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A luminous and young galaxy at z = 12.33 
revealed by a JWST/MIRI detection of  
Hα and [O iii]

The James Webb Space Telescope has discovered a surprising population 
of bright galaxies in the very early Universe (≲500 Myr after the Big Bang) 
that is hard to explain with conventional galaxy-formation models and 
whose physical properties are not fully understood. Insight into their 
internal physics is best captured through nebular lines, but at these early 
epochs, the brightest of these spectral features are redshifted into the 
mid-infrared and remain elusive. Using the mid-infrared instrument 
onboard the James Webb Space Telescope, here we present a detection 
of Hα and doubly ionized oxygen ([O iii] 4959,5007 Å) from the bright, 
ultra-high-redshift galaxy candidate GHZ2/GLASS-z12. Based on these 
emission lines, we infer a spectroscopic redshift of z = 12.33 ± 0.04, 
placing this galaxy just ~400 Myr after the Big Bang. These observations 
provide key insights into the conditions of this primaeval, luminous 
galaxy, which shows hard ionizing conditions rarely seen in the local 
Universe and probably driven by a compact and young burst (≲30 Myr) of 
star formation. The galaxy’s oxygen-to-hydrogen abundance is close to a 
tenth of the solar value, indicating a rapid metal enrichment. This study 
establishes the unique conditions of this notably bright and distant galaxy 
and the huge potential of mid-infrared observations to characterize these 
primordial systems.

Following the confirmation of the surprisingly bright galaxies at high 
redshifts (z ≳ 10)1–3, research efforts must now shift towards gaining 
a deeper understanding of their physical properties. The detection 
and interpretation of emission-line spectra are pivotal, which use 
well-studied calibrations and diagnostic diagrams based on rest-frame 
optical transitions and line ratios such as [N ii]/Hα versus [O iii]/Hβ. 
The advent of the James Webb Space Telescope ( JWST) and, especially, 
its sensitive near-infrared spectrograph (NIRSpec) have now unlocked 
access to some of these lines across a wide redshift range, enabling 
detailed studies that were previously unreachable beyond z ≈ 3 (for 
example, refs. 4,5). At redshifts above z ≈ 7, however, the Hα transi-
tion, known as the gold standard for measuring young star formation 
activity, is redshifted beyond the NIRSpec coverage. Similarly, the 

[O iii] 4959,5007 Å and Hβ lines, sensitive to metallicity and ionizing  
conditions, can be observed only up to z ≈ 9.5 with this instrument.

The mid-infrared instrument (MIRI) onboard JWST is, thus, the 
only astronomical instrument with the required wavelength cover-
age to detect these spectral lines at higher redshifts, which is critical 
for characterizing the physical properties of the first galaxies in the 
Universe. Although early predictions suggested that their successful 
detection may require long observing times of several tens of hours6, 
the combination of both the better-than-expected performance of 
JWST7 and the notably high brightness of some recently discovered 
distant galaxies may have improved the prospects for such studies, 
making the detection of z > 10 rest-frame optical emission lines more 
feasible than previously anticipated.
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nebular lines and one of the brightest early galaxies discovered to 
date. The JWST/NIRSpec spectra of five other galaxies with similar 
spectroscopic redshifts14–17 (z ≈ 12–14) are distinguished by the lack 
of strong emission lines. In these cases, the spectroscopic redshifts 
were measured using the spectral break in continuum emission pro-
duced by the absorption of neutral hydrogen, but extensive tests 
are needed to rule out lower-redshift solutions that could produce 
similar breaks. These results demonstrate the unique ability of MIRI 
to spectroscopically confirm the highest redshift galaxies by direct 
detection of rest-frame optical lines. Moreover, MIRI can also provide 
direct information about a galaxy’s star formation rate (SFR) and ion-
ized gas properties, although these studies might be limited to the  
brightest objects.

The emission line around 6.6 μm, associated with the [O iii] 
4959,5007 Å doublet, was fitted with a double Gaussian function to 
infer the line flux densities (reported in Table 1). During this procedure, 
we assumed the same linewidth for the two lines and fixed the relative 
intensity ratio to the theoretical 1:3 value18. The Hα line was fitted 
with a single Gaussian function. Although the [N ii] doublet lines were 
blended with Hα, at the redshift of GHZ2, it is reasonable to assume that 
the flux contribution of [N ii] is negligible due to the probable subsolar 
metallicity19,20. Negligible [N ii] emission is seen even at lower redshifts 
(z ≈ 4–7) for galaxies5,21,22 and active galactic nuclei (AGNs) alike23,24, and 
even for nitrogen-enriched systems25. Hence, we could safely assume 
that this line is dominated by Hα emission. For the undetected emis-
sion lines, including Hβ and the [S ii] doublet, 2.5σ upper limits were 
derived by adopting the local noise r.m.s. and a given linewidth, as 
described in Methods. Note that the non-detection of Hβ is still con-
sistent with theoretical predictions and with zero dust attenuation.  
A more stringent upper limit on the Hβ flux density could be inferred 
from the measured Hα flux density by adopting a flux ratio of  
Hα/Hβ = 2.85 (based on the so-called case B recombination scenario and 
under the typical physical conditions of galaxies’ ionized gas26). This 
ratio is valid if there is negligible dust attenuation, but it increases in 
the presence of dust as the Hβ line is more affected by dust extinction. 

Here we report the results of a MIRI spectroscopic campaign  
targeting a z > 10 galaxy candidate, and we test the efficiency and  
feasibility of using MIRI for redshift confirmation and characterization 
of early galaxies by detecting rest-frame optical nebular lines.

We targeted the galaxy GHZ2/GLASS-z12 (refs. 8,9; right ascen-
sion = 00 h 13 min 59.76 s, declination = −30° 19′ 29.11″) to search for 
the brightest rest-frame optical nebular emission lines redshifted into 
the mid-infrared: [O iii] 4959,5007 Å, Hα and Hβ (with the doublets  
[N ii] 6548,6583 Å and [S ii] 6716,6731 Å also covered but expected to be 
too faint to be detected). The target stands out as one of the brightest 
and most robust among the extremely distant galaxy candidates found 
in deep images taken by the near-infrared camera (NIRCam) onboard 
JWST. It has a photometric redshift of z ≈ 12.0–12.4. It was found in the 
outskirts of the galaxy cluster Abell 2744 as part of the GLASS-JWST 
Early Release Science Program10. It has an absolute rest-frame UV  
magnitude MUV = −20.5 mag (ref. 11) and an inferred stellar mass9 close 
to 109 M⊙, despite its compact morphology12 (with an effective radius 
Re ≲ 50 pc). The source suffers a moderate gravitational amplification 
of μ ≈ 1.3 by a lens galaxy cluster (see Methods for a deeper discussion 
of the gravitational amplification)13.

The MIRI observations were conducted on 25–29 October 2023 
using the low-resolution spectrometer (LRS) in slit mode (resolving 
power R ≈ 50–200), with a total integration on-source exposure time 
of 9 h (see details in Methods). The main advantage of this mode is its 
large spectral coverage, which provides sensitive observations across 
~5–12 μm, which covers at least one of the aforementioned lines across 
z ≈ 7–20. The data reduction was performed using the standard JWST 
pipeline with some extra steps as described in Methods.

Figure 1 shows the MIRI one-dimensional (1D) and two-dimensional 
(2D) spectra of the source. Two spectroscopic features were clearly 
detected above the noise level (>5σ) in the 1D and 2D spectra. These 
spectral features are associated with the [O iii] doublet (4,959 and 
5,007 Å) and with the Hα recombination line, which constrain the 
redshift of this source to be zspec = 12.33 ± 0.04 (see also ref. 11),  
making this object the most distant galaxy with detections of these 
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Fig. 1 | JWST/MIRI spectrum of GHZ2 at z = 12.33. Top left: NIRCam F444W 
cut-out image (5" × 5") centred at the position of GHZ2, with the MIRI/LRS slit 
illustrated with the red rectangle (at the two different dither positions). The 
combined 2D spectrum and the aperture used for the 1D extraction are also 
plotted (see details in Methods). Bottom left: 1D extracted spectrum at the 
position of GHZ2 across the most sensitive wavelength range, λobs ≈ 5.7–10 
and the associated 1σ uncertainty (grey region). The expected wavelengths of 
typically bright rest-frame optical emission lines are indicated with the vertical 

lines, with the blue text highlighting the robust detections. Right: zoom-in of the 
detected spectral features identified as the [O iii] 4959,5007 Å doublet (top) and 
the Hα emission line (bottom) along with the best-fitting Gaussian functions and 
the implied redshifts and associated 1σ uncertainties, which are dominated by 
the current wavelength calibration. In the top panel, the 2.5σ upper limit for the 
Hβ line is indicated with the downward arrow. The predicted (pred.) Hβ line from 
the Balmer decrement (assuming a dust-free scenario) is represented by the grey 
dashed line.

http://www.nature.com/natureastronomy


Nature Astronomy | Volume 9 | January 2025 | 155–164 157

Article https://doi.org/10.1038/s41550-024-02397-3

Nevertheless, dust attenuation is not expected to be substantial in this 
galaxy (with inferred dust attenuation A(V) values around or below 
0.1–0.3 mag, as described in Methods).

This Hα detection provides a direct probe of star formation activity 
in young galaxies and can be used to trace massive stars with ages of 
around 10 Myr or younger. This, combined with the detection of oxygen 
(which reveals the presence of metals and, thus, of more evolved stars), 
provides a unique opportunity for studying the stellar population of 
this distant galaxy and its ionizing-photon production efficiency. We 
inferred the average stellar age and other properties, like stellar mass 
and SFR, by fitting a spectral energy distribution (SED) to the NIRCam 
photometry jointly with the constraints from the Hα and [O iii] emis-
sion lines (see details in Methods and Extended Data Fig. 1). The pho-
tometry and the spectroscopic data were well reproduced with a model 
with a composite star-formation history extending for around 50 Myr, 
with a mass-weighted age of 28+10−14 Myr and with more than 60% of the 
total stellar mass formed during the past 30 Myr. The presence of young 
and massive stars implies a higher rate of ionizing-photon production 
compared to typical values in galaxies at lower redshifts, with an 
inferred value of ξion ≳ 2 × 1025 Hz erg−1 (see Fig. 2 and Methods for fur-
ther details). The evidence that most of the stellar mass of GHZ2 formed 
recently is consistent with other results implying that early galaxies 
have more ‘bursty’ star-formation histories27–30). If most early galaxies 
did, indeed, form the bulk of their visible mass in their recent past, that 
would explain not only the notable luminosity of this distant galaxy 
but the overall surprising number of bright galaxies observed in  
this epoch31,32.

The SED-based SFR (averaged over the last 10 Myr and taking 
into account the gravitational lensing amplification of the lens clus-
ter of μ = 1.3)13 of 5 ± 2 M⊙ yr−1 is in good agreement with the SFR of 
9 ± 3 M⊙ yr−1 estimated directly from the Hα luminosity assuming the 
calibration from ref. 33. This calibration is based on low-metallicity 
stellar population synthesis models that include the effects of  
massive stars in binary systems characterized by a high ionizing-photon 
production efficiency. On the other hand, the widely adopted calibra-
tion used for local and low-redshift galaxies34 predicts a higher SFR of 
22 ± 5 M⊙ yr−1, mainly due to the absence of these low-metallicity and 
binary stars.

The JWST/MIRI data also constrain the R3 ≣ log([O iii]/Hβ) ratio, 
which is known to correlate with the gas-phase metallicity35. The esti-
mated line ratio and its associated uncertainty [O iii]/Hβ = 5.2 ± 1.5 
(when assuming directly the inferred Hβ if there is zero dust attenua-
tion) implies a metallicity of 12 + log(O/H) = 7.40+0.52

−0.37, according to 
the relation presented by ref. 36, which corresponds to Z = 0.05+0.12−0.03 Z⊙, 
where Z⊙ is the solar metallicity. A similar range of metallicities was 
obtained from theoretical calibrations37 specifically designed for galax-
ies at z > 4 (see details in Methods). These values are in good agreement 
with the independent metallicity estimation of 12 + log(O/H) = 7.26+0.27−0.24 

based on the [Ne iii] 3,868 Å/[O ii] 3,727 Å index (with extra constraints 
from other lines), as reported in our parallel analysis of the NIRSpec 
data of this source11.

Despite the young age derived for GHZ2, it is notable that its  
metallicity is already enriched to a few percent of the solar value (even 
up to ~10–15%), considerably above expectations for the primordial 
objects dominated by the first-generation stars (typically known as 
population III stars). This implies a very rapid metal enrichment during 
the earliest phases of galaxy formation. The metallicity inferred for 
GHZ2 is higher than the metallicities of the four spectroscopically 
confirmed galaxies at z = 10–13 discovered in the JADES survey14. This 
was not totally surprising as there is a known correlation between stellar 
mass and metallicity, even up to z ≈ 9 (ref. 38), and the stellar mass of 
GHZ2, log(M⋆/M⊙) ≈ 8.6–9.0, is around an order of magnitude larger 
than what was inferred for JADES galaxies (as shown in Fig. 3). This 
might suggest that a similar mass–metallicity relation exists, even at 
these early redshifts, although shifted to lower metallicities. Actually, 
when compared with the so-called fundamental metallicity relation39, 
which involves the SFR as a third parameter, all these z > 10 galaxies 
clearly deviate towards lower metallicity values. Confirming the exist-
ence of such scaling relations at these redshifts would require, however, 
larger samples of galaxies with similar spectroscopic data.

To gain further insights into the physical conditions of the ionized 
gas in this galaxy, we show in Fig. 3 the well-studied [N ii]/Hα versus  
[O iii]/Hβ BPT diagram along with the predictions from a photoioniza-
tion model powered by star formation40. The R3 value of 5.2 ± 1.5 
derived above implies a high ionization parameter of log(U) ≳ −2.0 
(Fig. 3). Note that this measurement is not affected by our assumption 
of a dust-free environment when calculating the Hβ line as any dust 
attenuation will increase further the inferred [O iii]/Hβ ratio. The high 
ionization conditions in this galaxy are also confirmed by the detection 
of N iv] 1,488 Å and He ii 1,640 Å in the NIRSpec spectrum11, which 
require ionizing photons with energies above around 54 eV. This might 
point towards the presence of X-ray binaries or very massive stars41–43, 
which contribute to the hard ionizing radiation.

Table 1 | Measured line flux densities or upper limits without 
correcting for gravitational amplification

Transition Line flux (erg s−1 cm−2) × 10−18

Hβa <2.0 or 0.9 ± 0.2

[O iii] 4,959 Å 1.6 ± 0.2

[O iii] 5,007 Å 4.7 ± 0.5

Hα 2.5 ± 0.7

[S ii] 6717,6731 Å <2.6

[O iii] 88 μmb ≲0.25

See Methods for a thorough discussion of the lensing modelling. aTwo values are given: a 
2.5σ upper limit directly constrained from the data and the value inferred from Hα (which is 
valid for zero dust attenuation; see text for details). bRevised ALMA upper limit (for details, see 
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Fig. 2 | Ionizing-photon production efficiency. Inferred ionizing-photon 
production efficiency ξion for GHZ2 assuming a conservative dust attenuation 
A(V) = 0.3 mag and escape fraction fesc = 0 (illustrated with the solid dark red 
hexagon). For comparison, we show the inferred value for zero dust attenuation 
(light red) and estimated values for other samples (average values70 and 
individual measurements71–78), along with the ξion redshift evolution from ref. 57 
for two different stellar masses (solid and dashed lines). Error bars represent 1σ 
errors of individual measurements or the scatter of the measurements for the 
sample average. The bright Hα emission of GHZ2 implies high ionizing-photon 
production, probably above the typical values adopted for galaxies contributing 
to the reionization process79. HAE, Hα emitter; LAE, Lyman α emitter; LBG, Lyman 
break galaxy.
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Alternatively, the high ionization conditions might be produced 
by AGN activity, although the higher ionization AGN tracers [Ne iv] 
2,424 Å and [Ne v] 3,426 Å were undetected11. On the other hand, a mor-
phological analysis of this object constrains its size to be very compact 
(Re ≲ 50 pc) but marginally resolved12, which favours star formation 
as the source of the ionizing radiation or a composite of an AGN and a 
star-forming galaxy system (rather than pure AGN).

It is now useful to put into context the upper limit on the [O iii] 
88 μm line luminosity derived from previous observations by the  
Atacama Large Millimeter Array (ALMA)44. The line ratio between this 
and the [O iii] 5,007 Å transition is sensitive to the electron density of 
the ionized gas, and there is also a weaker dependency on temperature. 
Figure 4 shows the expected [O iii] 5,007 Å to [O iii] 88 μm line ratio as 
a function of electron temperature Te and density ne (see Methods for  
further details). As can be seen, at the typical [O iii] electron tempera-
tures (for example, 6,000–15,000 K), the constraints imposed by the 
ALMA and JWST observations imply a high electron density above 
103 cm−3. This, again, contrasts with the typical conditions seen in the 
local Universe and lower-redshift galaxies, which have average densi-
ties of the order of ne ≈ 101 to 102 cm−3 (ref. 45), but is in agreement with 
recent results proving a redshift evolution towards higher electron 
densities at high redshifts46 (Fig. 5). This evolution might be driven 
by the higher SFR surface density (ΣSFR) measured in high-redshift 
galaxies22,25,47, which reaches an extreme value of 320 ± 130 M⊙ yr−1 kpc−2 
in GHZ2 (adopting the measured12 effective radius of 50 pc). The 
combination of these unique conditions, including high ionization 
parameters, high electron densities and high SFR surface densities, 
may explain the brightness of the unique population of z > 10 galaxies 
recently discovered by JWST, along with the young stellar ages and 
relatively low metallicities.

This study demonstrates the enormous potential of JWST/MIRI 
for confirming and characterizing the most distant galaxies in the 
Universe. These observations make our target, GHZ2, the most dis-
tant galaxy with direct detection of Hα and other transitions from  
ionized gas (see also ref. 11) and one of the brightest spectroscopically 

confirmed galaxies at this early epoch, now with a robust spectroscopic 
redshift of z = 12.33 ± 0.04. The physical conditions of GHZ2, revealed 
directly by nebular emission lines, are extreme and rarely seen in the 
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local Universe. It has a low (but not pristine) metallicity, high ionization 
conditions and high electron density. This emerging picture of compact 
galaxies with extreme conditions seems to be fairly common at high 
redshifts, particularly among the brightest systems, and may be associ-
ated with short bursts of young star formation with ages of a few tens 
of megayears and with the presence of massive, low-metallicity stars. 
Some of the properties of this early galaxy also resemble the observed 
features of AGNs, particularly the hard ionizing spectra inferred from 
the observations presented here and from the JWST/NIRSpec data11. 
It is, thus, possible that this source is, at least partially, powered by 
an active black hole. Further observations of this and other similar 
sources will substantially contribute to our understanding of early 
galaxy formation and black hole growth, pushing the current frontiers 
into the formation epoch of the first massive objects in the Universe.

Methods
Cosmology and other definitions
Throughout this paper, we assumed a flat Λ cold dark matter cosmology 
with relative matter density Ωm = 0.29, relative (vacuum) dark energy 
density ΩΛ = 0.71 and Hubble constant H0 = 69.6 km s−1 Mpc−1. We also 
assumed a solar abundance of 12 + log(O/H) = 8.69 (ref. 52).

JWST/MIRI observations and data reduction
Observations were conducted as part of project GO-3703 (PI J. Zavala) 
using the MIRI/LRS (with the P750L filter) in slit mode. The target was 
observed in three different visits using the FASTR1 read-out pattern and 
121 groups per integration, 16 integrations per exposure and 1 exposure 
per specification with two dither positions ‘along the slit nod’. Each 
visit had an on-source time of 10,828.26 s (9 h in total). Target acquisi-
tion observations of a bright star (right ascension = 00 h 13 min 58.3 s, 
declination = −30° 20′ 14.10″) were conducted before each visit to 
ensure that the target was placed with subpixel accuracy (<10 mas) at 
the nominal slit centre location.

We reduced the MIRI data using the official JWST pipeline (v.1.13.4), 
Calibration Reference Data System (CRDS) version 11.16.16 and CRDS 
context jwst_1174.pmap to assign the reference files. We adopted the 

stage 1 pipeline procedures unchanged, resulting in six count-rate 
images (two dithers with three exposures each). Then, we ran the 
spec2pipeline stage, which performed the flux calibration and vari-
ous instrument corrections separately on the individual count-rate 
exposures, yielding six individual s2d images. Due to the presence 
of a bright nearby galaxy within the slit in one of the dither positions 
(see the top left panel in Fig. 1), there was some residual emission in 
half of the data. Therefore, we continued to treat each dither position 
separately, averaging the three exposures for each first and yield-
ing one s2d file for each dither. Next, we subtracted the background 
from each dither, separately, rather than simply subtracting the two. 
This was done using the Background2D task in photoutils, masking 
a r = 3.5 pixel circular region around the detected emission lines.  
We estimated the median background using a box size of 2 × 2 pixels.  
We then input these background-subtracted files into the spec3pipe-
line stage, which rejected outliers by sigma clipping and combined the 
two dither positions into a single 2D spectrum. Finally, we performed 
1D extraction manually using a boxcar filter with a width that scales 
with the full-width at half-maximum (FWHM) of the MIRI point spread 
function, as shown in the top panel of Fig. 1. Above 9 μm, where the 
noise r.m.s. per channel notably increased (due to the sensitivity of 
the detector and the higher spectral resolution), we rebinned the data 
with a two-channel bin.

An alternative reduction following the standard steps in 
the pipeline resulted in a similar spectrum but with a continuum  
baseline slightly offset towards negative values. After correcting for this 
systematic offset, the [O iii] line luminosity was around 20% brighter 
than in our manual reduction but with a lower signal-to-noise ratio. 
Given that our modified reduction provides better r.m.s. noise across 
the whole spectrum, we adopted it for our analysis, but note that our 
results would not significantly change otherwise.

Spectroscopic redshift and line measurements
Fitting the emission lines and line ratios. A single Gaussian function 
was used to fit the Hα line assuming negligible contribution from the [N 
ii] doublet. For the [O iii] doublet, we simultaneously fitted two Gauss-
ians. During this procedure, we assumed the same linewidth for the 
two lines (leaving it as a free parameter) and fixed the 5,007 Å/4,959 Å  
peak line ratio to 3. We used the Levenberg–Marquardt algorithm to 
perform nonlinear least-square minimization (using the lmfit func-
tion). The measured linewidths were consistent with the instrumental 
resolution53 of R ≡ Δλ/λ ≈ 81 around the position of the [O iii] doublet 
(instead of R ≈ 83 from the measured linewidth) and 132 around Hα 
(with a slightly wider measured linewidth corresponding to R ≈ 103).

To infer an upper limit on the Hβ line flux density, we assumed 
the 2.5σ r.m.s. value as the upper limit for the line peak and the same 
linewidth as the [O iii] 5,007 Å line, which was determined by the line 
spread function of the instrument. This is a reasonable assumption, as 
the lines are very close in wavelength space, and thus, the spectral reso-
lution was expected to be very similar. This resulted in an upper limit for 
the Hβ line flux of 2.0 × 10−18 erg s−1 cm−2. Alternatively, the Hβ line flux 
density was inferred from the detected Hα line. For a dust-free environ-
ment and case B recombination-line radiation (see details in ref. 26), 
the expected Hα/Hβ line ratio is 2.85 for ne = 104 cm−3 and Te = 10,000 K 
(note that this ratio does not change sizeably for other values of den-
sity and temperature). Under these assumptions, we estimated an 
integrated line flux density of 0.9 × 10−18 erg s−1 cm−2. We adopted this 
value throughout this paper, as we did not expect large dust attenua-
tion for this galaxy (based on the SED fits, the dust continuum ALMA 
constraints44 and the blue UV slope11). Actually, adopting the Calzetti 
attenuation law54 and dust extinction values of A(V) ≈ 0.1–0.3, as those 
obtained during the SED fitting procedure, would have decreased the 
estimated Hβ line flux by only ≲10%.

Finally, a 2.5σ upper limit for the [S ii] doublet was derived using 
the local r.m.s. value around 8.97 and adopting a linewidth 5% narrower 
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Fig. 5 | Redshift evolution of the electron density. Compilation of 
spectroscopically derived measurements of ionized gas electron density 
(with 1σ error bars) in galaxies at different redshifts (adapted from ref. 46 
and including other measurements45,83, with different symbols for different 
references) along with the constraints inferred for our target, GHZ2, at z = 12.33 
(formally upper limits; dark red hexagon for Te = 30,000 K and light red 
hexagon for Te = 10,000 K). Our results support the evolution towards higher 
electron densities at high redshifts, which might be associated with the high 
ionization parameters and high SFR surface densities of the bright population 
of high-redshift galaxies recently discovered with JWST. ID4590 identifies a 
particular galaxy at z = 8.5 (refs. 38,83).

http://www.nature.com/natureastronomy


Nature Astronomy | Volume 9 | January 2025 | 155–164 160

Article https://doi.org/10.1038/s41550-024-02397-3

than the Hα line (following the expected spectral response of the instru-
ment53). All these measurements are reported in Table 1.

Spectroscopic redshift. The dominant uncertainty on the spec-
troscopic redshift came from the available MIRI/LRS wavelength 
calibration. Although the calibration accuracy was estimated to be 
around ±20 nm (https://www.stsci.edu/contents/news/jwst/2024/ 
updates-to-miri-low-resolution-spectrometer-reference-files), this still 
introduced a redshift offset of Δz ≈ 0.04. A recent calibration update 
(referenced as jwst_1174.pmap in the JWST pipeline) introduced a shift 
of about 50 nm at 6 μm, which decreased to nearly zero at the red end 
of the spectral range. A similar correction but a bit less extreme in the 
blue part was independently found by ref. 55 using observations of a Y 
dwarf. Fitting the line with a single Gaussian component, we obtained 
zHα = 12.36 ± 0.02 (random) ± 0.04 (systematic) with the updated 2024 
JWST calibration. For comparison, by adopting the calibration from ref. 
55, we obtained zHα = 12.37 ± 0.02 (random) ± 0.04 (systematic). For the 
[O iii] doublet and simultaneously fitting two Gaussians as described 
above, we obtained z[O iii] = 12.29 ± 0.01 (random) ± 0.04 (system-
atic) using the most recent pipeline calibration or z[O iii] = 12.33 ± 0.01  
(random) ± 0.04 (systematic) using an alternative wavelength 
calibration55. The differences between the inferred redshifts were 
mainly attributed to the current wavelength calibration uncer-
tainty of ~20 nm. Throughout this paper we adopted the average of 
the redshifts obtained with the official pipeline calibration, result-
ing in z = 12.33 ± 0.02 (random) ± 0.04 (systematic) (or simply 
z = 12.33 ± 0.04, after taking the square root of the sum of the square 
of the two errors). Similar redshift constraints were derived from the 
NIRSpec observations11 with a weighted redshift average between 
four different emission lines of z = 12.342 ± 0.009. A more precise 
MIRI/LRS wavelength calibration in the future may allow us to derive 
spectroscopic redshifts with better than 1% precision, even with the  
LRS mode.

Parameters inferred from the emission lines
Metallicity. We adopted the recent calibration from ref. 36 based on a 
sample of 46 galaxies at z ≈ 2–9 observed with JWST/NIRSpec and with 
several line detections (including temperature-sensitive lines), from 
which we derived 12 + log(O/H) = 7.40+0.52

−0.37  taking into account the  
uncertainty on the [O iii]/Hβ line ratio and the observed scatter in the 
calibration sample. This corresponds to Z = 0.05+0.12−0.03 Z⊙ . Using  
instead the calibration from ref. 40, calibrated using local analogues, 
resulted in a consistent metallicity of ~0.1 Z⊙. We finally used the theo-
retical predictions for the metallicity calibrations of ref. 37, which were 
based on the IllustrisTNG56 simulations connected to photoionization 
models and focused only on galaxies at z > 4. This theoretical calibra-
tion implied a metallicity Z = 0.04 ± 0.02 Z⊙.

Note that our assumption of negligible dust attenuation when 
estimating the Hβ line luminosity did not bias the inferred metallicity. 
This was due to the turnover of the relation at higher metallicities where 
lower values of [O iii]/Hβ were expected (whereas dust attenuation 
would imply higher line ratios). This turnover implied, however, a 
second solution for GHZ2 of Z ≈ 0.55 Z⊙. This value is inconsistent with 
the independent constraints obtained from the NIRSpec data11, with 
several diagnostics suggesting values around or below 0.1 Z⊙. We, thus, 
concluded that the gas-phase metallicity in GHZ2 is close to the a 
forementioned value of Z = 0.05+0.12−0.03 Z⊙, which is relatively low compared 
to lower-redshift galaxies, but it is not pristine despite its young age.

Balmer decrement. In the presence of dust, the Hα/Hβ line ratio 
would be expected to deviate from the theoretical value as the 
short-wavelength Hβ transition is more susceptible to dust attenua-
tion. However, although the upper limit on the Hβ line luminosity is 
consistent with a dust-free scenario, it does not rule out the possibility 
of dust attenuation. Deeper observations will be necessary for placing 

constraints on the presence (or absence) of dust in this galaxy through 
the Balmer decrement.

SFR and ionizing-photon production efficiency. As mentioned 
in the main text, using the calibration SFR/L(Hα) = 10−41.67 (M⊙ yr−1)/
(erg s−1) (ref. 33), where L(Hα) is the Hα line luminosity, we estimated 
SFR = 12 ± 4 M⊙ yr−1 (or 9 ± 3 M⊙ yr−1 after taking into account the grav-
itational lensing amplification of the lens cluster of μ = 1.3)13. This 
calibration was derived from Z = 0.001 BPASS population synthesis 
models with an upper-mass initial mass function (IMF) cut of 100 M⊙ 
and including the effects of stellar binaries. Using instead the relation 
of ref. 34, calibrated for lower-redshift systems with close to solar 
metallicity, resulted in a higher SFR by a factor of ~2.5. This difference 
was mainly attributed to the absence of low-metallicity stars and binary 
star interactions that produce more strongly ionizing photons. In 
addition, we inferred the SFR from the SED modelling, as described in 
the ‘SED fitting’ section.

The Hα line luminosity was also used to estimate the ionizing- 
photon production efficiency ξion following ref. 57, which is related to 
the number of ionizing photons produced per UV luminosity (or SFR). 
To be conservative, during this calculation we assumed an escape 
fraction fesc = 0 (any other value above zero would have resulted in a 
higher ξion) and a dust attenuation A(V) = 0.3 mag (note that the attenu-
ation of the young stellar population inferred from our fiducial SED 
modelling is A(V) = 0.1 mag, with other models suggesting even lower 
values). Under these assumptions, we estimated the ionizing-photon  
production efficiency of GHZ2 to be ξion ≳ 2 × 1025 Hz erg−1, as shown 
in Fig. 2.

Modelling the gravitational lensing
A detailed strong-lensing model of the galaxy cluster Abell 2744 at 
z = 0.307 predicted13 a gravitational amplification of μ = 1.3 for GHZ2/
GLASS-z12. Nevertheless, the presence of other bright galaxies along 
the line of sight (between the cluster and the target) may have produced 
second-order effects. To test this, we modelled the total mass distribu-
tion of the closest galaxies as foreground lenses with one-component 
models, namely singular isothermal sphere profiles. Their redshifts and 
stellar masses were extracted from the GLASS catalogue58. These values 
spanned z ≈ 1.5–3.5 and M⋆ = 8 × 107 to 2 × 109 M⊙. The closest source was 
the most massive galaxy, which has a spectroscopic redshift of z = 1.682. 
We assumed a conservative effective velocity dispersion of 100 km s−1 
for all the galaxies, corresponding to the highest expected value given 
their stellar masses59. This was then used to estimate the associated 
Einstein angle for a source at the redshift of GHZ2 (z = 12.33). Finally, 
to assess the potential effect of this secondary gravitational lensing 
amplification, this angle was compared with the angular separation 
between the corresponding perturber mass centre (after correcting 
its position for the deflection of the lens cluster) and the position of 
GHZ2/GLASS-z12 on the perturber’s plane.

Based on this analysis, we found that the angular separation 
between GHZ2 and the closest galaxy on its plane exceeds by more 
than five times (θ/θE ≈ 5.4) the estimated Einstein angle (which was 
×8–20 larger for the other foreground galaxies). A simple gravitational 
lens model based on a singular isothermal sphere would imply a mag-
nification of (1 − 1/5.4)−1 ≈ 1.23 from this galaxy, ruling out substantially 
larger secondary terms in the current lensing model. Nevertheless, the 
total magnification experienced by GHZ2 cannot simply be obtained 
by multiplying the magnification factor of the cluster by that of the 
galaxy (which would result in μ ≈ 1.6). A double-lens plane approxima-
tion with the cluster lens and the z = 1.68 galaxy (kindly provided by 
one of the reviewers) would imply a magnification of around μ ≈ 1.7, 
but we stress that the total magnification can be accurately quantified 
using only a multiplane lensing approach, which is beyond the scope 
of this paper. Therefore, until a full multiplane strong-lensing analysis 
becomes available, we decided to adopt the lens cluster gravitational 
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magnification of μ = 1.3 (ref. 13), but notice that the total amplification 
allows for slightly larger values with increments of the order of 20–30%. 
For a larger magnification of around 1.7, the intrinsic (Hα-based) SFR of 
GHZ2 would shift from 9 ± 3 M⊙ yr−1 to 7 ± 2 M⊙ yr−1. The estimated stellar 
mass would also decrease accordingly, but other properties based on 
flux ratios or luminosity ratios would remain the same.

SED fitting
The broadband SED together with the spectroscopic measurements 
of the Hα and [O iii] emission lines were fitted to stellar population and 
nebular gas emission models to estimate the stellar mass, SFR and 
mass-weighted age of GHZ2. The NIRCam photometry gives slightly 
different results from previous estimates8, as we included new observa-
tions obtained in July 2023 (see refs. 11,60 for further details). We used 
the Synthesizer-AGN code61–63, with the stellar population models from 
ref. 64 and with a Chabrier IMF65 with stellar mass limits between 0.1 
and 100 M⊙. We probed all subsolar metallicity models. The 
star-formation history was set to a double burst. Each stellar population 
was described by a delayed-exponential law with possible timescales 
ranging from 1 to 100 Myr, with ages from 0.1 Myr to the age of the 
Universe at z = 12.36. Each stellar population was allowed to be affected 
by independent dust attenuation, as described by the Calzetti law54, 
with A(V) values ranging from 0 to 1 mag. The nebular continuum and 
line emission were modelled with Cloudy v.c23.0.1 (refs. 66,67), assum-
ing 10,000 K gas with 104 cm−3 density and abundances linked to the 
stellar metallicity and ionizing-photon flux provided by the stellar 
models. The main derived properties (without correcting for the  
gravitational amplification) were as follows: stellar mass 
logM⋆/M⊙ = 9.03+0.13−0.28 , SFR10Myr = 7 ± 2 M⊙ yr−1 and mass-weighted age 
28+10−14Myr. The models also support the high ionization parameter 
inferred from the BPT diagram, with a best-fitting value of 
logU = −1.1 ± 0.4 ,  and a consistent stellar metallicity of 
Z/Z⊙ = 0.020+0.030

−0.015 . The attenuation for older and younger star popula-
tions was constrained to be A(V) = 0.3+0.1−0.2 and 0.1+0.2−0.1  mag, respectively. 
The best-fitting SED obtained from this analysis is presented in 
Extended Data Fig. 1.

Additionally, we used the BAGPIPES68 and CIGALE69 SED-fitting 
codes with the same stellar population models, IMF and dust attenua-
tion law. For BAGPIPES, we adopted a ‘bursty continuity’ model for the 
star-formation history and found a general good agreement in the age 
of the stellar population (30+40

−20 Myr) with a very similar fraction of mass 
formed during the last 30 Myr. Other parameters were also consistent 
within the error bars ( logU = −1.4+0.2−0.3 , SFR = 2+3−1  M⊙ yr−1 and 
logM⋆/M⊙ = 8.38+0.23−0.18), with the main difference being the close to zero 
attenuation (A(V) = 0.01+0.02−0.01  mag) and a slightly higher metallicity 
( Z = 0.22+0.06−0.05 Z⊙ ). Similarly, the results from CIGALE imply a 
mass-weighted stellar age of 26 ± 55 Myr, logM⋆/M⊙ = 8.3 ± 0.3 , 
logU = −2.1 ± 0.5, A(V) = 0.11+0.13−0.11  mag and SFR10Myr = 15 ± 9 M⊙ yr−1, with 
an even higher (but largely uncertain) metallicity of Z = 0.56 ± 0.20 Z⊙. 
Note that none of these values were corrected for gravitational 
amplification.

Photoionization and line emissivity models
The photoionization models presented in Fig. 3, which compares the 
ratio between [O iii] 5,007 Å and Hβ with that between [N ii] 6,583 Å 
and Hα, were taken from ref. 20. They were calculated using the spectral 
synthesis code Cloudy48 by assuming the stellar population models 
from BPASS, including binary systems, and with a Kroupa IMF with 
an upper mass cut of 300 M⊙ (although similar results were obtained 
for Mup = 100 M⊙). In these models, the ionization parameter, defined 
as the ratio between the hydrogen-ionizing photons and the num-
ber density of hydrogen atoms, was varied from −3.5 to −1.0 while 
the gas electron density was fixed to 103 cm−3. As seen in Fig. 3, the 
[O iii] 5,007 Å/Hβ line ratio of GHZ2 was reproduced only by mod-
els with a high ionization parameter above −2.0 (if Z ≈ 0.1–0.2 Z⊙).  

At lower metallicities (Z ≲ 0.05 Z⊙), the model predictions lie below the 
inferred value and would require harder ionizing radiation to explain 
the observational constraints. For instance, AGN-driven models show 
higher [O iii] 5,007 Å/Hβ ratios (by ~0.3 dex), when compared with the 
stellar-driven models at fixed metallicity20.

On the other hand, the predicted line ratios between the two transi-
tions of the doubly ionized oxygen ([O iii] 5,007 Å and [O iii] 88 μm) 
shown in Fig. 4 were generated using the PyNeb getEmissivity package49 
with the default atomic data. The ratio was calculated for different 
values of electron density and temperature ranging from 
log(ne [cm−3]) =  0–10 and log(Te [K]) =  3.7–4.5. As can be seen in the 
figure, the ratio was highly sensitive to the electron density with a 
milder dependency on the electron temperature (given the signifi-
cantly different energy levels of the two transitions) but independent 
of metallicity, as both transitions arise from the same ion.

Revisiting the ALMA data and constraining the electron 
density
The initial study of GHZ2/GLASS-z12 at submillimetre wavelengths 
with data from ALMA only revealed a tentative line44 at 258.7 GHz, 
which was claimed to be [O iii] 88 μm at z = 12.117. This is inconsist-
ent with the MIRI and NIRSpec spectroscopic redshift, which implies 
that the line is not real or, at least, not associated with GHZ2. With the 
updated redshift information, we visually inspected the 254.35 GHz 
region and fitted the extracted spectrum using a single Gaussian func-
tion centred at the peak channel. The best fit implies a line flux of 
~2.5 × 10−19 erg s−1 cm−2 with FWHM ≈ 200 km s−1, which is consistent with 
the previously reported44,50 upper limit, after taking into account the 
different linewidths (originally adopted to be ~100 km s−1 in the previ-
ous ALMA analysis44). Given the low statistical significance (~3σ) of this 
measurement, to be conservative, we treated it here only as an upper 
limit. This implied a [O iii] 5,007 Å to [O iii] 88 μm line ratio above 19 
(or log([O iii]5,007 Å/[O iii]88 μm) ≳ 1.3) and was used in Fig. 4 to obtain a 
conservative lower limit on the electron density of ne > 100 cm−3, which 
varies as a function of electron temperature. Assuming the typical 
value of Te = 10,000 K, the current constraints imply an extreme ne 
value above 1,000 cm−3. This is consistent with the picture of higher 
electron densities at high redshifts, as shown in Fig. 5.

High electron densities would naturally explain other non- 
detections of the [O iii] 88 μm line51 at z > 10 given its relatively low 
critical density nc ≈ 5 × 102 cm−3 (ref. 26). Above this value, collisional 
de-excitation plays a significant role in gas cooling. This diminishes 
the line luminosity produced by radiative cooling, an effect that is 
more efficient in a low-density regime. Hence, future ALMA follow-ups 
targeting the [O iii] 52 μm line promise to be successful thanks to its 
higher critical density of nc ≈ 3 × 103 cm−3.

Data availability
The JWST/MIRI data used in this paper will be publicly available through 
the Mikulski Archive for Space Telescopes server, under JWST pro-
gramme GO-3703. The ALMA data used can be downloaded from the 
ALMA archive (Project Code 2021.A.00020.S). All other data generated 
throughout the analysis are available from the corresponding author 
on request.
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Extended Data Fig. 1 | Spectral Energy Distribution of GHZ2/GLASS-z12. 
Example of our spectrophotometric analysis combining the NIRCam photometry 
(illustrated by the red points on the left panel with associated 1σ uncertainties) 
and the MIRI/LRS spectra (illustrated by the red solid line on the right panel and 
shaded region showing 1σ uncertainties). The best-fit SED obtained with the 
synthesizer code is shown by the black solid line (original spectral resolution 

on the left panel, convolved to the resolution of MIRI/LRS on the right panel) 
along with some of the best-fit parameters (without correcting for gravitational 
amplification). Note that cigale and synthesizer only use the line fluxes 
information in the fitting (along with the measured photometry), while bagpipes 
uses the full spectrum as an input.
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