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ABSTRACT

The unexpectedly high abundance of galaxies at z > 11 revealed by JWST has sparked a debate
on the nature of early galaxies and the physical mechanisms regulating their formation. The Ata-
cama Large Millimeter /submillimeter Array (ALMA) has begun to provide vital insights on their gas
and dust content, but so far only for extreme ‘blue monsters’. Here we present new, deep ALMA
observations of JADES-GS-z11-0, a more typical (sub-L*) z > 11 galaxy that bridges the discovery
space of JWST and the Hubble Space Telescope. These data confirm the presence of the [O 111] 88 um
line at 4.50 significance, precisely at the redshift of several faint emission lines previously seen with
JWST/NIRSpec, while the underlying dust continuum remains undetected (F, < 9.0 wJy), implying
an obscured star formation rate (SFR) of SFRig < 6 Mg yr—! and dust mass of Mgus; < 1.0 x 108 Mg
(all 30). The accurate ALMA redshift of z|o,, = 11.1221 £ 0.0006 (2 5x refined over NIRSpec)
helps confirm that redshifts measured purely from the Lyman-o break, even spectroscopically, should
properly take into account the effects of potential damped Lyman-o (DLA) absorption to avoid sys-
tematic overestimates of up to Az & 0.5. The [O111] 88 um luminosity of Ljo . = (1.1£0.3) x 10% L,
meanwhile, agrees well with the scaling relation for local metal-poor dwarfs given the SFR measured
by NIRCam, NIRSpec, and MIRI. The spatially resolved MIRI and ALMA emission also underscores
that JADES-GS-z11-0 is likely to consist of two low-mass components that are undergoing strong
bursts of star formation yet are already pre-enriched in oxygen (~20-30% solar), only 400 Myr after
the Big Bang.

*E-mail: joris.witstok@nbi.ku.dk
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1. INTRODUCTION

Across several decades, the Hubble Space Telescope
(HST) has made remarkable strides in finding evermore
distant galaxies (for a review, see Stark 2016). It was
quickly realised that the suppression of ultraviolet (UV)
light due to residual neutral, atomic hydrogen (HI) in
the intervening intergalactic medium (IGM) could be ex-
ploited to efficiently identify sources at redshifts z 2 2
(Steidel et al. 1996; Madau et al. 1996). The distin-
guishing ‘Lyman break’ universally observed in the spec-
tral energy distribution (SED) of these sources becomes
particularly pronounced entering the epoch of reionisa-
tion (EoR) at redshifts z > 6 (Bunker et al. 2004, 2010;
Bouwens et al. 2015; Finkelstein et al. 2015), where IGM
absorption fully saturates up to the rest-frame wave-
length of H1 Lyman-« (Ly«), ALye = 1215.67 A (Inoue
et al. 2014). However, a fundamental frontier remained
at z &~ 11, where the Ly« transition becomes redshifted
beyond the reach of HST.

Furthermore, ground-based spectrographs struggled to
validate redshifts of z 2 6 (only occasionally detecting
the Lyoa line; Schenker et al. 2014; Zitrin et al. 2015;
Pentericci et al. 2018), and the spectroscopic capability
of HST in this redshift regime was limited. Instead, this
role was partially fulfilled by the Atacama Large Millime-
ter/submillimeter Array (ALMA), which is able to simul-
taneously probe the ionisation state, metal and dust con-
tent, and kinematics of the interstellar medium (ISM) in
reionisation-era galaxies (see Hodge & da Cunha 2020 for
a review). Far-infrared (FIR) dust-continuum emission
further indicated that these sources may rapidly build
up considerable dust reservoirs (e.g. Watson et al. 2015;
Dayal et al. 2022; Witstok et al. 2022, 2023; Algera et al.
2023, 2024; Sun et al. 2025). Though the [C11] 158 pm
fine-structure line proved a versatile tracer of ionised and
neutral gas (Smit et al. 2018; Le Feévre et al. 2020; Heintz
et al. 2021; Bouwens et al. 2022; Schouws et al. 2022,
2023), its luminosity was consistently matched or even
outshone by the [O111] 88 pm transition at z 2 6 (Inoue
et al. 2016; Hashimoto et al. 2018; Tamura et al. 2019).
This suggested the presence of a diffuse, oxygen-enriched
ISM excited into a highly ionized state by intense radia-
tion fields (Harikane et al. 2020; Witstok et al. 2022), and
hinted at a decreased C/O abundance ratio and poten-
tially top-heavy initial mass function (IMF; Katz et al.
2022).

Breaking the HST redshift barrier finally became pos-
sible with JWST (McElwain et al. 2023; Rigby et al.
2023), which is capable of near-infrared imaging and
spectroscopy at unprecedented spatial resolution and
sensitivity (Robertson 2022; Gardner et al. 2023). Based
on Near-Infrared Camera (NIRCam; Rieke et al. 2023b)
imaging, a number of z 2 11 galaxy candidates were
identified soon after the launch of JWST (e.g. Castel-
lano et al. 2022; Finkelstein et al. 2022, 2023; Naidu
et al. 2022; Donnan et al. 2023; Adams et al. 2023;
Harikane et al. 2023; Pérez-Gonzalez et al. 2023; Hain-
line et al. 2024b). Indeed, the sheer number of UV-bright
galaxy candidates beyond z = 11 hugely eclipsed ACDM-
anchored forecasts calibrated on HST observations (Ma-
son et al. 2023), raising questions about the possible con-
tribution of active galactic nuclei (AGN; Hegde et al.
2024), the mode of star formation becoming more bursty

(e.g. Shen et al. 2023; Sun et al. 2023), less obscured by
dust (e.g. Ferrara et al. 2023) and/or simply more effi-
cient (e.g. Gelli et al. 2024).

Efforts to follow up JWST-selected candidates at the
redshift frontier with ALMA, however, did not immedi-
ately yield unambiguous confirmations (Fujimoto et al.
2023a; Kaasinen et al. 2023; Yoon et al. 2023; Bakx et al.
2023; Popping 2023; Kohandel et al. 2023), initially call-
ing into question the robustness of our selection of high-
redshift candidates, especially those at the bright end
(e.g. Zavala et al. 2023). The Near-Infrared Spectro-
graph (NIRSpec; Jakobsen et al. 2022; Ferruit et al. 2022)
did finally deliver spectroscopic confirmations, though
in many cases solely based on the Lyx spectral break
(Curtis-Lake et al. 2023; Arrabal Haro et al. 2023; Wang
et al. 2023; Carniani et al. 2024).

In several cases, the presence of metals was re-
vealed through UV cooling lines (e.g. Bunker et al.
2023; Hsiao et al. 2024; D’Eugenio et al. 2024; Castel-
lano et al. 2024; Napolitano et al. 2025; Tang et al.
2025; Naidu et al. 2025), from which it also be-
came apparent that redshifts based on the Lyx spec-
tral break—even spectroscopically—were systematically
overestimated (e.g. Fujimoto et al. 2023b; Asada et al.
2025). Lya damping-wing absorption arising in a fully
neutral IGM (e.g. Keating et al. 2024a,b; Curti et al.
2025; Mason et al. 2025; Huberty et al. 2025) will cer-
tainly produce a smoother Ly« break, as will an increas-
ingly prominent two-photon contribution to nebular-
continuum emission expected for metal-poor stellar pop-
ulations (Cameron et al. 2024; Katz et al. 2025).

Still, detailed modelling of the break in NIR-
Spec/PRISM spectra of 2 2 9 galaxies frequently re-
quires damped Ly (DLA) absorption far exceeding the
IGM damping-wing absorption (Hainline et al. 2024a;
Witstok et al. 2025b; Heintz et al. 2024, 2025a,b). This
suggests that our sightlines may occasionally pierce sub-
stantial HT gas reservoirs within the ISM or circumgalac-
tic medium, as is indeed expected from simulations (Gelli
et al. 2025).

Recent results indicate that the overabundance of z 2
11 galaxies has stood the test of time (e.g. Harikane
et al. 2024), and even extends to the faint end of the
UV luminosity function (e.g. Pérez-Gonzalez et al. 2023;
Leung et al. 2023; Whitler et al. 2025). Meanwhile,
breakthrough ALMA confirmations at the redshift fron-
tier finally arrived by means of the [O111] 88 pm transi-
tion (Zavala et al. 2024; Schouws et al. 2025; Carniani
et al. 2025), offering unique new insights into the na-
ture of the earliest galaxies. However, so far these were
restricted to the very UV-brightest galaxies known—
‘blue monsters’—some of which have been shown to ex-
hibit signatures indicative of an exceptionally compact
mode of star formation and/or an AGN (e.g. Cameron
et al. 2023; Maiolino et al. 2024; Castellano et al. 2024;
Alvarez-Marquez et al. 2025), while it is unclear whether
this is the case for the fainter galaxies, which are signifi-
cantly more numerous.

In this work, we present newly obtained ALMA ob-
servations of [O111] 88 pm and dust-continuum emission
in a more typical, sub-L* galaxy at z =~ 11. Origi-
nally discovered as UDFj-39546284 (Bouwens et al. 2011)
and assigned a redshift of z,per = 11.970% (Ellis et al.
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2013), it was validated as a promising candidate in
NIRCam imaging obtained as part of the JWST Ad-
vanced Deep Extragalactic Survey (JADES; Rieke 2020;
Bunker et al. 2020; Eisenstein et al. 2023) with zppot =

117705 (Robertson et al. 2023). Tt subsequently be-
came known as JADES-GS-z11-0, one of the four first
spectroscopically confirmed z > 10 galaxies reported by
Curtis-Lake et al. (2023), with a redshift of zspec, 1aM =
11.48700% taking into account IGM damping-wing ab-
sorption. Finally, Hainline et al. (2024a) verified its red-
shift based on the detection of multiple, faint UV and
optical emission lines—C1v A1548,1551 A (C1v here-
after), [O1]A3727,3730 A ([O11]), and [Nerm] A3870 A
([Ne1r1]), combined at 94% confidence—in ultra-deep
JWST /NIRSpec observations comprising 75 h in PRISM
mode. Surprisingly, this placed its redshift at a refined
value! of zgpec = 11.1227005° . necessitating DLA absorp-
tion in addition to the IGM damping-wing absorption,
with an H1 column density of Ny, =~ 10%2-® cm—2. Most
recently, in deep JWST imaging with the Mid-Infrared
Instrument (MIRI; Rieke et al. 2015), JADES-GS-z11-
0 was seen to exhibit a strong excess at 5.6 pm possi-
bly dominated by bright [O111] A4960,5008 A and Hp

([O111] + HP) emission lines (Ostlin et al. 2025).

The outline of this work is as follows. In Section 2,
we discuss the observations underlying this work. Our
results are presented in Section 3 and discussed in
Section 4, with Section 5 providing a summary. We
adopt a flat ACDM cosmology throughout, with Hy =
67.4kms™! Mpc™!, Q. = 0.315, 4, = 0.0492 based on
the latest results of the Planck collaboration (Planck Col-
laboration et al. 2020). On-sky separations of 1” and
1" at z = 11.1 correspond to 3.95physical kpc (pkpc)
and 0.237 physical Mpc (pMpc), respectively. Quoted
magnitudes are in the AB system (Oke & Gunn 1983),
emission-line wavelengths in vacuum, and FIR luminosi-
ties are expressed in terms of the bolometric solar lumi-
nosity, Lo = 3.828 x 1033 ergs~1.

2. OBSERVATIONS
2.1. HST and JWST observations

The NIRCam imaging and NIRSpec spectroscopy of
JADES-GS-z11-0 are associated with JWST guaranteed
time observations (GTO) programme IDs (PIDs) 1180
(PL: Eisenstein) and 1210 (PI: Luetzgendorf), further
complemented by several JWST general observer (GO)
programmes in the Hubble Ultra Deep Field (HUDF;
Beckwith et al. 2006). Specifically, we made use of
the JWST Extragalactic Medium-band Survey (JEMS;
Williams et al. 2023), associated with PID 1963 (PlIs:
Williams, Maseda & Tacchella); the First Reioniza-
tion Epoch Spectroscopic COmplete Survey (FRESCO;
Oesch et al. 2023), associated with PID 1895 (PI: Oesch);
and the JADES Origins Field (JOF; Eisenstein et al.
2025), associated with PID 3215 (PIs: Eisenstein &

Maiolino). Compilations of these data’? were previously

1 As the fainter, southern counterpart to GN-z11 (Oesch et al.
2016), JADES-GS-z11-0 is thus likely the most distant galaxy dis-
covered by HST, with GN-z11 now confirmed at zspec = 10.6
(Bunker et al. 2023).

2 Publicly available at https://archive.stsci.edu/hlsp/
jades, where JADES-GS-z11-0 appears under the NIRSpec IDs

TABLE 1
GENERAL PROPERTIES OF JADES-GS-z11-0

Component A Component B

Right ascension (deg)  +53.1647632 +53.164735
Declination (deg) —27.7746223 —27.774714
NIRCam ID 130158 130115
NIRSpec ID (1210) 10014220 -
NIRSpec ID (3215) 20130158 -

Myv (mag) —19.30+0.05 —17.434+0.17
Buv 2174003  —2.2440.04
e (mas) 29+1 22+8

re (pc) 11448 86+ 30
Zspecs Zphot 11.122+6-505 10.9+0.3
Note. — We distinguish between components A and B

(Section 2.1), for which the coordinates, absolute UV mag-
nitude Myv, and half-light radii r. are based on FORCEPHO
(B. D. Johnson et al. in prep.) fits further detailed in Ap-
pendix A. The UV slope Syv is derived from stellar pop-
ulation synthesis models fit to the photometry (and spec-
troscopy for component A; Section 4.1). For component A,
we list the NIRSpec-derived spectroscopic redshift zspec re-
ported by Hainline et al. (2024a) based on multiple, faint
emission lines (combined at 94% confidence; see text for de-
tails), whereas for component B the photometric redshift
Zphot derived from NIRCam and MIRI is listed.

presented in Curtis-Lake et al. (2023), Robertson et al.
(2023), and Hainline et al. (2024a). The JADES survey
strategy and data reduction procedures are described in
the survey overview (Eisenstein et al. 2023) and data
release papers (Rieke et al. 2023a; Bunker et al. 2024;
D’Eugenio et al. 2025; Curtis-Lake et al. 2025; Scholtz
et al. 2025b). We also considered publicly available HST
imaging (Illingworth et al. 2016) over the Great Observa-
tories Origins Deep Survey-South (GOODS-S; Giavalisco
et al. 2004) legacy field. Finally, we made use of the
publicly available MIRI imaging® in the F560W, F770W,
and F1000W filters from the MIRI Deep Imaging Survey
(MIDIS; Ostlin et al. 2025, in prep.), associated with PID
1283 (PI: Ostlin).

The NIRCam imaging presented here was reduced with
the latest v1.0 data reduction pipeline. Compared to
previous versions (e.g. v0.9 in Hainline et al. 2024a),
improvements at the low-level processing in this version
include wisp amelioration, astrometry, and noise miti-
gation, whereas high-level improvements include image
weighting during mosaicing, overall depth and area of
the imaging, as will be described in an upcoming pa-
per (B. D. Johnson & JADES Collaboration in prep.).

Motivated by the presence of a nearby faint compan-
ion first identified as a potential satellite of JADES-GS-
z11-0 by Hainline et al. (2024a), as shown in Fig. 1,
our fiducial photometric measurements were obtained
with FORCEPHO (B. D. Johnson et al. in prep.; see
also e.g. Robertson et al. 2023; Tacchella et al. 2023a;
Baker et al. 2025a), which simultaneously constrains the

in Table 1.

3 Publicly available at https://doi.org/10.5281/zenodo.
15535601 (Melinder 2025). Shallower coverage in all MIRI fil-
ters was taken as part of the Systematic Mid-infrared Instrument
Legacy Extragalactic Survey (SMILES; Alberts et al. 2024), though
JADES-GS-z11-0 remained undetected.
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Fic. 1.— NIRCam and NIRSpec/PRISM observations of JADES-GS-z11-0. a, An inverse-variance weighted stack of PSF-matched
NIRCam images from all filters with firm continuum detections, starting at F182M and going redwards (see Appendix A for details). Black
and white crosses show the NIRCam-based centroids of the two components (A and B) of JADES-GS-z11-0. The placement of the NIRSpec
micro-shutters is shown in white (nearly identical across all visits). A horizontal bar indicates a physical scale of 1kpc at z = 11.122.
b, One-dimensional NIRSpec/PRISM spectrum. Shading shows 1o uncertainty on individual wavelength bins (i.e. the covariance matrix
diagonal, cri2 = C};; see Appendix B). For the redshift solution z = 11.122 reported by Hainline et al. (2024a), the location of key rest-frame
UV and optical emission lines is indicated, most prominent among which are the C1v, [O11], and [Ne111] emission lines.

photometry and morphology of both the main galaxy
and companion (also respectively labelled components
‘A’ and ‘B’ hereafter). The results are presented in
Appendix A, alongside traditional aperture-photometry
measurements. Uncertainties on the aperture photome-
try are measured from a series of random apertures as de-
tailed in (Rieke et al. 2023a), while FORCEPHO provides a
Bayesian forward-modelling approach to estimate uncer-
tainty through standard Markov Chain techniques, which
explicitly takes into account the effects of correlated pixel
noise, the variation of the NIRCam point spread function
(PSF) across photometric bands, neighbouring sources,
and uncertainty in the source morphology (Robertson
et al. 2023). This reveals that the photometry of the com-
panion (B) is statistically fully consistent with z ~ 11.

Our spectroscopic data set, meanwhile, consists of a
new reduction of the ultra-deep NIRSpec/PRISM spec-
trum already presented by Hainline et al. (2024a). Cap-
turing the main galaxy (A) in the NIRSpec micro-shutter
(Fig. 1), this consists of 186 sub-exposures from PIDs
1210 and 3215 with a total exposure time of 75h. Here,
we exploit the latest reduction pipeline from the NIR-
Spec GTO Collaboration as described in data release
4 paper II (Scholtz et al. 2025b). Largely equivalent
to the pipeline behind DR3 (D’Eugenio et al. 2025),
it adopts more recent NIRSpec calibration files and in-
cludes a new correction for intra-shutter offsets. The 186
sub-exposures are filtered and combined using the pre-
scription described in Hainline et al. (2024a) and Witstok
et al. (2025b), which is repeated 5000 times in a boot-
strapping procedure to construct the covariance matrix
(see Appendix B).

2.2. ALMA observations

JADES-GS-z11-0 was observed in band 6 (Ediss et al.
2004) and 7 (Mahieu et al. 2012) primarily targeting
the [O111] 88 pm line under the A-ranked programme
2023.1.00336.S in Cycle 10 (PIs: Witstok & Smit).
The originally proposed observations employed a spec-
tral tuning with three adjacent spectral windows (SPWs)
at the edge of band 6, covering > 99% of the poste-
rior distribution obtained by Curtis-Lake et al. (2023)
on Zspec, iIcM (Section 1). Before ALMA observations
were taken, however, the refined emission-line redshift
reported in Hainline et al. (2024a) was identified, which
would place the FIR [O111] transition with rest-frame
wavelength of 88.356394 um at veps = 279.9075-97 GHz,
narrowly shifting it into band 7 (discussed further in Sec-
tion 4.2). A request to change the spectral tuning plac-
ing four SPWs in band 7 was approved by ALMA (albeit
with lowered sensitivity according to the difference in
atmospheric transmission), but the band-6 observations
accidentally remained in the observing queue and ended
up being fully observed.

Observations were carried out between January and
November 2024 under variable weather conditions, with
precipitable water vapour values of 0.8-2.7mm (0.4-
1.8mm) in band 6 (7). Antennae baselines ranged from
15m up to 314 m in band 6, resulting in a reported restor-
ing beam (using Briggs weighting) with a full-width at
half maximum (FWHM) of ~0.8"” x 0.7” along the ma-
jor and minor axes, respectively. In band 7, the max-
imum baseline instead was 1.4 km, with a beam size of
~0.4"” x 0.3". The total on-source time was 19.2h, di-
vided across 6h in band 7 and 13.2h in band 6. All
data were obtained from the ALMA science archive?, cal-
ibrated and reduced with the automated pipeline of the

4 Available at https://almascience.eso.org/asax/ under the
project code 2023.1.00336.S.
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Common Astro Software Applications (CASA; McMullin
et al. 2007) versions 6.5 (band 7) and 6.6 (band 6).

The mapping from the complex visibility plane onto
the image plane was performed with CASA’s TCLEAN rou-
tine, largely following Witstok et al. (2022). We per-
formed the UVCONTSUB task to subtract the continuum
and obtain line-only visibilities, though the underlying
dust continuum is not confidently detected (Section 3.1).
We have verified that without the continuum subtrac-
tion we obtain indistinguishable results. Data cubes were
made with a natural weighting of baselines without ap-
plying any tapering to maximise the signal-to-noise ra-
tio (SNR) at the expense of spatial resolution, resulting
in a mean beam size of 0.6” x 0.4” in band 7. Having
explored a range of spectral channel widths, we compro-
mised on rebinning to Ave,s = 5 MHz (corresponding to
Av = 5.4kms~! at 279.9 GHz) to maintain both spectral
resolution and SNR.

We created emission-line data cubes only using the
band-7 SPWs covering the NIRSpec-based redshift, hav-
ing verified that there are no other significant, co-
herent emission-line detections at the spatial location
of JADES-GS-z11-0 across the entire frequency range
probed by the ALMA observations (269.0-292.2 GHz
across band 6 and 7). Based on initial ‘dirty’ imaging
for the first characterisation of the [O 111] 88 pm emission,
we made two clean ‘narrowband’ images with frequency
widths of 30 GHz and 45 GHz using the auto-masking
continuum cleaning procedure described below. Finally,
the data cubes were constructed by cleaning down to a
threshold set to two times the root-mean-square (RMS)
noise within a custom mask, created from the combina-
tion of the two narrowband images.

Continuum images were created by the MFs (multi-
frequency synthesis) mode of TCLEAN combining all
available observations, stretching across band 6 into band
7 and spanning a total frequency range of 269.0 GHz <
Vobs < 292.2 GHz, except a masked velocity range of
|[v] < 100km/s around the expected location of the
[O111] 88 um line, given the NIRSpec redshift (zspec =
11.122). We adopted the mean channel frequency
as the representative continuum frequency, vops =
276.7f%_57'5 GHz (errors indicating the full range of the

MFS image), which at zgpec = 11.122 translates to a

rest-frame wavelength of Aepmit = 89.4:21'_2 um. Natural

weighting was again used for optimal SNR, which across
the entire (band-6 and -7) continuum frequency range re-
sulted in a beam size of 0.9” x 0.7”. As in Witstok et al.
(2022), we find the measured RMS noise in naturally
weighted images agrees well with the theoretically ex-
pected value of the sensitivity of an interferometric image
(Thompson et al. 2017). Following Rowland et al. (2024),
the images were cleaned down to a threshold set to two
times the RMS noise, using the auto-masking mode® in
TCLEAN (with recommended parameters for long base-
lines). Flux measurements, both for continuum and line
emission, conservatively take into account a 10% system-
atic flux calibration uncertainty (see Section A.9.2 of the
ALMA Proposers’ Guide; Privon et al. 2025).

5 See the casa auto-masking guide at https://casaguides.
nrao.edu/index.php/Automasking_Guide.

TABLE 2
FIR proPerTIES OF JADES-GS-211-0
OBSERVED BY ALMA

[O 111] 88 um line

ting (h) 6.0

Vobs, cent. (GHZ) 279.901 £+ 0.014
Z[0 ] 11.1221 + 0.0006
Av (kms™1) 20 + 14

Sy Av (mJy kms™1) 25£7
L[Om] 88 um (108 Lo) 1.1+£0.3

0.5752 x 02792
0.8 108
18708 s 1,010

Tmaj X Tmin (arcsec?)
Tmaj X T'min (kPC2)

Dust continuum

ting (h) 19.2

Xemit (Hm) 89.41%5

Sy (ndy) < 9.0

Lig (10'°Lg) <31

SFRir (Mg yr™) <6

Maust (105 M) S 10

NorTE. —  Listed properties include

the on-source time t;,¢, observed line fre-
qUENCY Vobs, cent., implied [O111]88 um red-
shift 2|0 1], line width Av, integrated line flux

Sy Av and line luminosity L (see Section 3.2
for details), and deconvolved size Tmaj X Tmin,
given as the FWHM along major and mi-
nor axes (see text for details). Under con-
tinuum properties we report rest-frame wave-
length Aemit, upper limits (all 30) on the flux
density S,, IR luminosity Lir, obscured star
formation rate SFRir, and dust mass Mqyst
(see Section 3.1 for details).

3. RESULTS
3.1. Dust-continuum emission

In Fig. 2, we show the continuum image, which reaches
considerable depth combining 19.2h from all available
band-6 and -7 observations (Section 2.2). It spans a total

frequency range of 269.0 GHz < vops < 292.2 GHz (Sec-

tion 2.2) or rest-frame wavelength of Aepis = 89.41'3:2 wm

at z = 11.122. Across 500 randomly placed, beam-sized
apertures we measure a median of 0.2 uJy and standard
deviation of 2.8 uJy. Still, a beam-sized aperture cen-
tred on the NIRCam-based coordinates of JADES-GS-
z11-0 (i.e. component A) only contains a very faint sig-
nal (1.00), from which we conclude we do not robustly
detect the continuum emission. This is supported by the
slightly shallower archival ALMA imaging in the HUDF
(Hill et al. 2024), which is also shown in Fig. 2 along
with an inverse-variance weighted combination of the two
maps. Instead, from the data presented in this work we
place a 30 upper limit of S, < 9.0 wJy (Table 2).
Assuming a fiducial dust temperature of Tyusy = 50K
(e.g. Sommovigo et al. 2022; Witstok et al. 2023; Jones &
Stanway 2023) and a dust-emissivity index of fig = 1.8
(Witstok et al. 2023), we use MERCURIUS (Witstok et al.
2022) to infer an infrared (IR) luminosity of Lig <
3.1 x 101°Lg, or an obscured star formation rate (SFR)
of SFRig < 6 Mg yr~! (Kennicutt & Evans 2012), and
a dust mass of Mguss < 1.0 % 106 Mg. We note that as-
suming a higher dust temperature would shift the limit-
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Fia. 2.— Dust-continuum emission in JADES-GS-z11-0 as seen in the observations presented in this work (left), from all archival ALMA
imaging in the HUDF (Hill et al. 2024; middle), and a combination of the two (right; see text for details). Black crosses show the NIRCam-
based centroids of the two components (A and B) of JADES-GS-z11-0, a white hatched ellipse shows the ALMA restoring beam. Black
contours are drawn from 30 with increments of 1o, not revealing any significant detections at the location of JADES-GS-z11-0.

ing IR luminosity and obscured SFR upwards (less strin-
gent), but lower the upper limit on the dust mass (more
stringent). These results will be discussed further in
Section 4.3, and a more in-depth analysis of this non-
detection in the context of other high-redshift ALMA
continuum observations is presented in T. J. L. C. Bakx
et al. (subm.).

3.2. Doubly ionised oxygen 88 pym fine-structure line

Given the spectroscopic redshift based on UV and op-
tical emission lines (Fig. 1) first reported in Hainline
et al. (2024a), [O111] 88 um is expected to be located at
Vobs = 279.901597 GHz. As shown in Fig. 3, we indeed
find one clear, coherent positive flux excess precisely cen-
tred around this frequency. Specifically, we find an excess
in channels 32 through 40 (marked as the red channels),
with velocity offsets of —14 to 29kms~!. We constructed
an initial moment-zero map across these channels, from
which we extract a spectrum in the central region where
SNR > 2.5 We repeated the process, now constructing a
weighted surface brightness map weighting the contribu-
tion of each channel by its spectral flux density, finding
convergence is reached after the second iteration. In-
tegrating the resulting spectrum across the full channel
range from above (including those with negative flux), we
find the integrated signal reaches 4.50 significance when
applying a weight to the contribution of each spatial pixel
in the moment-zero map based on its flux, or 4.1¢ in the
unweighted case. The peak SNR in the (un)weighted
surface brightness map is SNR = 5.5 (4.2).

To further investigate the integrity of this measure-
ment, we applied the Matched Filtering in 3D (MF3D) al-
gorithm, designed to perform a statistically robust blind
search for emission lines in interferometric data (Pavesi
et al. 2018). Briefly, MF3D models the intrinsic emission
as a three-dimensional Gaussian distribution in spatial
and spectral dimensions, and performs a filtering algo-

6 Uncertainties are empirically measured as the RMS across all
two-dimensional pixels (excluding the central ~ 2 x 2"). In the
case of the spectrum this is done for each channel separately, and
the uncertainty is scaled according to the square root of the number
of pixels contained in the aperture.

rithm in Fourier space. Although the Gaussian approxi-
mation may not be a perfect model description in our
case (Fig. 3), generally speaking the MF3D algorithm
is the theoretically optimal detection method (see Ap-
pendix Al in Pavesi et al. 2018). First adopting a range
of templates with varying spatial and spectral sizes, we
find good agreement with the same signal found at a re-
ported SNR = 4.14 with best-matched spatial size of 0
(i.e. a point source) and frequency width of 5 channels
(i.e. Av=2Tkms™1).

The observed flux excess is decidedly marginal. Never-
theless, both the spatial and spectral locations match the
object coordinates and spectroscopic redshift measured a
priori by NIRCam and NIRSpec, respectively. Moreover,
the significance exceeds the common 3.5¢0 threshold for
emission-line detections adopted by similar experiments
(where spectroscopic redshifts are known in advance; e.g.
Le Fevre et al. 2020). Therefore, we consider this a nom-
inal detection of [O111] 88 um in JADES-GS-z11-0.

Although the measured flux may marginally overesti-
mated due to Eddington (1914) bias, at our estimated
SNR = 4.5 the magnitude of this effect is likely of the
order of 5-10% (e.g. Béthermin et al. 2020), less than or
comparable to the systematic uncertainty we include in
our flux measurements (Section 2.2).

The reputed detection, however, is corroborated by
its purity, which we can estimate under the commonly
adopted assumption that all negative peaks are purely
due to statistical fluctuations (Pavesi et al. 2018; Fuji-
moto et al. 2024). Now adopting only templates with
intrinsic width of 5 or 6 frequency channels to match
the putative narrow [O111] 88 um line, there are 17 such
narrow negative features found by the MF3D algorithm
with [SNR| > 4.14 in the full data cube, which spans
19.2” x 19.2"” on sky across a frequency range Avgps =
0.490 GHz. However, we need to consider that our de-
tection experiment was not a blind search across the en-
tire data cube but was instead carried out over a much
smaller effective volume around the NIRSpec-based red-
shift. Within a search radius of 0.5” over a redshift range
of Az = 0.008 (i.e. the £10 uncertainty on the NIRSpec-
based redshift; Hainline et al. 2024a) or equivalent fre-
quency range Avgps = 1847 MHz, > 1000x smaller than
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Fic. 3.— a, Spectrum of [O111] 88 um in JADES-GS-z11-0 with Avgp,s = 5 MHz (15 MHz) bins shown by the solid (dashed) black lines
(see Section 3.2 for details). Symmetric grey shading shows 1o uncertainty. A vertical dotted blue line shows the NIRSpec-based redshift,
with a horizontal range indicating the +1o0 uncertainty, while the vertical black line and fading grey shading shows the inferred ALMA
redshift and corresponding uncertainty. The channel range from which the surface-brightness map is created is coloured in red (Section 3.2).
The atmospheric transmission is also indicated on the right vertical axis. b, Surface-brightness map of [O111] 88 um in JADES-GS-z11-0

(Section 3.2).

Black crosses show the NIRCam-based centroids of the two components (A and B) of JADES-GS-z11-0, a white hatched

ellipse shows the ALMA restoring beam. Grey (dashed) contours are drawn at (negative) 20, continuing up to 50 with increments of 1o.

A horizontal bar indicates a physical scale of 2kpc at z = 11.122.

the full data cube, the expected number of features with
SNR > 4.14 is then 0.0137. In other words, given the
probability that the observed SNR =~ 4.14 feature is
purely due to a statistical fluctuation is approximately
1.4%, we estimate a ~98.6% purity.

We note that due to correlated pixel noise on spatial
scales below the beam size (Pavesi et al. 2018), despite its
integrated SNR = 4.5 the purity of this signal is expected
to be lower than the nominal 99.9993% probability of a
random variable with standard normal distribution to fall
between +4.50. Indeed, our purity estimate is in good
agreement with the findings of Béthermin et al. (2020),
who report a 95% purity is reached at a threshold of
SNR = 3.5.

The spectral line shape does not appear to be cap-
tured perfectly by a single Gaussian, which could be
due to separate components in velocity space. However,
due to the limited SNR we are not able at this point
to confidently disentangle the spectral peaks (e.g. to
link them to distinct spatial components), and there-
fore conclude these may also be noise artefacts. In-
stead, we determine a flux-weighted central frequency
of vops = 279.901 + 0.014 GHz, which corresponds to a
spectroscopic redshift of zg ;) = 11.1221+0.0006, in per-
fect agreement with the redshift measured by NIRSpec
from multiple faint emission lines (see Fig. 1 and Hain-
line et al. 2024a). Notably, based on the combined 94%
confidence level for the NIRSpec-based redshift solution
(Hainline et al. 2024a), we estimate the joint probability
that all observed NIRSpec- and ALMA-observed emis-
sion lines coincident at this redshift are purely due to
noise is about (1 — 0.94) x 0.0137 = 0.082%. We con-
clude that the redshift solution reported here is robust
at a > 99.9% level.

The redshift uncertainty reported here, 2 5x reduced
compared to NIRSpec, is found through a Monte Carlo

procedure in which we re-measure these quantities 1000
times, perturbing each iteration’s spectrum with random
Gaussian noise scaled according to each spectral bin’s un-
certainty. Though with considerable uncertainty, we find
a line FWHM of Av = 29 4 14kms~! from a Gaussian
fit to the spectrum, in good agreement with the MF3D
estimate. The implications of this relatively narrow line
width will be discussed in Section 4.1.

We modelled the moment-zero map as a two-
dimensional Gaussian, parametrised by its normalisa-
tion, centre, spatial extent along both axes, and position
angle (PA), both with and without explicitly performing
convolution with the ALMA beam. Sampling the poste-
rior distribution in the convolved case using the EMCEE
package (Foreman-Mackey et al. 2013), we find that due
to limited SNR, individual parameters are not very well
constrained when all freely varied. Bearing in mind this
major caveat, there is an indication that the emission is
spatially extended: we obtain a lower limit on the decon-
volved size along the major axis of FWHM > 0.15” or
> 0.6kpc (nominally at 95% confidence). Interestingly,
the emission furthermore appears to be centred nearer
to the companion source: we measure an offset from the
main (A) and companion (B) components of 0.3” and
0.1”, respectively at ~ 20 and ~ 0.60 significance com-
pared to the expected astrometric precision of 0.15” at
SNR = 4.5 (cf. Section 10.5.2 of the ALMA Technical
Handbook; Cortes et al. 2025). This suggests the com-
panion could be at least partly responsible for the ob-
served [O111] 88 pm emission, which is further supported
by the bright, extended MIRI/F560W emission probing
[O111] + HB emission, as will be discussed in Section 4.
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placement of the NIRSpec micro-shutters is shown in white (nearly identical across all visits). Dashed coloured circles indicate the 0.3"-
diameter apertures used to extract the CIRC2 photometry. The [O111] 88 pm emission and the MIRI/F560W image are overlaid with red
and green contours respectively, both drawn at 30-40-50. A red (green) hatched ellipse shows the ALMA restoring beam (F560W point
spread function). A horizontal bar indicates a physical scale of 1kpc at z = 11.122. b, Best-fit model SFHs of the two components,
with shading representing 1o uncertainty. A solid dark blue line shows the prediction by an ‘attenuation-free’ model (AFM; Ferrara
2024). The dotted black line and grey shading illustrates the rising SFH prior based on dark matter halo accretion (see text for details),
scaled to the stellar mass of component A. ¢, SEDs of the main component (A) of JADES-GS-z11-0, as observed by NIRCam, MIRI,
and NIRSpec/PRISM (Section 2.1), as well as the faint neighbouring source (B) whose photometry (filter curves drawn at the bottom) is
consistent with having the same redshift. The best-fit BAGPIPES models are shown as solid (component A) and dashed (B) coloured lines,
with squares indicating the model photometry. d, Magnitude of residuals between observed and modelled flux densities inversely weighted
by observational uncertainty, |x|. e, Agreement between the observed and modelled emission lines and the dust continuum at 88 pum.

Parameter EStimation (BAGPIPES; Carnall et al. 2018).

Given that the companion photometry is consistent
with being at the same redshift as the main galaxy (Sec-
tion 2.1), consistent with predictions of frequent merger

4. DISCUSSION
4.1. A low-mass, vigorously star-bursting system
Both components A and B of JADES-GS-z11-0 are

very compact in the rest-frame UV, yet at the same
time the NIRCam imaging indicates they are spatially ex-
tended (Appendix A). Since this suggests at most a lim-
ited AGN contribution, we inferred physical properties
by fitting stellar population synthesis models to the NIR-
Cam measurements of both spatial components using
Bayesian Analysis of Galaxies for Physical Inference and

events at this redshift regime (Kohandel et al. 2025), in
our fiducial fits we let the redshift vary within a +10 con-
fidence interval of the ALMA-based redshift (Section 3.2)
for both components A and B. In the case of component
A, which is captured within the NIRSpec micro-shutter,
we simultaneously fit to the ultra-deep NIRSpec/PRISM
spectrum (Section 2.1). In addition, we took into account
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the (non-detected) 88 pm dust-continuum emission (Sec-
tion 3.1) into the photometric measurements of compo-
nent A, which we will show likely contains the bulk of
the evolved stellar mass between the two components,
and hence is expected to contain the majority of the dust
content (if any). Appendix C discusses further details of
this fitting procedure, which largely follows that of Wit-
stok et al. (2025a,b).

Based on initial tests, where we found the SFRs of
components A and B averaged over the last 10 Myr fol-
low a 3 : 1 ratio (as further discussed in Section 4.4),
we accordingly distributed the total [O111] 88 pm lumi-
nosity among the main galaxy and companion. These
[O111] luminosities, as well as the [O11] and [Ne111] line
fluxes for component A (Hainline et al. 2024a), were used
as an additional direct constraint in our fiducial fitting
procedure (see also e.g. Tacchella et al. 2023b). The
main effect of this is to maintain a level of recent star
formation that also better fits the observed flux excess
in the MIRI/F560W filter, in which the emission again
stretches across both components as shown in Fig. 4a (see
also Ostlin et al. 2025). While this subtle change in the
SFH has limited impact on physical parameters such as
the stellar mass and SFR averaged over longer timescales
(> 10 Myr) given the modest SNR of these lines, it can
make a large difference on photometrically derived red-
shifts as will be discussed further in Section 4.2. Our
best-fit model of component A, which has 16 parame-
ters and is fit to a total of 18 photometric bands, 560
valid wavelength bins, and 3 emission lines (the [O11]
doublet being fit as one unresolved line), has a reduced
chi-squared value of x2 = 1.62.

Our fiducial fits, which are summarised in Table 3 and
shown in Fig. 4, employ the latest v2.3 Binary Popula-
tion and Spectral Synthesis (BPASS; Byrne et al. 2022)
models with an « enhancement of [a/Fe] = 0.2dex. The
choice for these a-enhanced models is motivated by re-
cent works that have reported observational evidence for
the abundances of a elements (O, Ne, Mg, etc.) to be-
come enhanced relative to iron at higher redshift (3x
solar at z 2 3; Cullen et al. 2021; Beverage et al. 2024;
Stanton et al. 2024; Park et al. 2025; Bhattacharya et al.
2025). This is in line with predictions from chemical evo-
lution models, in which type-II supernovae (SNe) begin
releasing large amounts of oxygen into the ISM within as
little as 3 Myr after a burst of star formation, whereas
the majority of iron is produced by type-Ia SNe on
timescales longer than 100 Myr (Maiolino & Mannucci
2019; Kobayashi et al. 2020).

By contrast, Nakane et al. (2025) recently argued that
JADES-GS-z11-0 may be enhanced in iron, prompting us
to also explore models with a decreased a-to-iron ratio
of [a/Fe] = —0.2 dex (the lowest available value in BPASS
v2.3). However, we find this does not noticeably improve
the overall fit compared to the fiducial model, neither
in photometry or spectroscopy with respective goodness-
of-fit statistics of sz)hot = 16.0 versus Xf)hot = 15.6, and
Xgpcc = 902 versus Xgpcc = 897. Though in apparent dis-
agreement with Nakane et al. (2025), it should be noted
that their measured a-to-iron ratio of [a/Fe] = —0.91 dex
is still 5x lower than the value considered here.

As for the star formation history (SFH), we adopted
the physically motivated rising SFH prior proposed by

TABLE 3
PHysicAL PROPERTIES OF JADES-GS-z11-0

Component A Component B

Inferred physical properties

M, (10" Mg) 2744 0.675°3
3. (10> Mg pc~2) 3313 13751
Z(Z) 0.37 4 0.06 0.09%0 52
SFR1o (Mg yr—!) 17732 0.5152
YsrR, 10 M@ yr~! kpe™?) 21134 1213
SFRao (Mg yr~1) 51752 0.2010 06
ZSFR, 30 (M@ yr71 kpCiQ) GQtél 43t?é
by (Myr) 3378 7T
Ay (mag) 0.1175:05 0.16£506
Umin 15t%4{ n
¥ 0.2+0.1 -
log;o U ~0.775:3 ~11708
logy Ny (cm™—2) 22.440.1 21,7171
Predicted emission-line strengths®
Fup 10+1 8+1
F[O 111] X 5008 A 57 40+6
Fira 2972 2344
EW(0umj+1p (A) 460755 31707360
L[O 1] 88 pm (107 Lo) Bstgg 28t8?§
[O 111 A 5008 A /[O 111] 88 um 4.5t8j(75 5.6t?jg
Goodness-of-fit statistics
Xf}hot (Nbands) 15.6 (18) 3.3 (17)
Xg‘pec (Nbins) 897 (560) —
Xfines (Miines) 0.2 (3) 0.0 (1)
X;2/ (Nparams) 1.62 (16) 0.55 (12)
Note. — Listed properties are based on BAGPIPES fitting to

NIRCam, MIRI, NIRSpec*, and ALMA observations of com-
ponents A and B. These include the stellar mass M, and corre-
sponding surface density Y., metallicity Z, average SFR over
the last 10 Myr or 30 Myr (SFR10 and SFR30) and linked sur-
face densities (¥gFR, 10 and XsFR, 30), mass-weighted age t«,
V-band attenuation Ay, Upi, and 7y parameters in the Draine
& Li (2007) model, ionisation parameter U, H1 column density
Ny, and the predicted strengths (observed flux, rest-frame
EWs, and luminosity) of several strong emission lines including

[O 111] 88 um. We report individual x? goodness-of-fit statistics
and number of modelled data points for the photometry (ijhot
and Npands), spectroscopy (XgpeC and Npings), emission lines
(X% ,0s 20d Niines), and overall reduced x? (x2,) normalised
by the degrees of freedom (total number of data points minus
the number of model parameters, Nparams).

* Inferred properties incorporate NIRSpec measurements for
component A (component B was outside the micro-shutter).

T Predicted observed fluxes include the effects of dust obscu-
ration, and are given in units of 10720 ergs—! cm

Turner et al. (2025). As in Wu et al. (2025), how-
ever, we adopt a SFR(2) o< (1 + z)~*® scaling based
on halo mass abundance matching in the ABACUS N-
body simulations (Maksimova et al. 2021; Carniani et al.
2024) instead of the Dekel et al. (2013) analytic approx-
imation of dark matter halo accretion rates, which fo-
cussed on a lower-redshift regime than considered here.
For the main galaxy (A) we find a stellar mass of
M, = (2.7 +0.4) x 10 M, somewhat lower than initial
NIRCam- (Robertson et al. 2023) and NIRSpec-based
(Curtis-Lake et al. 2023) analyses, but in good agree-
ment with the more recent findings of Hainline et al.
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persion by converting the measured [O111] 88 pm line width as in

Ubler et al. (2023; see Section 4.1 for details). The stellar mass
of JADES-GS-z11-0 shown here stretches across the best-fit value
presented in this work (Table 1) and the value presented in Hainline
et al. (2024a) to illustrate the expected degree of systematic uncer-
tainty. Nearby systems from the compilation in Norris et al. (2014)
are shown by coloured points. This sample includes elliptical and
S0 galaxies (Es/SO0s), compact ellipticals (cEs), dwarf ellipticals
and SO galaxies (dEs/dS0s), ultra-compact dwarfs (UCDs), globu-
lar clusters (GCs), and dwarf spheroidals (dSphs).

(2024a). We do find a higher SFR and younger age com-
pared to all these works, also without directly fitting to
emission-line strengths.

Interestingly, the best-fit model for component A re-
jects the rising-SFH prior in preferring a slight downturn
in SFR in the last ~ 40 Myr, which results in a mild
Balmer break favoured by the redder NIRCam bands,
the red end of the NIRSpec/PRISM coverage, and the
MIRI/F770W filter that is mainly sensitive to the con-
tinuum. We note that this agrees with predictions from
the ‘attenuation-free’ model (Ferrara 2024), in which
the existence of blue monsters is explained by power-
ful radiation-driven outflows evacuating most of the dust
content, followed by a post-starburst phase. Neverthe-
less, the break is not as pronounced as in ‘mini-quenched’
galaxies (Strait et al. 2023; Looser et al. 2024, 2025; Wit-
ten et al. 2025; Trussler et al. 2025; Baker et al. 2025Db)
and our models indicate the observed ~ 0.4 mag excess in
the MIRI/F560W filter—which is contaminated by the
[O111]+Hp complex—is likely due not only to the Balmer
break but also to moderately strong line emission from
ongoing star formation.

As indeed expected in a merger-induced starburst sce-
nario (Kohandel et al. 2025), the photometry of the
fainter companion similarly indicates a rapidly rising
SFH with recent (10 Myr) SFR nearly a third of that of
the main galaxy even though it is subdominant in stellar
mass by ~40x, which again leads to a MIRI/F560W ex-
cess from extremely strong line emission, EW|o 41 >

3000 A (cf. Endsley et al. 2024; Boyett et al. 2024). As
such, the MIRI coverage of the rest-frame optical red-
shifted beyond 5 um proves a powerful diagnostic of the
stellar populations and ISM conditions even at z > 10
(see also Rinaldi et al. 2023, 2024; Zavala et al. 2025;
Helton et al. 2025; Alvarez-Marquez et al. 2025).

In the following, we will place the relatively small in-
ferred stellar masses in the context of the apparently
narrow [O111] 88 um line. In Fig. 5, the measured line
width of JADES-GS-211-0 is compared against the com-
pilation of measurements in Norris et al. (2014) for lo-
cal galaxies and globular clusters (GCs) as a function of
their stellar mass. This local-galaxy sequence stretches
across more than seven orders of magnitude in stellar
mass and includes elliptical and SO galaxies, compact el-
lipticals, dwarf ellipticals and SO galaxies, ultra-compact
dwarfs, GCs, and dwarf spheroidals. For the three z > 11
galaxies with ALMA-detected [O111] 88 pm lines—GHZ2
at z = 12.33 (Zavala et al. 2024), JADES-GS-z14-0 at
z = 14.18 (Schouws et al. 2025; Carniani et al. 2025), and
JADES-GS-z11-0—we estimate the integrated stellar ve-
locity dispersion o, by applying small (< 0.2dex) cor-
rections to the measured ionised gas velocity dispersion,
based on observed trends between stellar and ionised gas
kinematics in z ~ 1 galaxies (Bezanson et al. 2018).

All three z > 11 systems fall into the stellar-mass
regime populated by dwarf ellipticals, dwarf SO galaxies,
and ultra-compact dwarfs. Whereas GHZ2 and JADES-
(GS-z14-0 land towards the upper end of the envelope
(higher o0,), JADES-GS-z11-0 is located at the lower
end of (but consistent with) the local sequence, though
we again emphasise the considerable uncertainty as dis-
cussed in Section 3.2.

Following Carniani et al. (2025), we tentatively esti-
mate the dynamical mass through the approach of Ubler
et al. (2023),

o Re

et 1

where G is the gravitational constant, o, the inte-
grated stellar velocity dispersion, R, the effective radius,
K(n) = 8.87 — 0.831n + 0.0241n? is a correction based
on the Sérsic (1963) index (Cappellari et al. 2006) and
K(q) = (0.87 4 0.38¢~371(1=9))2 similarly takes into ac-
count for the axis ratio ¢ (van der Wel et al. 2022). The
stellar velocity dispersion o, is estimated based on the
ionised gas velocity dispersion as described above.

This yields Mayn ~ (9.3 £ 8.3 (stat.) £ 4.8 (syst.)) x
108 Mg, based on the estimated circularised deconvolved
radius of the [O111] emission (Section 3.2), with system-
atic uncertainty estimated from a wide range of possible
Sérsic indices (0.5 < n < 4) and axis ratios (0.3 < ¢ < 1).
A mild tension with previous stellar mass estimates ap-
proaching M, =~ 10° Mg (Robertson et al. 2023) is re-
laxed by our reduced estimate of the combined stellar
mass of the system, M, ~ 3 x 108 My, perhaps even
hinting at a dark-matter dominated system as seen and
predicted in low-mass galaxies at an early evolutionary
stage (Sharma et al. 2021; de Graaff et al. 2024a,b; Mc-
Clymont et al. 2026).

However, as also reflected by the large statistical un-
certainties, we should caveat that the low SNR of our
line detection almost certainly hinders an accurate mea-

Mayn = K(q)K(n)
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surement of its full spatial extent and spectral width,
which will require deeper observations to be conclusively
established. Moreover, the [O111] emission originates in
highly ionised gas likely tracing central star-forming re-
gions, such that it is unclear whether its spectral width
can be used as a reliable estimator of the total dynamical
mass (e.g. Heintz et al. 2025a).

4.2. Neutral atomic gas puts a damper on distant
Lyman-break galaxies

In the SED modelling of the main component where
we simultaneously fit to the deep NIRSpec/PRISM spec-
trum and photometry, the inclusion of a proximate DLA
absorber (Appendix C) independently recovers the H1
column density inferred by Hainline et al. (2024a) within
lo uncertainties. At log;y Nu, (cm™2) = 22.4 + 0.1,
JADES-GS-z11-0 is among a growing number of z 2 9
sources (e.g. Heintz et al. 2024; Carniani et al. 2025)
where excessive DLA absorption—with HT column den-
sities over two orders of magnitude larger than the clas-
sical DLA threshold (i.e. Ng; > 2 x 10?0 cm~2; Wolfe
et al. 2005)—is required to reconcile the Ly« break with
precise emission-line redshifts.

This is illustrated in Fig. 6, where we show the poste-
rior distributions of the redshift of the main galaxy (A)
obtained with four variants of our SED modelling ap-
proach: both with and without simultaneously fitting to
the PRISM spectrum, and with and without taking into
account DLA absorption. The posteriors are compared
to the joint ALMA and JWST spectroscopic redshift that
is virtually free of systematic uncertainty mainly thanks
to ALMA, which for 5 MHz channels at v, = 280 GHz
has a spectral resolution of R =~ 50000 (cf. Section 5.5.2
of the ALMA Technical Handbook; Cortes et al. 2025).

Without DLA absorption, the redshift is significantly
overestimated when fitting to photometric NIRCam and
MIRI data (Az = 0.44), as first became clear from the
analysis by Hainline et al. (2024a). While including DLA
absorption in the photometric redshift estimate does al-
low for the possibility of lower-redshift solutions, there
is still a strong bias compared to the true spectroscopic
redshift (Az = 0.40). Interestingly, we find that our
a-posteriori knowledge of the SFH and metallicity as en-
coded by the presence of a bright [O 111] 88 pm line is able
to largely resolve this bias. When including its strength
as an additional constraint’, the redshift estimate as
well as the fit itself improves from zphot = 11.5 £ 0.1
(x2 = 1.46) to 10.8703 (x? = 1.18; distribution not
shown here). This demonstrates the importance of the
priors as well as the information contained purely in the
[O111] 88 pm line strength.

A similar overestimation occurs even when fitting to
the spectroscopic data (Az = 0.29). In this approach,
the faint C1v, [O11], and [Nelll| emission lines (shown
in Fig. 1) are not distinctive enough to pinpoint the red-
shift. Despite the 75h depth of the PRISM spectrum
(Section 2.1) these lines are all detected at < 30 individu-
ally, and only reveal a single, statistically robust redshift
solution at zspec = 11.1221'8:883 through a careful ‘red-

shift sweep’ procedure (independent of the Lyx break)

7 Similar to our fiducial spectrophotometric fits described in Sec-
tion 4.1, though we do not include [O11] or [Ne1] here.
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Fia. 6.— Redshift distributions of the main component (A) un-
der different SED modelling assumptions, both with (‘spectropho-
tometry’; coloured shading) and without (‘photometry’; hashed)
simultaneously fitting to the NIRSpec/PRISM spectrum, as well as
with and without including DLA absorption (different shading and
line styles according to the legend). The band-6 and -7 frequency
coverage of ALMA is shown by black horizontal lines represent-
ing individual SPWs (Section 2.2). The true spectroscopic redshift
based on the combination of ALMA- and JWST-detected emission
lines, shown by the vertical black dashed line, is only recovered by
models allowing for DLA absorption. Without considering DLA
absorption, all cases (significantly) overestimate the true redshift
even when fitting to spectroscopic data.

as detailed in Hainline et al. (2024a).

When fitting to the entire spectrum as done here, we
instead find the constraints on the redshift are principally
driven by the Ly break. In the spectroscopic case, we do
find the inclusion of a DLA component does marginally
improve the goodness of fit, which suggests that at suffi-
ciently high SNR, the combination of faint emission lines
and the shape of the Ly break is able to inform us on the
presence of DLA absorption. Even in the best-case sce-
nario, fitting the spectroscopic data with potential DLA
absorption taken into account, we find an offset, although
very minor (smaller than a single PRISM wavelength bin,
Adgps =~ 0.012 um or Az ~ 0.1 at A\ops = 1.5 pm; Jakob-
sen et al. 2022) that is likely due to residual wavelength
calibration uncertainties (Bunker et al. 2024; D’Eugenio
et al. 2025; Scholtz et al. 2025b). IGM damping-wing ab-
sorption, which is not explicitly accounted for here since
we know it to be overshadowed by the remarkably strong
DLA absorption, could in general further reduce the red-
shift bias, though one would need to marginalise over
the many uncertainties in ionised bubble size and mean
IGM neutral fraction (e.g. Keating et al. 2024b; Curti
et al. 2025; Mason et al. 2025; Huberty et al. 2025).

The seemingly extreme DLA absorption, however, may
not be entirely unexpected given the compactness of
JADES-GS-z11-0, a common feature of z 2> 9 galaxies
(Robertson et al. 2023; Hsiao et al. 2023; Tacchella et al.
2023a; Carniani et al. 2024; Harikane et al. 2025a; Wit-
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stok et al. 2025b; Naidu et al. 2025). For a given neu-
tral gas mass My, the column density Ny increases
quadratically with the inverse of the effective radius,
Nu, o« r~2. Following Heintz et al. (2025b), under
the assumption that the absorption occurs predomi-
nantly within an extended neutral gas reservoir of the
main galaxy (A) we estimate the atomic gas mass to
be My, = 1.5 4 0.3 x 10®* M. This assumes the neu-
tral gas disc extends out to three times the UV size
(with half-light radius of r. ~ 100pc; Table 1), mo-
tivated by ALMA observations of z ~ 6 galaxies (e.g.
Fujimoto et al. 2020; Herrera-Camus et al. 2021; Fu-
damoto et al. 2022). Assuming that cold, H1 gas domi-
nates the gas budget, this implies a modest gas fraction
Jeas = Mgas/(My+Mgas) = 35+6%, which is even on the
lower end of expectations for metal-poor galaxies (e.g. De
Vis et al. 2019).

Our estimated SFR surface density of Ygpgr, 30 =
627" Mg yr—'kpc™2 (Table 3) and implied (atomic)
gas mass surface density of Ygas &~ 200 Mg pe™? would
then place JADES-GS-z11-0 approximately two orders of
magnitude above the Kennicutt-Schmidt (KS) relation,
in a highly starburst regime that may be commonplace
in the early Universe (Vallini et al. 2024). In the lo-
cal Universe, this regime is also occupied by metal-poor
starburst galaxies (Kennicutt & De Los Reyes 2021), al-
though there are indications that dwarf galaxies possess
large reservoirs of extended H1 and CO-dark molecular
gas that could bring these systems closer to the KS re-
lation (Hunter et al. 2024). Similarly, the total gas mass
(and hence the gas fraction) of JADES-GS-z11-0 may
well be larger, since a substantial fraction of the cold
gas should be in the molecular phase at such high den-
sity (as also pointed out by D’Eugenio et al. 2024). On
the other hand, we note that neutral, atomic gas out-
side of the ISM of component A—potentially associated
with the companion, if it is situated in front of the main
galaxy—could be (partly) responsible for the DLA ab-
sorption, which would instead bring down the gas mass
surface density.

4.3. Do very early galazies already contain dust?

First of all, we compare the stellar mass in the con-
text of our limits on the dust mass (Mgust < 1.0 X
105 M; Section 3.1), which nominally yields a mass ratio
Maust /M, < 0.4%. This ratio is consistent with dust pro-
duction by SNe regardless of whether destruction takes
place in the reverse shock (Gall & Hjorth 2018; Schnei-
der & Maiolino 2024). Still, it implies that grain growth,
which is thought to be required for the rapid observed
build-up of dust masses at z < 8 (Di Cesare et al. 2023;
Narayanan et al. 2025), is not yet very effective (Mit-
suhashi et al. 2025). We caution, however, that many
caveats should be taken into account considering the esti-
mation of both masses, on the one hand (regarding stellar
mass) including variations in the SFH and IMF (e.g. Tac-
chella et al. 2022; Whitler et al. 2023; Cueto et al. 2024),
and on the other hand the dust temperature, emissiv-
ity index Sir, and absorption cross section (e.g. Witstok
et al. 2022, 2023).

Another way to explore the potential nature of the ab-
sorbing gas is to test whether the observed UV properties
can be reconciled with the estimated dust content. First

of all, the limiting IR luminosity implies an IR excess
(IRX) of Ligr/Lyyv < 2.6, which given the UV slope of
JADES-GS-z11-0, Syyv =~ —2.2 (Table 1; see also Hain-
line et al. 2024a), is fully consistent with the IRX-Syy
relation observed at z ~ 7 (Bowler et al. 2024). The
dust-to-gas ratio of < 1% would similarly be in agree-
ment with observations at sub-solar metallicity (De Vis
et al. 2019). Despite our deep continuum measurements,
however, the inferred attenuation in the rest-frame UV
(Ay =~ 0.1 mag; Table 3) in this case is still a more con-
straining dust probe than the non-detected FIR dust
emission. Following Ziparo et al. (2023) and Ferrara
(2024), we estimate that such a seemingly low attenu-
ation would only require a dust mass of Mgus ~ 103 Mg
if it were compressed within the measured (UV) size of
JADES-GS-z11-0, r. &~ 100 pc, three orders of magnitude
below our upper limit on the dust mass (Section 3.1).

Therefore, if a considerable amount of dust grains has
already been produced by SNe, one or several of the fol-
lowing effects should occur: (i) the spatial distribution of
the dust is patchy such that we are seeing largely unob-
scured regions (as has indeed been observed directly at
z > 6; e.g. Carniani et al. 2017; Bowler et al. 2018; Inami
et al. 2022; Tamura et al. 2023), (ii) the dust has been
expelled (out to kiloparsec scales; Ferrara et al. 2025),
or (iii) a combination of a different grain composition,
size distribution, and/or dust-star geometry gives rise to
a grey attenuation law that does not noticeably redden
the UV (as may be expected for pure SN dust; McKinney
et al. 2025).

We now turn to the consistency between the dust at-
tenuation and HI column density by exploiting well-
established scaling relations between the gas, metal, and
dust content of the diffuse ISM. The diffuse ISM in the
Milky Way, where most gas is in the form of H1, follows
a conversion between gas column density and V-band
attenuation of Ng/Ay = (2.270%) x 10*' cm~2 mag ™"
(Watson 2011). Therefore, our inferred column density
of Nyg1 = 2.61‘8:2 x 10?2 cm~2 would imply Ay ~ 10 mag
at solar metallicity. At fixed dust-to-metal ratio (DTM),
this in turn means that the absorbing gas should have
a metallicity of approximately 1% solar to be reconciled
with the observed Ay = 0.1mag. However, observa-
tions show a distinct decrease in the DTM towards lower
metallicities (Konstantopoulou et al. 2024), so the metal-
licity of the foreground HI is likely even lower. Because
this is significantly lower than both the SED-derived
value and the expectation based on the [O111] 88 um lu-
minosity (Section 4.4), it seems plausible that the absorb-
ing gas is in fact a separate, more chemically pristine (or
at least dust-poor) medium, perhaps representing an ex-
tended neutral gas disc surrounding the UV-bright star-
forming regions in JADES-GS-z11-0 (as also suggested
for JADES-GS-214-0; Heintz et al. 2025a).

4.4. Drivers of strong oxygen emission

Recent ALMA observations of two of the brightest
z > 12 galaxies have confirmed that the build-up of ele-
ments heavier than helium happens both very early and
quickly. Less than 350 Myr after the Big Bang, GHZ2
(Zavala et al. 2024) and JADES-GS-z14-0 (Schouws et al.
2025; Carniani et al. 2025) are already found to have
oxygen levels of the order of 10% of the solar abundance.
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Fia. 7.— [O111] 88 um luminosity versus SFR. We show several
possibilities for JADES-GS-z11-0: a hexagon shows the combined
SFR of components A and B averaged over 10 Myr. EoR galax-
ies with [O111] 88 pm detections, compiled by Bakx et al. (2024)
and Algera et al. (2024, in prep.), are shown as circles colour-
coded by redshift. BDF-3299 (Carniani et al. 2017), ID4590 (Fuji-
moto et al. 2024), MACS1149-JD1 (Hashimoto et al. 2018), GHZ2
(Zavala et al. 2024), and JADES-GS-z14-0 (Schouws et al. 2025;
Carniani et al. 2025) are labelled individually (by shorthand). Sam-
ples of local galaxies are shown as open symbols, with (U)LIRGs
(Diaz-Santos et al. 2017) shown as grey squares and local metal-
poor dwarf galaxies (Cormier et al. 2015, 2019) as small black cir-
cles. The black solid line shows the De Looze et al. (2014) fit
to this population, while the dashed black line is the fit to high-
redshift galaxies by Harikane et al. (2020). Coloured lines show
standard CLoupy models incorporated in BAGPIPES, for a burst
of star formation aged 1 Myr (dashed lines) or 10 Myr (solid lines)
and metallicities of 5%, 20% and 50% solar (coloured according to
the legend).

Remarkably, they land perfectly within the scatter of the
De Looze et al. (2014) relation between [O 111] 88 pm lu-
minosity and SFR calibrated on local, metal-poor dwarf
galaxies. This relation is shown in Fig. 7, highlighting
that these z 2 11 galaxies occupy a locus of interme-
diate SFR in between local metal-poor dwarf galaxies
(Cormier et al. 2015, 2019) and bright, [O 111] 88 pm-
detected reionisation-era galaxies as compiled by Bakx
et al. (2024) and Algera et al. (2024, in prep.). All of
these exhibit elevated [O111] 88 um luminosity at fixed
SFR compared to (ultra-)luminous infrared galaxies or
(U)LIRGs (Diaz-Santos et al. 2017).

If we assume the De Looze et al. (2014) relation to
hold in the very early Universe, based on the combined
SFR between components A and B averaged over the
last 10 Myr, SFRg = 2.3 £ 0.8 My yr~!, we would ex-
pect JADES-GS-z11-0 to have a total [O111] 88 pm lu-
minosity of Ljo,, = (0.5 £0.2) x 108 Lo. Taking into
account measurement uncertainties and the systematic
0.3dex scatter in this relation (De Looze et al. 2014),
this estimate is in agreement with our measured value of
Liow) = (1.1£0.3) X 10° Ly. While admittedly there is
a degree of circularity in this argument, since the [O111]
luminosity was used as input to the SED fitting (Sec-
tion 4.1), we note that this is only one in a total of
18 4+ 560 + 3 = 581 data points that were fit to (which
was furthermore not perfectly reproduced), and we ob-
tained similar constraints on the SFR when leaving out

the [O111] luminosity.

Altogether, this suggests the ISM of JADES-GS-z11-0
is enriched to a similar level as GHZ2 and JADES-GS-
z14-0 even if it is fainter in the UV by factors of respec-
tively 3 and 4. Adopting the [O111] 88 pum metallicity
calibration from Jones et al. (2020), we obtain an oxy-
gen abundance® of 12 + log(O/H) = 8.07 4+ 0.13. This
implies a gas-phase metallicity of Z = 0.24 4+ 0.07Z¢
assuming a solar abundance of 12 + log(O/H)gs = 8.69
(Asplund et al. 2009), in agreement with our SED-based
metallicity estimate (Section 4.1).

Interestingly, even if the companion (B) is several times
fainter than the main galaxy (A) in the rest-frame UV,
its steeply rising SFH suggested by the excess seen in
the MIRI/F560W filter causes its SFRjo to be roughly
a third of the main galaxy (Table 3). In this case, it
would provide a similarly significant contribution to the
[O111] 88 um emission, with a predicted Lo ssum =
2.81‘8:2 x 10" Le. Combined with the apparently spa-
tially extended MIRI/F560W and [O 111] 88 pm emission
centred in between the two components, this supports
the scenario where the [O111] 88 pm emission originates
in both components of JADES-GS-z11-0.

For further context, we compare our results with the
predictions from simple CLOUDY models (Ferland et al.
2017; Chatzikos et al. 2023). Here, we consider the BAG-
PIPES implementation of CLOUDY using the v2.3 BPASS
models, again adopting a fiducial o enhancement® of
[a/Fe] = 0.2 dex (cf. Appendix C). This follows the Byler
et al. (2017) prescription for modelling nebular con-
tinuum and line emission using an ionisation-bounded,
spherical H 11 region of constant density (ng = 100 cm—2)
illuminated by a single stellar population (SSP) of given
age and metallicity for a specified ionisation parameter
U (see also Carnall et al. 2018). For simplicity, we fix
log;o U = —1 in the models, roughly reflecting the best-
fit value of the full BAGPIPES SED models (Table 3).

Given that stellar populations older than 10 Myr be-
come subdominant in terms of the ionising photon pro-
duction, even with the inclusion of binary stars (e.g. El-
dridge et al. 2017), we consider a simple model with a sin-
gle burst of star formation aged either 1 Myr or 10 Myr.
Since the standard assumption is for the total nebular
emission emerging from a model galaxy to be the super-
position of emission from individual H1I regions associ-
ated with every SSP, scaled linearly by their ionising flux
(Charlot & Longhetti 2001), this simple model predicts
a linear relation between SFR (which we average over a
10 Myr window here) and emission-line luminosities, in-
cluding Loy (as also in Jones et al. 2020).

Assuming equal nebular and stellar metallicity, we find
a monotonic increase of the Lo ,,j/SFR ratio with metal-
licity, in agreement with previous dedicated photoioni-
sation modelling efforts (Harikane et al. 2020; Witstok
et al. 2022). However, we note that the quantitative

8 Or more specifically, the O?* abundance. This therefore
strictly represents a lower limit on the total oxygen abundance,
although O27 typically dominates the oxygen budget at low metal-
licity (Curti et al. 2017).

9 We note that at fixed metallicity, the a-enhanced v2.3 BPASS
models do not result in significantly different ionising outputs
(Byrne et al. 2022) and therefore share largely similar predicted
nebular emission spectra.
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predictions of our modelling approach are considerably
different: in particular, for stellar ages of 1Myr our
model is able to reach SFR-normalised [O111] 88 pm lu-
minosities of up to ~ 108 L even at moderate metal-
licities of Z = 0.2Zg. Importantly, this could help re-
solve the previously observed tension between observed
L0 )/SFR ratios and photoionisation models, where all
but (near-)solar metallicity models struggled to explain
the bright observed [O111] 88 pm lines (Witstok et al.
2022), even though in the most extreme case (COS-
3018555981) direct-T, measurements with JWST later
pointed towards a more modest 10-20% oxygen abun-
dances instead (Scholtz et al. 2025a).

One potentially key difference with the approach
adopted here is that these previous model approaches
(as well as the Jones et al. 2020 metallicity diagnostic)
relied on a single conversion factor to assign a SFR to a
given model H1I region based on its (ionising) flux, typ-
ically based on the Ha line or UV continuum strength.
In reality, however, these conversions depend sensitively
on both IMF and metallicity (e.g. Kennicutt & Evans
2012), since more massive and/or metal-poor stars yield
a higher rate of (ionising) UV photons, and hence Hx
flux, per unit SFR (Shapley et al. 2023). Here, in-
stead, the mass-to-light ratio is self-consistently deter-
mined taking into account the IMF and metallicity of
the stellar population.

Between the adopted 1 Myr and 10 Myr stellar ages
and 5-50% range in metallicity, the single-burst model
considered here is able to reproduce most [O 111 88 pm
observations within the scatter of the De Looze et al.
(2014) relation for metal-poor dwarf galaxies. The ob-
served [O 111] luminosity and combined SFR1o of JADES-
GS-z11-0 falls just above the relation, closest to the
1 Myr model curves with 5% solar metallicity. The dif-
ference with our SED-based metallicity estimate can be
explained by the more complex SFH adopted in our SED
model, rather than a single burst of star formation (Sec-
tion 4.1).

One important caveat with the simple model presented
for illustrative purposes here is that the [O111] 88 pm
emission may (partially) arise in a lower-density medium
compared to the assumed 100cm™3. In such diffuse
ionised gas, whose presence perhaps is indeed suggested
by density-sensitive FIR line ratios (Killi et al. 2023;
Zavala et al. 2024; Usui et al. 2025; Harikane et al.
2025b; Mawatari et al. 2025), the Ljo,/SFR ratio is
predicted to further increase (Harikane et al. 2020). Fur-
ther exploring this and other potential shortcomings of
ad-hoc photoionisation models and their implementation
in SED-fitting codes, however, is beyond the scope of this
work. Direct forward modelling of observables based on
detailed hydrodynamical zoom-in simulations coupled to
chemical evolution models (e.g. Katz et al. 2019, 2022;
Lupi et al. 2020; Arata et al. 2020; Pallottini et al. 2022;
Kohandel et al. 2023, 2025; Nakazato et al. 2023, 2025)
will provide a key avenue to approach this issue in the
future.

5. CONCLUSIONS

We have presented new ALMA observations of
[O11] 88 pm and dust-continuum emission in JADES-
GS-z11-0. Complementing recent ALMA detections of
[O111] in the most luminous known galaxies beyond z =
10 (Zavala et al. 2024; Schouws et al. 2025; Carniani
et al. 2025), our results provide new insights into the gas,
metal, and dust content of a somewhat fainter, more typ-
ical z &~ 11 galaxy. We summarise our main findings as
follows:

1. The nominal detection of [O111] 88 um at SNR =
4.5 (~96.8% purity) confirms the NIRSpec-derived
redshift of JADES-GS-z11-0 based on the detec-
tion of multiple, faint UV and optical emission
lines, which we refine to zjom] = 11.1221 £ 0.0006.
We find the line emission to be spectrally nar-
row (Av = 29 & 14kms™!), spatially extended,
and potentially slightly offset in the direction of
a fainter companion galaxy seen in the NIRCam
imaging. We measure a luminosity of Lo, =

(1.1 £0.3) x 108 Le.

2. Despite receiving one of the deepest cumulative
ALMA integrations for a single z > 10 source so far
(19.2h on-source time in band 6 and 7), the dust-
continuum emission remains undetected at the level
of S, < 9.0uJy (30). This stringent non-detection
allows us to place an upper limit on the IR luminos-
ity of Lir < 3.1 x 1019 L, (assuming Tyus; = 50 K)
or an obscured SFR of SFRg < 6 Mg yr—1.

3. Galvanised by an independently confirmed spec-
troscopic redshift, we performed joint SED mod-
elling of the rich collection of spectrophotometric
JWST data of JADES-GS-z11-0, including deep
measurements from NIRCam, NIRSpec and now
also MIRI (Ostlin et al. 2025). As first pointed
out by Hainline et al. (2024a), this indicates that
the neighbouring source is likely a low-mass com-
panion (M, =~ 10" My) which we find likely to
exhibit strong nebular emission due to a recent
star formation episode, whereas the main galaxy
(M, ~ 2.8 x 108 Mg,) prefers a more complex SFH
resulting in combination of strong emission lines
and a mild Balmer break.

4. The accurate redshift measurement by ALMA con-
firms its value is reduced compared to initial photo-
metric estimates by as much as Az =~ 0.5, necessi-
tating the presence of strong DLA absorption. The
photometric bias can be partially circumvented
with careful SED modelling, though spectroscopic
constraints remain vital. Seemingly extreme in this
compact object, the required neutral gas reservoir
is in line with expectations based on the dynamical
mass and dust attenuation, provided the absorbing
gas has at most around 2% solar metallicity. The
implied gas surface density places JADES-GS-z11-
0 in a highly star-bursting regime, although a dom-
inant contribution of molecular gas could also still
render it consistent with the KS relation.

5. The bright [O111] line implies substantial metal en-
richment has already taken place only 400 Myr af-
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ter the Big Bang, with an oxygen abundance likely
at the level of approximately 20-30% solar. Simi-
lar to GHZ2 (Zavala et al. 2024) and JADES-GS-
214-0 (Schouws et al. 2025; Carniani et al. 2025),
JADES-GS-z11-0 is consistent with the De Looze
et al. (2014) relation between [O 111] 88 pm luminos-
ity and SFR calibrated on local, metal-poor dwarf
galaxies.

We conclude that ALMA is now providing a vital comple-
mentary view on the ISM conditions in the earliest galax-
ies discovered by JWST. Especially the [O111] 88 um line
is starting to prove a bright and faithful tracer of recent
SFR. Deeper integrations of JADES-GS-z11-0 in partic-
ular could provide efficient kinematical mapping of the
two spatially resolved components seen in the rest-frame
UV and provide new, highly relevant insights into the
ionised-gas dynamics. Combined with other FIR tran-
sitions, ALMA will assist JWST over the coming years
in unravelling the physical mechanisms shaping galaxy
formation at Cosmic Dawn.
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APPENDIX

A. PHOTOMETRIC MEASUREMENTS

As in Witstok et al. (2025b), we obtained aperture
photometry in small circular apertures, including in the
available HST imaging (Section 2.1) taken with the Ad-
vanced Camera for Surveys (ACS) and Wide Field Cam-
era 3 (WFC3). Given the compact spatial size of JADES-
GS-z11-0, we considered ‘CIRC1’ and ‘CIRC2’ apertures,
respectively 0.2” and 0.3” in diameter. In addition, we
performed full-scene modelling of the NIRCam imaging
in the direct surroundings of JADES-GS-z11-0 with FOR-
CEPHO (B. D. Johnson et al. in prep.). FORCEPHO mod-
els each source with a single intrinsic Sérsic profile, from
which model images in all filters (each with freely varying
normalisation) are obtained through convolution with
their respective PSFs (e.g. Robertson et al. 2023; Tac-
chella et al. 2023a; Baker et al. 2025a). Crucially, we fit
directly to all available individual NIRCam exposures,
thereby avoiding correlated noise between adjacent pix-
els in drizzled mosaic images and enabling us to probe
scales smaller than individual pixels.

The results are summarised in Table Al and shown
in Fig. Al, from which it is apparent that both the
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main component and the fainter companion drop out of
the F115W filter, consistent with z &~ 11. We measure
sources A and B to have half-light radii of 29 + 1mas
and 22 + 8mas, respectively, translating to 114 £+ 8pc
and 86 £ 30 pc at z = 11.1 (Table 1). As expected from
these small sizes, the FORCEPHO photometry agrees well
with the CIRC1 and CIRC2 aperture photometry.

As noted in Witstok et al. (2025b), however, the pho-
tometric uncertainty from the FORCEPHO fitting does
not directly capture any imperfections in the sky back-
ground subtraction as a possible source of systematic
uncertainty. Instead, the impact of this effect is quanti-
fied empirically by placing a large number of randomly
placed empty apertures, whose scatter is incorporated
into the CIRC1 and CIRC2 aperture photometry uncer-
tainty estimates (see Rieke et al. 2023a for a detailed
discussion). The CIRC1 photometry of the fainter com-
ponent B across 10 HST and JWST filters up to and in-
cluding F115W (the reddest z ~ 11 dropout filter) yield
x? = 12.2 or p = 0.2731 under the null hypothesis of
containing zero flux, which implies they are statistically
fully consistent with non-detections.

As for the MIRI imaging from MIDIS (Ostlin et al.
2025), shown in Fig. A2, we performed bespoke aper-
ture photometry to minimise contamination, using radii
of 0.27" in the F560W, 0.25” in F770W and F1000W fil-
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FO9OW F115W F150W F200W F277W F335M F356W F410M F444wW
Fic. Al.— rorceEpHO modelling of JADES-GS-z11-0. Top row: Cutouts of the observed NIRCam images (in detector coordinates, with
slightly different orientation compared to Fig. 4) in a ~ 1" X 1 area around JADES-GS-z11-0. Each column shows one of the 13 available

filters. Middle row: Residuals between data and model. Bottom row: PSF-convolved FORCEPHO model images. While FORCEPHO directly
fits to individual exposures (Section A), the cutouts shown here are mosaiced for visualisation purposes.
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+

Fia. A2.— Comparison between NIRCam and MIRI imaging of JADES-GS-z11-0. The NIRCam image (left) is an inverse-variance
weighted stack of PSF-matched images from all bands with firm continuum detections, starting at F182M and going redwards. Black and
white crosses show the NIRCam-based centroids of the two components (A and B) of JADES-GS-z11-0.

ters for component A (listed as CIRC2 in Table A1) and
0.2” for all filters in component B (listed as CIRC1). The
background was estimated in the nearby region, while
the uncertainty was computed from non-adjacent pixels
(separated by at least 5 pixels) to account for correlated
noise, following the method described in Pérez-Gonzalez
et al. (2023). These measurements were corrected to ob-
tain total fluxes using aperture corrections derived with
STPSF (formerly WebbPSF; Perrin et al. 2014).
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TABLE Al
PHoToMETRY OF JADES-GS-211-0
Instrument Filter Component A Component B
FORCEPHO CIRC1 CIRC2 FORCEPHO CIRC1 CIRC2
HST/ACS F435W —0.42 +0.61 —1.024+0.90 —0.02 +£0.61 —0.80 +0.90
F606W 0.09 +0.47 0.58 +0.59 —0.33 £0.47 0.17 +0.59
F775W 0.63 £ 0.51 1.53 £0.57 —0.39 £0.51 —0.39 £ 0.56
F814W 0.30 + 2.07 —0.68 +2.41 —4.13 +£2.05 —3.71+2.41
F850LP 0.42 +1.25 0.124+1.73 0.45+1.23 0.88 +1.73
HST/WFC3 F105W —2.58 +0.76 —3.10+0.75 —1.07+0.76 —1.874+0.74
F125W —3.324+1.30 —3.99+1.23 —1.05 +£1.31 —2.00+1.24
F140W —1.454+1.13 —1.96 & 1.50 0.61 +=1.12 0.08 +1.50
F160W .. 6.01 +1.38 5.67 +1.33 e —0.07 +1.37 —0.81+1.30
JWST /NIRCam F0O9OW —0.70 £ 0.40 0.05 +0.68 —0.08 £ 0.87 —0.48 +0.46 —0.85 +0.69 —1.67 £ 0.87
F115W 0.26 + 0.31 1.18 £0.51 1.64 £0.75 —1.08 £0.36 —0.78 £0.50 —0.954+0.73
F150W 5.99 +0.36 6.18 +0.48 7.49 £0.67 0.74+0.33 0.83 +0.47 0.72 +0.65
F182M 16.89 £+ 0.84 16.26 £ 0.97 17.56 £+ 1.50 2.20 £ 0.60 4.47 + 1.00 4.85 +1.52
F200W 16.19 +0.81 15.69 +0.78 18.04 £+ 0.90 2.89 +0.45 4.15+ 0.53 4.49 4+ 0.66
F210M 16.73 £ 0.84 16.92 +1.17 18.22 £1.77 0.86 +0.60 2.19+1.15 1.83 £ 1.75
F27TTW 17.97 £ 0.90 16.96 £+ 0.85 19.38 £ 0.97 3.24 +0.41 3.134+0.38 3.124+0.43
F335M 14.90 £+ 0.87 14.18 £0.75 16.61 £+ 1.08 2.41 +0.83 3.434+0.74 3.914+1.06
F356W 16.51 £ 0.83 15.05 £ 0.75 17.10 £ 0.85 2.41 +£0.48 3.16 £0.37 3.92 +0.67
F410M 15.49 £ 0.85 14.01 £ 0.86 16.35 £ 0.99 2.83 4+ 0.80 4.49 £+ 0.86 4.20 + 1.00
F430M 15.70 & 2.99 15.27 +2.08 15.88 &+ 3.24 2.59 + 2.57 7.524+2.10 8.47 + 3.27
F444W 18.09 £ 0.90 16.42 £ 0.82 18.63 = 0.93 2.98 £0.73 3.67 +£0.64 5.30 £0.79
F460M 20.01 £3.71 18.33 £4.42 19.96 + 4.08 2.17+4.16 4.79 +4.42 4.29 +4.17
F480M 18.98 + 3.31 18.64 4+ 2.87 21.15 + 3.40 0.00 + 2.46 2.14 £ 2.77 0.66 + 3.40
JWST/MIRI F560W 28.39 + 1.85 10.17 £ 1.13
F770W 18.80 + 2.35 5.26 + 3.01
F1000W 13.92 £ 6.54 3.07 £6.39

Note. — Flux densities F}, in nJy are listed for the main component (A) and companion (B) in each filter.
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Fic. B1l.— Standard deviation on the flux density F in the
NIRSpec/PRISM spectrum, where o; is based on the diagonal

elements of the covariance matrix af = +/C%;. The inset show
the distribution of off-diagonal elements in the correlation matrix,
pij = Ci;/(0i0;), for entries offset by ¢ — j bins from the diagonal
(i — j = 0 being the central diagonal). The solid green line rep-
resents the median and the shading ranges between the 16th and
84th percentiles. In both panels, a solid black line shows the model
covariance (see also Fig. B2).

B. NIRSPEC/PRISM COVARIANCE MATRIX

To obtain our final, combined NIRSpec/PRISM spec-
trum from the 186 individual sub-exposures (Sec-
tion 2.1), we used the combination and filtering process
as described in Hainline et al. (2024a) and Witstok et al.
(2025b). Following these works, we also constructed a co-
variance matrix C using a bootstrapping procedure with
5000 iterations. In Fig. B1, we show the standard devia-
tion on the flux density F) in the NIRSpec/PRISM spec-
trum, defined as the square root of the diagonal elements
of the covariance matrix, o = Cj;. Also shown is the be-
haviour of the correlation matrix, p;; = C;;/(0;0,), for
entries with a given offset = |i — j| from the diagonal.
Directly adjacent wavelength bins clearly have strongly
correlated noise, though this quickly drops towards off-
sets of more than 2 wavelength bins.

To prevent issues with the inversion of the covariance
matrix due to noise artefacts, we model the covariance
in the 1.3-5.3 pm region through a combination of two
power laws for the diagonal entries (as shown in Fig. B1),
which are modulated away from the diagonal by one nar-
row squared exponential term, o< exp(—x2/(2b?)), and
one broad exponential,  exp(—x/bz)) (as shown in the
inset in Fig. B1). The full covariance matrix C, alongside
the model and residuals, is shown in Fig. B2.

C. STELLAR POPULATION SYNTHESIS
MODELLING

In this appendix, we describe our SED fitting proce-
dure with BAGPIPES v1.3.2 (Carnall et al. 2018, 2019),
which largely follows the modelling approach of Witstok
et al. (2025a,b). We considered stellar models includ-

ing binary stars from the v2.3 Binary Population and
Spectral Synthesis (BPASS; Byrne et al. 2022) library un-
der their default Kroupa (2001) IMF with a stellar mass
upper limit of 300 M, which are identical to the v2.2.1
models (Eldridge et al. 2017) except that the abundances
of o elements are enhanced relative to iron, for discrete
values of [a/Fe] € {-0.2,0,0.2,0.4,0.6} dex.

We revised the default implementation for DLA ab-
sorption in BAGPIPES to match the prescription within
the LYMANA _ABSORPTION code'’, which is described in
detail in Witstok et al. (2025a). Briefly, we model the
absorption cross section of neutral hydrogen as the Voigt
profile approximation from Tasitsiomi (2006). Since the
higher-order quantum-mechanical correction from Bach
& Lee (2015) is only valid redwards of 1100 A, we ap-
ply the linear correction provided by Lee (2013). While
the redshift of the foreground DLA system can be freely
varied (e.g. Terp et al. 2024), we opt to fix this to the
systemic redshift throughout. When including DLA ab-
sorption, we assumed a log-uniform prior across a range
of H1 column densities of 101° cm™2 < Ny, < 10?4 cm™2.

As in Tacchella et al. (2023b), the SFH is non-
parametric with 6 bins in lookback time t. The first
two bins are placed to cover 0 < ¢t < 3Myr and
3 <t < 10Myr to be able to capture extreme line
emission, whereas the remaining bin edges are spaced
logarithmically out to z = 20. We adopted a ‘bursty-
continuity’ prior (Leja et al. 2019), where the logarithmic
ratio of SFR in adjacent bins is modelled as a Student’s-
t distribution with v = 2 degrees of freedom and scale
o = 1.0, though we shifted its mean away from zero
to follow a physically motivated rising SFH based on
dark matter halo accretion, as proposed by Turner et al.
(2025; see also Carniani et al. 2025). As discussed in
the main text, however, following Wu et al. (2025) we
adopt a SFR(z) oc (1+2)~*® scaling based on halo mass
abundance matching in the ABACUS N-body simulations
(Maksimova et al. 2021; Carniani et al. 2024) instead of
the Dekel et al. (2013) analytic approximation of dark
matter halo accretion rates, which focussed on a lower-
redshift regime than considered here.

The total stellar mass formed was varied across 0 <
log;y (M. (Mg)) < 15 and stellar metallicity over a range
of 0.0005Z¢ < Z, < 1.5Zg, both with log-uniform pri-
ors. Nebular emission is derived using the Byler et al.
(2017) prescription, under the assumption that the gas-
phase metallicity is equal to the stellar one, and calcu-
lated with cLOUDY v23.01 models (Ferland et al. 2017;
Chatzikos et al. 2023) that are self-consistently irradiated
by the appropriate stellar population, with the ionisation
parameter as a free parameter (—3 < log;, U < —0.5).

In light of recent solar abundance measurements (e.g.
Magg et al. 2022), as well as to remain consistent with
the adopted solar metallicity of Z5 = 0.02 in BPASS, we
maintained the default CLOUDY solar abundance pattern
from Anders & Grevesse (1989), while adjusting the gas-
phase iron abundance according to the o enhancement
[a/Fe] of each of the BPASS v2.3 model sets. We also
implemented the possibility of directly fitting emission
line fluxes in BAGPIPES. Dust attenuation is included
via a flexible Charlot & Fall (2000) law (see Chevallard

10 Code available at https://github.com/joriswitstok/
lymana_absorption.
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Fia. B2.— Left: Bootstrapped covariance matrix C of the NIRSpec/PRISM spectrum. Centre: model covariance (see text for details).

Right: absolute value of the residuals.

et al. 2019). Dust-continuum emission is incorporated
according to the Draine & Li (2007) model with gpap =
0.75%, a log-uniform prior on Ui, (0.25 < Upin < 15),
and a uniform prior on v (0 < v < 0.4).

In the case of component A of JADES-GS-z11-0, the
spectral resolution curve of the PRISM was calculated
from detailed forward modelling of the NIRSpec instru-
ment, taking into account the morphology and intra-
shutter position of this component (de Graaff et al.
2024b). We included a first-order Chebyshev polyno-
mial correction to the spectroscopic data (Carnall et al.
2019) to account for any minimal discrepancies between
NIRSpec and NIRCam.

Under the assumption the observed data are normally
distributed around the model, the spectral model log-
likelihood fgpec or the related goodness-of-fit statistic

Xgpec are derived via the inverse covariance matrix C~1

(Appendix B),

1,

S a C1
5 X (C1)
where R is the vectorised difference between observed
and modelled flux density in the i wavelength bin, re-
spectively F/{)};s and Fj\f‘fdel,

1 _
espec = Kspec - QRTC lR = Kspec -

Ry = Fg% — Fyredel (C2)

N

For computational reasons, the constant Ky is derived
from the determinant of the covariance matrix C via its
N eigenvalues \;:

Kupee = 5 1n (27 et(C)) = — L n (2 1Y, )
1
=3 <1n(27r) +3N, ln()\i)> . (C3)

To ensure convergence of the (PY)MULTINEST sampler
(Feroz et al. 2009; Buchner et al. 2014), we masked the
noise-dominated wavelength regions Agps < 1.3 um and
Aobs > 5.3pum (cf. Fig. Bl). The main results of the
SED fitting are tabulated in Table 3. For component A,
the full posterior distributions of the main parameters of
interest are shown in Fig. C1.

This paper was built using the Open Journal of As-
trophysics BTEX template. The OJA is a journal which
provides fast and easy peer review for new papers in the
astro-ph section of the arXiv, making the reviewing pro-
cess simpler for authors and referees alike. Learn more
at http://astro.theoj.org.
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Fic. C1.— Posterior distributions of the main physical parameters (Table 3), obtained from BAGPIPES fits to the spectrum and photometry

of JADES-GS-z11-0 (component A).
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