed galaxy
at z = 3.357. In particular, we can bypass the highly un-
certain Oxygen abundance (which we have constraints
on only through a blend) and directly derive N/C =
(N3F4+N2+) /(C3T4+C?T) where these ionic abundances
follow from NIV], NIII], CIV, and CIII]. The free pa-
rameter is the electron temperature, for which we ex-
plore a wide range (T./(10*K) = 0.5 — 3) bracketing typ-
ical values inferred for comparable z > 10 sources (e.g.,
Cameron et al. 2023a; Calabro et al. 2024; Carniani et al.
2025b). This translates to values of log(N/C) = 0.71512
to 1. 100 15, which maps to [N/C] = 1.3751% to 1.77017.
That is, pending confirmation with higher resolution,
higher SNR spectroscopy, MoM-z14 may be among the
most nitrogen enhanced galaxies discovered with JWST
yet with a > 10x enhancement relative to the solar abun-
dance.

Such nitrogen enrichment has been reported in a wide
range of objects with JWST — two of the brightest sources
at z > 10 (GNz11, GLASS-z12/GHz2; e.g., Cameron
et al. 2023a; Castellano et al. 2024), some Little Red Dots

and broad-line AGN (e.g., Ubler et al. 2023; Labbe et al.
2024; Isobe et al. 2025), and half a dozen individual star-
forming galaxies (e.g., Isobe et al. 2023; Topping et al.
2024; Marques-Chaves et al. 2024; Schaerer et al. 2024).
Prior to JWST, only a handful of such strong N-emitting
galaxies had been reported across the entire extragalac-
tic observational literature (Fosbury et al. 2003; Patricio
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et al. 2016; Mingozzi et al. 2022; Pascale et al. 2023).
Like MoM-z14, most of these sources are extremely com-
pact relative to their peers at similar redshift, perhaps
suggesting shared origins (e.g., Harikane et al. 2024b;
Schaerer et al. 2024).

The key to unraveling this shared origin may lie in
Galactic archaeology — elevated [N/C] comparable to
these sources is routinely observed in Milky Way globu-
lar clusters (GCs) as well as some of the most ancient,
metal-poor stars born in the Galaxy (e.g., Belokurov &
Kravtsov 2023, 2024). MoM-z14 and the range of ob-
jects discussed above may be the “live action” versions
of these dense massive clusters and early epochs of star-
formation — we discuss this line of reasoning further in
§4.3.

3.3. An Absent Damping Wing at zspec = 14.447

A puzzling discovery from early observations with
JWST was a set of sources with apparent strong UV
“turnovers” where the Lya break appeared offset from
the systemic redshift. This was first interpreted as ex-
tremely strong damped Ly« absorption (DLA) due to
dense HT gas in the vicinity of these galaxies by Heintz
et al. (2024a). This phenomenon is now frequently ob-
served among the most distant galaxies at z = 10 — 14
(Umeda et al. 2024; Hainline et al. 2024; D’Eugenio et al.
2024; Asada et al. 2024; Witstok et al. 2025; Heintz et al.
2024b, 2025). Contributions from strong nebular con-
tinuum and 2-photon emission have also been argued
to explain at least a subset of galaxies with strong UV
turnovers (Cameron et al. 2024; Katz et al. 2024). How-
ever, this interpretation has been excluded for the vast
majority of high-z galaxies based on the lack of strong
emission-line EWSs or too blue rest-UV slopes (Chen et al.
2024; Witstok et al. 2025, Pollock et al. in prep.).

In the top panel of Fig. 9 we show qualitatively that
MoM-z14 has a relatively sharp Lya break and does not
show a broad UV turnover. We contrast the source with
JADES-GS-2z14-0 at a slightly lower redshift that dis-
plays a DLA profile corresponding to log(Nygp/cm™2) ~
22.3 (Heintz et al. 2025; Carniani et al. 2024). Not only
is such a DLA apparently absent in MoM-z14, but even
the IGM around it may be partially ionized. The bottom
panel of Figure 9 shows Lya damping wing curves for the
IGM with neutral fractions fixed to xg; = 0.01 and 1.0
(i.e. 1% to 100% neutral). Intriguingly, this compari-
son hints that MoM-z14 may reside in a partially ionized
IGM (see also the recent discovery of Lya at z > 10
in Bunker et al. 2023 and Witstok et al. 2025). We
also note that in contrast to JADES-GS-z14-0, MoM-
z14’s blue UV slope and inferred hard ionizing spectrum
are telltale signs of a non-zero Lyman continuum escape
fraction, consistent with it contributing to the ioniza-
tion of its surroundings, helping explain the difference in
the damping signatures between these two sources (e.g.,
Chisholm et al. 2022; Naidu et al. 2022b; Jaskot et al.
2024a,b).

To quantify these insights, we fit a model similar to
the one discussed in §3.1.2 but with the redshift fixed to
the systemic UV line redshift (z = 14.44) and an extra
parameter (Nyp) so we may account for the local, dense
neutral gas (i.e., the DLA) in addition to the neutral frac-
tion of the IGM (zgr). The DLA adds an additional Ly«
absorption component to the power-law+IGM model in-
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Fic. 9.— A dearth of neutral gas and an ionized IGM
around MoM-z147 Top: The relatively sharp Lya break of
MoM-z14 is contrasted against the UV “turnover” seen in JADES-
GS-z14-0 (red; Carniani et al. 2024). This turnover is routinely
observed in z > 8 galaxies (e.g., Heintz et al. 2024b) and has been
interpreted as damped Lya absorption due to dense columns of
neutral gas — log(Ngr/cm~2) > 1022 — ensconcing these galaxies
(e.g., Heintz et al. 2025). MoM-z14 and its immediate environment
may lack such neutral gas reservoirs. For the comparison above,
the JADES-GS-z14-0 spectrum has been normalized to the Myy of
MoM-z14. The spectra are reduced similarly with the msaexp soft-
ware following the reduction choices of the DAWN JWST Archive
(DJA v4). Note that both galaxies have precise systemic redshifts
measured from emission lines enabling this comparison. Bottom:
Best-fit models for the Lya region in MoM-z14 assuming a highly
ionized (xpr = 0.01, purple) and fully neutral (xg1 = 1, gold) IGM
with no DLA included and the remaining parameters varied (i.e.,
the shape and normalization of the UV continuum — Byv and Fp).
The sharp break in MoM-z14 may disfavor an entirely neutral IGM
in its immediate vicinity.

troduced in Sect. 3.1.2 in the form of a Voigt profile,
using the approximation from Tepper-Garcia (2006).

In Fig. 10 we present the results of the fit to this
model. The posteriors are broad, but bear intriguing
hints of an early ionized region. A strong DLA as seen
in JADES-GS-214-0 (log(Ngr/cm—2 = 22.277008) and
typical z > 10 galaxies (log(Ngr/cm~2 > 21; Heintz
et al. 2024b) is disfavored at > 92% confidence. The
IGM neutral fraction xy is inferred to be 0.4570 32 with
a completely neutral sight-line disfavored at > 93% con-
fidence. We emphasize caution that at the moment we
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Fic. 10.— Constraints on the DLA and IGM neutral frac-
tion in the vicinity of MoM-z14. The redshift is held fixed in
this model at z = 14.44 based on the detection of multiple UV lines
(§3.1). The inferred column density of neutral gas, log(Ngr/cm™2),
in MoM-z14 is more than an order of magnitude lower than in
JADES-GS-z14-0 (22.277:8:88; Heintz et al. 2025) supporting the
comparison in Fig. 9 suggesting the lack of a DLA. Furthermore,
the inferred IGM neutral fraction (zgy) is not &~ 100% — while the
posteriors are broad, zy; < 90% is favored at > 93% significance
with the most likely value being &~ 40%. Deeper, higher resolution
data (e.g., to rule out Lya) is required to confirm this hint of an
ionized region at such a high redshift. Syy and Fy are parameters
describing the shape and normalization of the spectrum (§3.1.2).

are unable to constrain the strength of Lya or NV emis-
sion, which at this low resolution and SNR makes de-
tailed interpretation of the break challenging. However,
we hope these preliminary results motivate the commu-
nity to undertake the intensive spectroscopy required to
definitively collapse these posteriors.

It is interesting to note that even a modest ~ 10 —20%
ionized fraction at z > 10 may help alleviate some of
the most pressing tensions in ACDM cosmology (e.g.,
the problem of negative neutrino masses and hints of
evolving dark energy) by providing support for a higher
value of the Thomson optical depth (7) compared to the
value inferred by Planck Collaboration et al. (2018) (e.g.,
Giare et al. 2024; Asthana et al. 2024; Mason et al. 2025;
Sailer et al. 2025).

4. DISCUSSION

4.1. The spectroscopic UV luminosity function at
Zspec ~ 14 — 15

The bright end of the UV luminosity function (UV LF)
at z > 10 has been a key benchmark for early Universe
models in the JWST era. The chasm between theory and
observations suggested by GN-z11 (Oesch et al. 2016)
at z =~ 10 was immediately borne out by photometric
samples (e.g., Naidu et al. 2022¢; Castellano et al. 2022;
Donnan et al. 2023; Harikane et al. 2023b; Finkelstein
et al. 2023; Adams et al. 2024) and subsequently con-

firmed with spectroscopy (e.g., Arrabal Haro et al. 2023;
Castellano et al. 2024; Napolitano et al. 2025). The dis-
covery of JADES-GS-z14-0 in a ~ 10 arcmin? field hinted
that bright sources remained abundant even at higher
redshifts, where the tension with models may be even
more pronounced (e.g., Robertson et al. 2024a; Whitler
et al. 2025; Pérez-Gonzalez et al. 2025b; Castellano et al.
2025b).

Here we confirm this picture. The number density
implied by MoM-z14 and JADES-GS-2z14-0 is shown in
Fig. 11. To estimate this LF point we assume MoM-z14
and JADES-GS-z14-0 are the only —21 < Myy < —20
sources over the UDS, COSMOS, and GOODS-S fields
at z = 14 — 15 in the area imaged by the PRIMER
and JOF surveys (Donnan et al. 2024; Eisenstein et al.
2023b). The survey area used for this calculation is
136 (PRIMER-COSMOS; Donnan et al. 2024) + 243
(PRIMER-UDS; Donnan et al. 2024) + 9 arcmin? (JOF;
Robertson et al. 2024a). The differential co-moving vol-
ume at z = 14 — 15 for this survey area is 462,648 Mpc?..
Our derived number density — log(¢/Mpc™ mag™!) =
~5.367037 — is in excellent agreement with photomet-
ric luminosity functions recently reported at z ~ 14 — 15
(e.g., Finkelstein et al. 2024; Donnan et al. 2024; Robert-
son et al. 2024a; Whitler et al. 2025).

To represent the pre-JWST theoretical consensus, we
construct a ACDM UV LF that assumes a literature-
averaged star-formation efficiency (SFE), low UV vari-
ability (ouv), and a Chabrier (2003) IMF following the
framework outlined in Shen et al. (2023). Such an LF un-
derestimates the incidence of observed sources by ~ 200x
(1821922 ) and is disfavored at high confidence. A sim-
ilar level of over-abundance is seen relative to individual
pre-JWST literature LFs (e.g., Mason et al. 2015; Tac-
chella et al. 2018; Behroozi et al. 2019; Dayal et al. 2022).
This comparison makes clear that the new generation of
models being developed in response to early JWST ob-
servations is very much required.

4.2. What makes luminous z > 10 galazies shine so
bright?

In Fig. 11 we show luminosity functions represent-
ing various classes of solutions proposed to address the
abundance of bright galaxies at z > 10. To provide a con-
trolled comparison, we illustrate these solutions with a
handful of models, keeping all else fixed (Shen et al. 2023,
2024, 2025; Mauerhofer et al. 2025). Broadly speaking,
these solutions invoke some combination of the following:

(i) A higher UV variability (ouv ), which represents the
scatter in UV brightness at fixed mass. The key form of
ouv explored in the literature has been “bursty” star-
formation, where galaxies oscillate between periods of
quiescence and starbursts on short ~ 10 Myr timescales
(e.g., Faucher-Giguere 2018; Mason et al. 2023; Sun et al.
2023; Nikopoulos & Dayal 2024; Endsley et al. 2024;
Looser et al. 2024; Kravtsov & Belokurov 2024). While
indeed, galaxies like MoM-z14 show a rising SFH, con-
straining the magnitude of this rise purely from rest-UV
SEDs is challenging (see the posteriors in Fig. 6; c.f.
Harikane et al. 2025; Kokorev et al. 2025b). We also
note that the oyy required to match the zgpec ~ 14 — 15
LF is much higher, ~ 1.5 — 2 mag (e.g., Shen et al. 2023,
2024), compared to the = 0.7 mag inferred out to z ~ 9



14 Naidu et al.

_4 D 7

g’) %’ Adapted from
Zepec =14 Y //‘ Shen+23,24,25

- MoM-z14 _ - % High o

—54 ’ ’ _ gh oyv
l& GS-z1 4}&; //’ (FIRE-2-like)
S /.:' l 7 ~ High SFE+moderate oyy
T _@d o, 55 (Thesan-Zoom-like)
(@)} 6 Q\/, g //’/
g ob/ P (o\}‘o o Classical SFE+low oyy

e O
A=) ‘@?// A i (\6@06\5}\ - Early Dark Energy
§ —71 9:/ e X Q@ Mauerhofer+25
o &,ﬁ:/ P é\ éQ}/ (DELPHI+SPHINX)
T4
S @c‘)/ £ ,’/ 5$ S BT Evolving SFE
5 / 70 .{@ 3
=81 7 s SRR Top-Heavy IMF
/ ’/. V2 , —_— , Lit. Photometric LFs
-24 -23 -22 -21 -20 -19 -18

MUV

FiG. 11.— The zspec = 14—15 UV luminosity function (LF; navy blue star) based on MoM-z14 and JADES-GS-z14-0 favors
the latest JWST-inspired theoretical models (brown shaded area) and a dramatic departure from pre-JWST consensus

LFs (silver dashed). While at z &~ 10 — 12 the tension with the

pre-JWST models is on the &~ 10x level, at z ~ 14 — 15 it is much

more pronounced (> 100x). Theoretical LFs typifying various physical scenarios that may explain the abundance of bright galaxies are
illustrated based on Shen et al. (2023, 2024, 2025) and Mauerhofer et al. (2025) whereas photometric LFs are shown for comparison from
Finkelstein et al. (2024); Robertson et al. (2024a); Donnan et al. (2024); Whitler et al. (2025); Morishita et al. (2024). These scenarios,
each with distinct merits, ultimately invoke some combination of: (i) a higher star-formation efficiency that marks the rate at which gas
cools into stars (SFE); (ii) a higher UV variability (cyy) that captures phenomena such as bursty star-formation; (iii) the presence of

luminous ingredients that preferentially occur in the early Universe

(e.g., a top-heavy IMF, AGN); (iv) modifications to cosmology that

increase the abundance of massive dark matter halos in the early universe (e.g., early dark energy). What is also clear from this figure is

that merely measuring the UVLF is insufficient to distinguish betwe:

en these scenarios to reveal what makes these galaxies shine so bright

— detailed studies of individual sources, as well as supporting population level statistics (e.g., clustering) are required.

from galaxy clustering (e.g., Shuntov et al. 2025).

(i) A higher star-formation efficiency (SFE), repre-
senting the conversion rate between gas and stars. For
example, Dekel et al. (2023, 2025); Li et al. (2024c)
envision feedback-free star-formation wherein dense gas
(nu 2 103cm™2) at low metallicity (< 20%Z¢) may col-
lapse into stars at a rate much faster than can be reg-
ulated by supernovae or stellar winds (see also Boylan-
Kolchin 2025). These ISM conditions are not implausi-
ble in light of “black hole stars” with ny ~ 10'%m—3
(e.g., Naidu et al. 2025; de Graaff et al. 2025) thought
to power Little Red Dots — LRDs occur at a similar rate
as the luminous z > 10 galaxies (= 107° cMpc™3; e.g.,
Matthee et al. 2024; Akins et al. 2024; Kokorev et al.
2024). Indeed, MoM-z14 does show hints of the required
ISM conditions for this scenario (Fig. 7) — this can be fur-
ther tested with high-resolution spectroscopy to resolve
density-sensitive multiplets (e.g., N11]; Maiolino et al.
2024).

(#i3) Modifications to ACDM that enhance the abun-
dance and accretion rate of early halos (e.g., Liu &
Bromm 2022; Huang et al. 2023; Parashari & Laha 2023;
Gouttenoire et al. 2024). For instance, in Early Dark
Energy (EDE), an increased early expansion relative to
ACDM decreases the physical sound horizon measured
in CMB, resulting in shifts of the inferred cosmologi-
cal parameters. This solves the Hubble tension with a
side effect of enhancing dark matter halo abundance at

high redshifts (see Poulin et al. 2023 for a recent review).
Clustering is a promising test of whether luminous galax-
ies are resident in truly massive halos (e.g., Muifioz et al.
2023; Gelli et al. 2024; Eilers et al. 2024) — in the EDE
scenario one would expect a higher halo mass on average
relative to say ACDM with a high oyy. At the moment,
we do not find any obviously associated zpnot = 14.44
sources around MoM-z14, but much deeper imaging and
spectroscopy will be required to rule out any companions.
No spectroscopically associated sources or overdensities
have been reported for other luminous z > 10 sources ei-
ther (though see Tacchella et al. 2023a for possible pho-
tometric companions around GNzl11).

(iv) Boosting the light to mass ratio relative to lower-
redshift galaxies. Examples include decreasing dust at-
tenuation with redshift (e.g., Ferrara et al. 2023), a top-
heavy IMF (e.g., Yung et al. 2024; Hutter et al. 2025; Lu
et al. 2025), or a high incidence of AGN (e.g., Maiolino
et al. 2024; Calabro et al. 2024; Natarajan et al. 2024).
MoM-z14 does show hints of a blue Byvy slope consistent
with little dust, and a chemical abundance pattern con-
sistent with very massive stars that may emerge under
a top-heavy IMF (see §4.3). The presence of strong UV
lines in the prism spectrum guarantee that higher resolu-
tion spectroscopy will be fruitful in drastically shrinking
the posteriors in Fig. 7 (e.g., of &on and [N/C]) to test
these scenarios.
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4.3. Insights from the Milky Way into MoM-z1/, early
bright galaxies, and supermassive black holes

Insight into the underlying physics of strong nitrogen
emitters may be found in the Milky Way, where nitro-
gen enhancement is a characteristic feature of globular
cluster (GC) stars — see Bastian & Lardo (2018) and
Gratton et al. (2019) for recent reviews. Furthermore,
super-solar nitrogen is also observed in 2-4% of the most
metal-poor stars that formed in the Milky Way prior to
the formation of the disk(s) at z 2 4 — 6 (the “Aurora”
or “proto-galaxy” component of the Milky Way; Con-
roy et al. 2022; Rix et al. 2022; Belokurov & Kravtsov
2022; Chandra et al. 2024; Semenov et al. 2024). Note
that Aurora is a distinct in-situ (born in the Milky Way)
component of the stellar halo, which is different from the
majority of halo stars that arise from the debris of ac-
creted dwarf galaxies (e.g., Belokurov et al. 2018; Helmi
et al. 2018; Naidu et al. 2020a). By using nitrogen as
a proxy for formation in dense clusters, =~ 50 — 70% of
star-formation at z 2> 4 — 6 in the Milky Way (i.e., in
Aurora) is estimated to have occurred within such bound
structures (e.g., Horta et al. 2021; Belokurov & Kravtsov
2023). Intriguingly, the fraction of N-enhanced stars then
rapidly falls off towards higher metallicities (z < 4) by
few orders of magnitude as the Milky Way’s disk be-
gins spinning up (e.g., Belokurov & Kravtsov 2023, 2024;
Kane et al. 2025). Indeed, direct observations of lensed
galaxies at z 2 6 are direct reflections of this archeolog-
ical inference (e.g., Fujimoto et al. 2024; Adamo et al.
2024). Therefore, the N-enhancement in MoM-z14 and
other high-z sources seems far from peculiar, and per-
haps reflects the generic mode of star-formation in very
dense clusters prevalent at these epochs (e.g., Ma et al.
2020).

As for the underlying physical picture, these primordial
dense clusters may be hotbeds for peculiar stellar popu-
lations and unique ISM conditions. For example, the rate
of rapid runaway collisions in massive GCs is expected
to be significant, and may help produce “very massive
stars” (VMS, = 100 — 1000M; e.g., Vink 2024) or “su-
permassive stars” (SMS, ~ 10*My; e.g., Denissenkov &
Hartwick 2014; Gieles et al. 2018; Vergara et al. 2025).
These stars would then leave behind an enriched ISM
with characteristic chemical abundance patterns (from
e.g., hot H burning in the CNO cycle; Charbonnel et al.
2023).

Further, beyond abundances, with objects like SMS
and VMS, the top-heavy IMF and drastically altered
mass-to-light ratio (e.g., Martins et al. 2020) would
help reconcile theoretical and observed UV LFs. The
M, =~ 108M we report for MoM-z14 then may be an
upper limit on the stellar mass, implying < 10 massive
(=~ 10°~"My) GCs may account for all the light. This
may also be linked to the compactness of N-emitters —
if only a few GCs dominate the light, they may pro-
duce a light profile with a very small effective radius
(Fig. 5). The stellar surface density we infer in MoM-z14
(3, = 10971 My kpc=2) is comparable to Milky Way
GCs, even if the stellar mass is over-estimated by 1-2 dex
(e.g., Hopkins et al. 2010). The hard ionizing spectrum
(§3.2.3) could also be naturally explained by an IMF that
is dominated by these highly ionizing massive stars (e.g.
Martins et al. 2025). What then of the extended sources

such as JADES-GS-z14-0 comprising the upper branch
in Fig. 57 These sources may represent a mode of star-
formation corresponding to the ~ 50% of nitrogen-poor
stars forming in the Milky Way in these early epochs.

As for the connection between UV-bright galaxies, N-
rich LRDs (e.g., Labbe et al. 2024), and broad-line AGN
(e.g., Isobe et al. 2025), perhaps the remains of VMS
and SMS mark the beginnings of gas-enshrouded super-
massive black holes (“black hole stars”) that form deeply
embedded in this dense environment (e.g., Ji et al. 2025;
Naidu et al. 2025; de Graaff et al. 2025; Rusakov et al.
2025; Taylor et al. 2025). It is tempting to speculate
that the drop in LRD number-density by an order of
magnitude below z & 4 (e.g., Ma et al. 2025; Euclid Col-
laboration et al. 2025) is linked to the similar drop in
the occurrence of N-enriched stars in the Milky Way at
these redshifts. These promising, yet preliminary connec-
tions between the highest redshift galaxies and the local
archaeological record hinge on detailed chemical abun-
dances, motivating investments in deep, high-resolution
spectroscopy.

5. SUMMARY & OUTLOOK

This paper presented first results from the “Mirage or
Miracle” (MoM) survey that we designed to spectroscop-
ically test the abundance and nature of luminous galaxy
candidates at z > 10. Here we introduced MoM-z14, a re-
markably bright (Myy = —20.2) source at zgpec = 14.44
whose discovery pushes the cosmic frontier to ~ 280 mil-
lion years after the Big Bang. We find the following:

e The NIRCam imaging of MoM-z14 shows a ro-
bust dropout signature (zphor = 14.8679:27), which
the follow-up NIRSpec prism spectrum reveals is
due to a sharp Ly« break at zppeax = 14.42f8:(1)8.
Remarkably for a galaxy at this early epoch, the
prism spectrum displays multiple rest-UV emis-
sion lines (C1v, Cui, N1v, N1, Hen+O1m)).
This allows for a rather precise redshift determina-
tion (2UV lines = 14.44f8;8%) while also providing a
unique opportunity for detailed physical character-
ization. [Figs. 1, 2, Table 3, §3.1]

e The source is quite compact, and yet spatially re-
solved, thereby disfavoring a dominant AGN con-
tribution (circularized 7, = 74713 pc). It joins
GNz11 and GLASS-z12/GHz2 as an outlier in be-
ing extremely compact for its luminosity and red-
shift. [Figs. 4, 5, §3.2.1]

e Modeling the SED and strong UV emission lines re-
veals an SMC-like dwarf galaxy (=~ 10%M) caught
in a burst, efficiently emitting copious ionizing pho-
tons through a virtually dust-free ISM [Figs. 6, 7,
Table 1, §3.2.2, §3.2.3]

e Perhaps relatedly, the immediate surroundings of
MoM-z14 appear to be partially ionized as borne
out by the absence of a strong damping wing. Ly«
follow-up and deeper spectroscopy of the break
shape will help determine if we may be witness-
ing an earlier than expected start to reionization.
[Fig. 9, §3.3]
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e We report the bright-end of the spectroscopic UV
LF at z =~ 14 — 15 based on MoM-z14 and JADES-
GS-214-0 (zgpec = 14.18). We confirm that the
> 100x over-abundance relative to pre-JWST con-
sensus models suggested by photometric samples
is not a mirage. We demonstrate four classes of
model solutions to bridge this chasm (UV variabil-
ity, higher SFE, cosmology, modifying the mass to
light ratio). The UV LF alone cannot discriminate
among these solutions and deep follow-up observa-
tions of individual sources and their environments
are required. [Fig. 11, §4.1,84.2]

e MoM-z14 is a strong NIV])\1487A emitter, adding
the highest redshift example yet to this emerging
class of sources that now includes a collection of
luminous Little Red Dots, broad-line AGN, and
extremely compact star-forming galaxies. In fact,
pending confirmation with high-resolution spec-
troscopy, MoM-z14 may rank among the most
nitrogen-enhanced sources discovered with JWST
yet ([N/C]> 1). It adds further evidence for a size-
chemistry bimodality at z > 10, wherein extended
sources tend to be nitrogen weak while compact
sources are strong N emitters. [Figs. 5, 8, §3.2.3]

e We interpret MoM-z14 and N-emitters through
Galactic archaeology, connecting their abundance
patterns to the most ancient stars born in the Milky
Way at z 2 4 (“Aurora” /the “proto-galaxy”) as
well as to globular clusters. The N-enhancement,
brightness, hard ionizing spectra, stellar density,
morphology, redshift dependence, and black hole
fraction of these sources may be linked to GC-like
environments wherein runaway collisions may pro-
duce extraordinary objects such as supermassive
stars. [Figs. 5, 8, §4.3]

That the number density of luminous galaxies evolves
only gradually between z =~ 10 and z ~ 14— 15 is now on
firm spectroscopic footing. The good fortune of inhabit-
ing a Universe teeming with GN-z11s means remarkably
luminous z &~ 15 galaxies in the hundreds may be within
the grasp of the Roman Space Telescope. JWST itself
appears poised to drive a series of great expansions of
the cosmic frontier — previously unimaginable redshifts,
approaching the era of the very first stars, no longer seem
far away.
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APPENDIX
A. TESTS FOR SYSTEMATICS

We perform two tests to validate different aspects of
the NIRSpec data reduction. First, we compare the NIR-
Spec fluxes to the NIRCam photometry of the source.
We synthesize photometry by convolving the observed
spectrum with filter curves. The results are shown in
Fig. 12. We emphasize that at no point in the NIRSpec
data reduction are the NIRCam fluxes incorporated (to
e.g., rescale the data). In all filters, spanning 0.9-5um,
the fluxes are in excellent agreement (< 1lo) within er-
rors. The PRISM/NIRCam ratio of fluxes is F200W:
1.4+ 0.6; F277TW: 1.2 £ 0.5; F356W: 1.1 4+ 0.7; F410M:
1.9+ 1.6; F444W: 1.8+ 1.9. We note that in all but two
bands (F277W, F356W), the NIRCam photometry itself
is relatively uncertain (< 50). In the two bands (F277W,
F356W) where the source is well-detected (~ 100), the
offset is modest (10 — 20%). Fortunately, these are also
the bands whose wavelength coverage spans almost all
the key features of interest (e.g., emission lines, Myvy)
and so we expect there to be < 20% impact on the de-
rived physical parameters. This overall consistency we
find is crucial to e.g., robustly estimate the Syv slope or
fit the damping wing.

In the second test, we consider an alternate form of
background subtraction instead of our fiducial “local”
subtraction that makes use of the nod offset positions.
In the “global” background estimation we make use of
the empty sky slitlets on the mask that the source was
observed in and then fit these data using a sky tem-
plate with components representing zodiacal dust and
a modified Solar spectrum (see Appendix A.2 from de
Graaff et al. 2024c for details). The resulting spectrum
is shown in Fig. 13. We note that this form of back-
ground subtraction comes with its own set of systematics
(for e.g., the sky model template may not perfectly track
the observed sky). Nonetheless, it provides a handle on
the robustness of the features that are the focus of our

work. We see that the prominent features from the fidu-
cial spectrum are present here as well, with the various
reported lines appearing at z = 14.44 and the Lya break
consistent with the same redshift.

B. RULED OUT LOW-REDSHIFT SOLUTIONS

One of the key goals of the MoM program was to con-
firm bright high-redshift galaxy candidates through NIR-
Spec/prism spectra. In Fig. 14, we show that all the
possible low-z solutions that were marginally allowed by
the NIRCam photometry are completely ruled out. In
particular, the p(z) in bottom panel of Fig. 2 shows two
small peaks: one at z ~ 3.75 where a Balmer break of
a quiescent galaxy at around =~ 2um could mimick the
Lya break. Similarly, for a faint z ~ 0.8 source the con-
tinuum can peak at around = 2um before fading below
< lpm.

The z = 4.9 galaxy from de Graaff et al. (2024a) is
used to illustrate the quiescent case by shifting and re-
sampling the spectrum whereas the best-fit Prospector
model that was fit to the NIRCam photometry is shown
for the z = 0.77 scenario. Both these solutions are firmly
ruled out by the sharpness of the observed break in the
prism spectrum and dearth of flux at shorter wavelengths
clearly seen in the 2D spectrum. Furthermore, no lines
corresponding to z = 3.75 appear in the spectrum — qui-
escent galaxies at this epoch often show Ha in emission
due to AGN activity (e.g., Carnall et al. 2024).

So-called “Black Hole Stars” (BH*s; e.g., Naidu et al.
2025; de Graaff et al. 2025) that have been proposed to
power Little Red Dots (e.g., Matthee et al. 2024) dis-
play extremely strong, sharp Balmer breaks far exceed-
ing the maximum break strength of stellar populations
thereby possibly mimicking Lyman breaks. However,
these sources show a red continuum and broad Balmer
lines that are ruled out by the data.

The only remaining possible type contaminant from
the photometry p(z) would have been a dusty, strong
emission line source whose emission lines could mimick a
flat continuum, as seen in the so-called ‘Schroedinger’
galaxy (e.g., Arrabal Haro et al. 2023; Naidu et al.
2022a). However, this is obviously not the case for MoM-
z14, and all possible low-z solutions are ruled out.
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