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Abstract

We spectroscopically confirm the Myy = —20.5 mag galaxy GHZ2/GLASS-z12 to be at redshift z = 12.34. The
source was selected via NIRCam photometry in GLASS-JWST Early Release Science data, providing the first
evidence of a surprising abundance of bright galaxies at z > 10. The NIRSpec PRISM spectrum shows detections
of N1v, C1v, Hell, O 11, C1il, O1l, and NeIll lines and the first detection at high redshift of the O Il Bowen
fluorescence line at 3133 A rest frame. The prominent C IV line with rest-frame equivalent width (EW) ~ 46 A puts
GHZ2 in the category of extreme C IV emitters. GHZ2 displays UV lines with EWs that are only found in active
galactic nuclei (AGNs) or composite objects at low/intermediate redshifts. The UV line-intensity ratios are
compatible with both AGNs and star formation in a low-metallicity environment, with the low limit on the [Ne 1v]/
[N 1V] ratio favoring a stellar origin of the ionizing photons. We discuss a possible scenario in which the high
ionizing output is due to low-metallicity stars forming in a dense environment. We estimate a metallicity <0.1
Z/Z, a high ionization parameter log U > —2, a N/O abundance 4-5 times the solar value, and a subsolar C/O
ratio similar to the recently d1sc0vered class of nitrogen-enhanced objects. Considering its abundance patterns and
the high stellar mass density (10* M, pc %), GHZ2 is an ideal formation site for the progenitors of today’s globular
clusters. The remarkable brightness of GHZ2 makes it a “Rosetta stone” for understanding the physics of galaxy
formation within just 360 Myr after the Big Bang.

Unified Astronomy Thesaurus concepts: High-redshift galaxies (734); Primordial galaxies (1293)

1. Introduction James Webb Space Telescope (JWST), and the earliest results
have not been short of surprises. As demonstrated by a number of
different surveys (e.g., Castellano et al. 2022a, 2023a; Finkelstein
et al. 2022, 2023, 2024; Bouwens et al. 2023; Chemerynska et al.
o . 2024; Harikane et al. 2023; Pérez-Gonzélez et al. 2023; McLeod
Original content from this Wonk may be used under the terms et al. 2024), the density of galaxies (and in particular of the

of the Creative Commons Attribution 4.0 licence. Any further . e X
distribution of this work must maintain attribution to the author(s) and the title brightest ones) at z>9 is significantly larger than previously
of the work, journal citation and DOIL. estimated by extrapolation of lower-redshift observations as well

The search for and characterization of galaxies beyond redshift
z="9-10 has been one of the drivers for the development of the
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as theoretical models. Several scenarios have been proposed to
explain these findings, including a higher star formation
efficiency, the effect of stochastic star formation histories, a
lower dust extinction, an increased luminosity owing to the
contribution of active galactic nuclei (AGNs) or low-metallicity
stars, or even nonstandard cosmological models (e.g., Haslbauer
et al. 2022; Ferrara et al. 2023; Fiore et al. 2023; Kohandel et al.
2023; Mason et al. 2023; Melia 2023; Padmanabhan &
Loeb 2023; Ziparo et al. 2023; Ferrara 2024; Trinca et al.
2024). Follow-up spectroscopy of the newly discovered high-
redshift candidates is fundamental both to confirm the measured
“excess” compared to theoretical predictions (e.g., Harikane et al.
2024) and to understand its physical origin. Early spectroscopic
campaigns carried out with JWST NIRSpec have already
provided support to the robustness of photometric selections
and enabled the exploration of the physical conditions of galaxies
at unprecedented redshifts (e.g., Arrabal Haro et al. 2023a,
2023b; Boyett et al. 2023; Curtis-Lake et al. 2023; Roberts-
Borsani et al. 2023; Wang et al. 2023).

Early results have found a trend of decreasing metallicity and
increasing excitation and ionization efficiency with increasing
redshift (Curti et al. 2024; Nakajima et al. 2023; Tang et al.
2023; Trump et al. 2023), although most of the sources show
physical conditions comparable to those of low-redshift
analogs (e.g., Schaerer et al. 2022b; Cameron et al. 2023b).
A relatively small number of objects have shown features that
are not usually found in low-redshift counterparts and that may
be due to physical properties unique to the first phases of star
formation and galaxy assembly. A tantalizing example is the
bright galaxy GNzl1 at z=10.6 (Oesch et al. 2016), whose
NIRSpec spectrum shows evidence of a nitrogen abundance
that is higher than expected for its metallicity (Bunker et al.
2023; Cameron et al. 2023a). The discovery of other objects
with a comparable nitrogen enrichment (Isobe et al. 2023a;
Jones et al. 2023; Pascale et al. 2023; Topping et al. 2024) has
suggested that we may be witnessing the formation of globular
cluster progenitors (Bekki & Tsujimoto 2023; D’ Antona et al.
2023; Senchyna et al. 2023; Marques-Chaves et al. 2024;
Watanabe et al. 2024). Instead, a high C/O ratio in galaxy
GSz12 at z = 12.5 has been interpreted as the imprint of ejecta
from a previous generation of Population III stars (D’Eugenio
et al. 2023). A surprisingly large incidence of AGNs has also
been suggested by NIRSpec follow-up observations of high-
redshift objects (e.g., Fujimoto et al. 2023; Kokorev et al. 2023;
Larson et al. 2023; Maiolino et al. 2023), with candidates
reaching z~ 10 and beyond (e.g., Goulding et al. 2023;
Bogdén et al. 2024), including GNzl11 itself (Maiolino et al.
2024).

It is thus fundamental to push spectroscopic investigations to
larger samples and higher redshifts to achieve a deeper
understanding of the physical conditions of early star-forming
regions and to assess the potential contribution of AGN
accretion to the ultraviolet (UV) emission of distant galaxies.

In this paper, we present the spectroscopic confirmation and
characterization of galaxy GHZ2/GLASS-z12,*° initially
discovered as a robust z &~ 12.0-12.5 candidate by Castellano
et al. (2022a, hereafter C22) and Naidu et al. (2022) in the
GLASS-JWST Early Release Science NIRCam field (Treu
et al. 2022; see also Bouwens et al. 2022; Atek et al. 2023;

%6 The two discovery papers appeared on arXiv on the same day and named
the galaxy GHZ2 (C22) and GLASS-z12 (Naidu et al. 2022). In the remainder
of the paper, we refer to it only as GHZ2 for conciseness.

Castellano et al.

Donnan et al. 2023; Harikane et al. 2023). GHZ?2 provided the
first example of an unexpected population of high-redshift
bright galaxies and was targeted with JWST NIRSpec multi-
object spectroscopy through program GO-3073 (PI: M. Castel-
lano), which is aimed at extensive follow-up observations of
the z 2> 10 candidates selected by C22 and Castellano et al.
(2023a) in the GLASS-JWST region. A companion paper
presents JWST MIRI spectroscopy of GHZ2 at A > 5 ym under
program GO-3703 (PL: J. Zavala; Zavala et al. 2024). A
combined analysis of the two data sets is presented in Calabro
et al. (2024).

The paper is organized as follows. We describe observations
and data reduction in Section 2 and discuss the main features
detected in the NIRSpec spectrum in Section 3. In Section 4,
we investigate the source of ionizing photons by comparing
GHZ2 to models of AGN and star formation emission.
Section 5 presents the properties of the object and a potential
physical scenario for GHZ2 in the context of high-redshift star
formation. We summarize the results and discuss future
prospects in Section 6.

Throughout the paper, we adopt AB magnitudes (Oke &
Gunn 1983), a Chabrier (2003) initial mass function (IMF), a
solar metallicity of 12 + log(O/H) = 8.69 (Asplund et al. 2009),
and a flat ACDM concordance model (Hy = 70.0 kms ™" Mpcfl,
Q= 0.30).

2. Observations and Data Reduction

Program GO-3073 comprises two partially overlapping
NIRSpec PRISM pointings on the GLASS-JWST NIRCam
field. The observation of each pointing is divided into three
visits to enable six-band coordinated parallel NIRCam
observations on flanking fields. Each visit has an exposure
time of 6567 s and adopts a NRSIRS2 readout pattern, standard
three-shutter “slits” for the primary targets, and a three-point
nodding. The first pointing was observed on 2023 October 24,
with the second pointing being scheduled for 2024 June/July.
Unfortunately, two of the three nodding positions of the third
visit were affected by an electric short and are unusable. The
present paper thus exploits seven dithered observations of
GHZ2 for a total observing time of 15,323 s. A forthcoming
paper (L. Napolitano et al. 2024, in preparation) will present
spectroscopy of the other z 2 10 candidates already observed.

The data were reduced as outlined by Arrabal Haro et al.
(2023a, 2023b) with the STScI Calibration Pipeline27 version
1.13.4. We provide here a brief description of the main steps.
The pipeline modules are divided into three components. In
summary, the CALWEBB_DETECTOR1 module corrects for
detector 1/f noise, subtracts dark current and bias, and
generates count-rate maps from the uncalibrated images. The
CALWEBB_SPEC2 module creates two-dimensional (2D) cut-
outs of the slitlets, corrects for flat-fielding, performs back-
ground subtraction using the three-nod pattern, executes
photometric and wavelength calibrations, and resamples the
2D spectra to correct distortions of the spectral trace. The
CALWEBB_SPEC3 module combines images from the three
nods, utilizing customized extraction apertures to extract the
one-dimensional (1D) spectra.

We found that two out of seven dithered observations of
GHZ2 from two different visits include a secondary, low-redshift
(z=1.68) object in the upper part of the slit. When performing

2 https: / /jwst-pipeline.readthedocs.io/en/latest/index.html
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Figure 1. Observed 2D (top) and 1D (bottom) NIRSpec PRISM spectra of GHZ2. In the bottom panel, the gray line shows the noise rms, and red dashed lines

highlight the wavelength of the UV features discussed in the present paper.

the standard background subtraction, the Ha line of the
contaminating source would create a spurious absorption feature
in the main target spectrum at ~17500-17700 A. We therefore
masked the contaminated 2D regions before applying the three-
nod pattern background subtraction. Also, since the third visit
has only one usable dither, we applied a custom master
background subtraction by defining local ad hoc background
windows in the adjacent empty shutters. Subsequently, both 2D
and 1D spectra were examined with the MOSVIZ visualization
tool (Developers et al. 2023) to mask potential remaining hot
pixels and artifacts in the spectra. Following the masking of
image artifacts, data from three consecutive exposure sequences
were consolidated to produce the final 2D and 1D spectral
products. No contamination due to the secondary source is
apparent in the final science spectrum. Nonetheless, we will not
consider in the following analysis the region of the Ha line of
the secondary object, which was found to severely affect the
GHZ2 spectrum at 1310-1330 A rest frame when performing a
standard nodded background correction.

We correct for wavelength-dependent slit and aperture losses
by matching the spectrum to the NIRCam broadband
photometry as follows. Synthetic photometry is first computed
by integrating the spectrum with the relevant transmission
curves in the F200W, F277W, F356W, and F444W bands. We
then fit linear relations to both the original NIRCam and the
synthetic NIRSpec photometry and use the wavelength-
dependent ratio of the two to correct the spectrum longward
of the Lyman break. The correction ranges from 1.19 at 2 yum to
1.78 at 5 um. These values are consistent with the correction
factors found for prism spectra of bright z > 10 galaxies by
Arrabal Haro et al. (2023b).

In this work, we use an updated measurement of the
NIRCam photometry in the A2744 field that will be discussed
in detail in a forthcoming paper (E. Merlin et al. 2014, in
preparation). The new measurements exploit the latest reduc-
tion of the GLASS-JWST NIRCam data including new
observations acquired in 2023 July. As discussed by C22 and
stated above, GHZ2 is close (~0”5) to a foreground galaxy
that also contaminates the total flux measured within the Kron
ellipse (Kron 1980). We thus estimated its total flux with the T-
PHOT software (Merlin et al. 2015, 2016) using the GHZ2 light
profile in the F277W band as high resolution prior to
reextracting the F444W photometry, finding a total magnitude

of 27.05 £ 0.02. Fluxes in the other bands were measured by
scaling the aforementioned total flux according to colors
measured on point-spread function (PSF) matched images with
A-PHOT (Merlin et al. 2019) in an aperture with a diameter 2
times the PSF full width at half-maximum (FWHM) intensity
(FWHM = 0728; see also Merlin et al. 2022; Paris et al. 2023).
Finally, throughout the work, we will derive rest-frame
physical properties, taking into account that GHZ?2 is affected
by moderate lensing magnification (; = 1.3) estimated on the
basis of the model by Bergamini et al. (2023). Line ratios and
equivalent widths (EWs) are unaffected by lensing.

3. UV Spectrum of GHZ2

3.1. Redshift Determination, Emission-line Detection, and Flux
Measurement

The NIRSpec spectrum of GHZ2 (Figure 1) shows a sharp
Lyman break and clear emission features consistent with
7~ 12.3. We obtain a first measurement of its redshift
(z=12.334+0.02) from the centroid of the [Nelll] A3868
emission, which is the single line measured at the highest
spectral resolution (R=300) among those detected at high
signal-to-noise ratio (SNR).

To measure the flux and EW of all the emission lines, we
perform a direct integration of the continuum-subtracted
spectrum in a window centered at the expected wavelength A
and having a width 4 x og()\), where og(\) is the expected
Gaussian rms of a line observed at resolution R(\). In the case
of partially blended lines, we assess the significance of the
entire line complex and the different components in narrower
windows with width 2 x og(\). The continuum is measured as
a linear interpolation of the regions free of potential features
closest to each line. To make sure that the examined lines are
not affected by unmasked artifacts, we inspected all the single-
dithered spectra and the spectra obtained by separately
combining the two visits that were observed at three nodding
positions. We consider as significant every detection with
SNR > 5, where the uncertainty takes into account errors in
both the integrated flux and the extrapolated continuum at the
line position.

A Gaussian fit of the continuum-subtracted flux is then
performed for all significant emission features using the
specutils package of astropy. Unresolved doublets and
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Figure 2. From top left to bottom right: snapshots of the NIRSpec spectrum in regions with width of 160 A rest frame centered at the position of C IV A1549 and N 1V]
A1488; He I A\1640 and O 1II] A1663; the tentative N III] A1750 line; C II] A1908; O I A3133, [Ne IV] A2424; [Ne V] A3426; [O 1I] A3727; and [Ne 1] A3868. All
flux densities are in units of 107" erg s~ cm ™2 A~!. The gray shaded area shows the 1o uncertainty in each pixel. Red dashed lines indicate the wavelength of all
potential features in the relevant spectral range. The vertical orange lines enclose the region where the SNR of the feature is evaluated from direct integration. For all
significant lines, the relevant single-Gaussian fit is shown in green. When a double-Gaussian fit was used, the two components are shown as green and red curves and

the sum of the two in orange. The blue line in each panel shows the estimated

multiplets are treated as a single-Gaussian profile, while a
double-Gaussian fit is used for partially blended lines (see
Figure 2). We let the mean of the Gaussian vary according to
Az=0.04 and the Gaussian rms within 5% of the nominal
or(A) to account for the uncertainty in the redshift and

UV continuum.

considering the potential uncertainty in the centroid and rms of
unresolved multiplets. We report in Table 1 the measured
fluxes, EWs, and significance of the lines obtained from the
direct integration test described above. The uncertainties are
obtained through a Monte Carlo simulation taking into account
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Table 1
UV Emission Lines in GHZ2
Line Flux EW SNR
ao=" erg s 'em™?) (10%)
Lya <8.5 <10 <3
N1vV] 1488 6.9 + 0.6 121+1.2 13
C1v A1549 25.7+0.6 458 +£1.2 43
He 11 A1640 27+1.6 49 +3.1 5
O 111] \1663 724+1.5 13.7 £ 4.8 9
N 1] A1750 34+0.9 6.8 2.1 7
C 1] A1908 9.1+0.2 25.6 +12.5 11
[Ne 1v] \2424 <22 <16 <3
O 1 A3133 29+0.5 30.5+10.3 9
[Ne V] A\3426 <3.1 <75 <3
[O 1] A3727 2.7+ 1.1 42 + 28 12
[Ne 111] A3868 6.4+0.8 355+42 32

Note. The SNR is evaluated from the integration of the continuum-subtracted
flux in a region centered on each feature; fluxes and EWs are measured with
Gaussian fits. See Section 3.1 for details. All upper limits are at 3o.

errors in both the Gaussian fit and the continuum and are thus
more conservative than the SNR measured through direct
integration. In the case of lines that are not significant, the 3o
limits obtained through direct integration are reported.

All lines yield redshift estimates that are consistent within
the relevant uncertainty with the value obtained from the
[Ne 1ir] A3868 line. From a weighted average of the measure-
ments of the best-resolved high-SNR lines (N IV] \1488, C1V
A1549, Cia]l A1908, and [NeI] A3868), we obtain z=
12.342 4+ 0.009, which we adopt hereafter.

3.2. UV Emission Lines

The most prominent line is the unresolved CIV AA1548,
1551 doublet,”® which is at close separation from the
unresolved N1V] AA1483, 1488 doublet. We measured the
C1v + N1V complex with a double-Gaussian fit as described
above, obtaining EW(C1V) =46 Aand EWN1V)=12 A. This
EW is ~20 times higher than the average value found in Ly«
emitting systems at z =5-11 (Roberts-Borsani et al. 2024) and
places GHZ2 in the class of high-redshift C IV emitters such as
RXC J2248-ID at z=6.11 (EW(C1V) = 34 A; Balestra et al.
2013; Schmidt et al. 2017; Mainali et al. 2017; Topping et al.
2024) and A1703-zd6 at z="7.045 (EW(C1V)~ 38 A; Stark
et al. 2015). We have checked the spatial extent of the C IV line
to search for evidence of outflows associated with this strong
emission feature. We compared the spatial profile of the line,
averaged over a wavelength window with width 2 x ox(}), to
the spatial profile of the continuum averaged in the two closest
windows free of emission features. We find that the line and
continuum profiles are statistically consistent, providing no
indication of spatially extended CIV outflows. In the
Appendix, we discuss the detection of the CIV A1548 line in
a Very Large Telescope (VLT) X-SHOOTER spectrum,
suggesting that its flux is mostly attributed to a component with
FWHM ~ 390 + 160 km s~ Similarly, we detected the
blended Ol + Hell complex and separated the two
components with a double-Gaussian fit, finding EW(He Il
Al640) =49+ 3.1 A, comparable to the highest values found

28 In Table 1 and in the discussion, we will refer to unresolved doublets and
multiplets as a single line at the relevant central wavelength.
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at low/intermediate redshifts (e.g., Berg et al. 2019; Nanayak-
kara et al. 2019; Saxena et al. 2020). The O 1] AA1661, 1666
doublet has a total EW a 14 A, and it is ~2.7 times brighter
than [O 1] AA3726, 3729, which is only marginally detected.
The ratio between the two oxygen lines, as well as the presence
of a prominent [Ne III] A3868 line, points to a high ionization
and low metallicity, as we will discuss in more detail in
Section 5.2. The CuI] AL908 line is also found at high
significance with EW = 25 A, at the extreme end of the range
measured at high redshift (e.g., Le Fevre et al. 2019; Llerena
et al. 2022). GHZ2 lies significantly above the redshift-EW
(C 1) relation derived by Roberts-Borsani et al. (2024) for the
general high-z population (13.740.9 Aat z~11 and
17.3 A inferred for z = 12.34), similarly to the z =12.5 galaxy
GSz12 (D’Eugenio et al. 2023).

We did not significantly detect the very high-ionization lines
[Ne 1v] A2424 and [Ne V] A3426, with 30 upper limits on their flux
of ~2.2x 107" and ~3.1 x 10" erg s~ cm ™2, respectively.

3.3. Tentative Detection of the N 1iI] X\I750 Line

We obtained a 7o detection of the (unresolved) N III] A1750
multiplet. This line is extremely important to assess the N/O
ratio (Section 5.2) and whether GHZ?2 belongs to the class of
N-enhanced objects discussed in the recent literature (e.g.,
Bunker et al. 2023; Jones et al. 2023; Topping et al. 2024).
However, we note that the SNR of this detection is heavily
dependent on the estimate of the local continuum, which is
challenging to measure at the resolution of the prism in the
region of the NIII] line. In the baseline measurement of the
line, we used the closest windows tQat are distant enouglg from
potential features, at 1690-1710 A and 1840-1850 A rest
frame. As an alternative, we estimated a global continuum as a
third-degree polynomial fit of all regions in the GHZ2 spectrum
that are at a distance in wavelength of at least 20(R) from any
potential emission or absorption line. We found that our
conclusions remain unchanged for all the lines discussed in the
previous section and, most importantly, for the NIII] A1750
line. However, the detection is found not to be significant, with
a 30 upper limit of 0.9 erg s~ cm ™2, if we adopt as an estimate
of the continuum the median value in the blueward window at
1690-1710 A. While this is not unexpected considering the
steep shape of the UV continuum of GHZ2, it reflects the
tentative nature of the detection; future deeper/higher-resolu-
tion observations are needed to confirm it. In Section 5.2, we
will address the implications of the case of both a detection and
the conservative upper limit mentioned above.

3.4. Detection of the O Il X3133 Bowen Fluorescence Line

We significantly detected (SNR~9) an emission line at
Aobs =4.17 pm, corresponding to ~3128 A rest frame. The
only known features compatible with the measured wavelength
are the O T lines at 3123 A and 3133 A emitted via Bowen
resonance fluorescence (Bowen 1934, 1947); no other potential
emission lines can affect the examined wavelength range.
These O III emission lines arise in a highly ionized and dense
environment (though in the case of GHZ2, not so dense as to
inhibit the formation of forbidden lines) with strong UV
ionizing flux. Briefly, He Il Ly« photons emitted by the ionized
gas at rest wavelength 303.782 A can be absorbed by O1II at a
nearly coincident wavelength (303.800 A) exciting its 2p3d°P,
level. When the OTI optical depth is large, the Hell Ly«
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photons find a way out of resonance through a cascade of
fluorescent transitions in the optical and UV, including the
3123 and 3133 A lines. The O 11l line at 3133 A is the brightest
and most commonly observed Bowen transition of this kind,
although the resolution of the GHZ2 spectrum does not allow
us to exclude some contribution from the (generally much
weaker) OIII Bowen transition at 3123 A in the detected
emission. For a detailed discussion of the physics of these
transitions in different astrophysical contexts, see Harrington
(1972), Deguchi (1985), and DjeniZe et al. (2003).

The Bowen lines are usually observed in symbiotic and
X-ray binaries (e.g., Schachter et al. 1989, 1991; Pereira et al.
1999; Selvelli et al. 2007), planetary nebulae (e.g., Liu &
Danziger 1993), and some low-redshift Seyfert galaxies (e.g.,
Malkan 1986; Schachter et al. 1990). Nearly all Seyfert 2 nuclei
exhibit Bowen lines, at least weak ones, if the samples of
Malkan (1986) and Schachter et al. (1990) are representative;
however, although Seyfert 1 nuclei and quasars should also
have Bowen lines (Netzer et al. 1985), those produced by the
broad-line region are much more difficult to detect and quantify
because they have low EW and merge with the continuum or
with other lines (Fe 11, etc.). While fluorescent transitions have
been previously observed at intermediate redshifts thanks to
strong gravitational lensing (Vanzella et al. 2020), to our
knowledge, GHZ2 is the first reionization-era object showing
the O I A3133 emission feature.

The O I A3133 line might suggest that GHZ2 is an AGN.
However, the nondetection of the [Ne V] line is puzzling; this
line is generally 25 times brighter than the O III line in AGNs
(Malkan 1986; Schachter et al. 1990; Kraemer et al. 1994,
Lanzuisi et al. 2015), with the only known exceptions being
Mrk 42 (Malkan 1986) and events belonging to the class of
“Bowen fluorescence flares” interpreted as enhanced accretion
episodes onto an already active supermassive black hole
(Trakhtenbrot et al. 2019; Makrygianni et al. 2023). Since the
jonization potentials of Ne*", Ne’", and Ne*" are (respec-
tively) 63.45, 97.12, and 126.2 eV, and only [NeIII] A3868 is
visible, it is likely that the highest-energy ionizing photons are
70-90eV. A low abundance of Ne is also possible (e.g., Isobe
et al. 2023b), given that [Ne IIT] A3868 is generally ~10 times
stronger than OTII A3133 in AGNs yet is only about twice as
strong in GHZ2.

It is perhaps also curious that there is no sign of He Il A3204
in the spectrum of GHZ2. This line is typically ~60% of the
strength of ONI A3133 in Seyfert nuclei (Malkan 1986;
Schachter et al. 1990), so it should be detectable, albeit at a low
SNR. However, its strength can sometimes be as low as ~25%
of that of O III \3133; if this is the case in GHZ?2, then it would
not be detected in the current data. Moreover, based on Tables
2 and 3 of Seaton (1978), He I A3204 is usually ~0.06 times
the strength of Hell A1640 in gases with 7= (1-2) x 10*K
and n,= 10*-10° cm™>; given the measured flux of Hell
A1640 in the spectrum of GHZ2, it thus might not be surprising
that He T A3204 is undetected.

A higher-SNR spectrum of GHZ2 is needed to detect and
accurately measure He I A3204 and thus be able to determine
the Bowen yield (yyeo, the fraction of He I Ly« converted to
O Bowen lines) from the relative intensity of the two
lines; the relevant relation (Schachter et al. 1990) is ygeo =
0.12(1(3133)/1(3204)). We can also use Hell A1640 to
estimate the Bowen yield; yp.o=0.12[1(3133)/1(3204)] =
0.12[1(3133)/1(1640)][1(1640)/1(3204)] and (as noted above)
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1(1640)/1(3204) =~ 0.06. However, the measured intensity ratio
I(3133)/1(1640) in GHZ2 is 1.1 £0.8, quite uncertain. Our
formal result is that yg.o=3.8 £2.9, where the error bar
includes only the uncertainty in 7(3133)/1(1640), not the
variation in I(1640)/1(3204) among gases having different
physical conditions. A value of >1 is unphysical, but in any
case, our result is so uncertain that the Bowen yield is
essentially unconstrained. Moreover, the He Il A3204 line is
preferred over He IT A\1640 when determining the Bowen yield,
even though the latter is intrinsically a factor of 16—17 stronger
than the former, since the result with Hell A\3204 is
independent of reddening.

3.5. UV Continuum and Limits on Lyo Emission

Finally, we exploited the continuum measured in the
NIRSpec spectrum to constrain the UV magnitude and slope
of GHZ2 free of the systematics introduced by emission lines.
The UV slope 8 was measured by fitting the continuum flux
with a power law after masking all potential emission features.
While the fit is usually performed at 1400— 2600 A rest frame
(Calzetti et al. 2000), we restrict our analysis to the
14002600 A range because the potential impact of damped
Lya absorption wings can affect the continuum at shorter
wavelengths (Heintz et al. 2024). We employed EMCEE
(Foreman-Mackey et al. 2013) to perform a Markov Chain
Monte Carlo analysis identifying the best-fitting model free
parameters through 100 chains and 100,000 steps. As a prior,
we imposed a flat distribution —3 < 3<0. A UV slope of
(8= —2.46 £+ 0.08 was measured, where the best-fit value and
its uncertainty are the median and standard deviation of the
posterior distribution. In this respect, GHZ2 is consistent with
the most UV-luminous and high stellar mass sources at z > 6,
which show little evolution between z ~ 6 and 11 (G~ —2.4 to
—2.5), indicative of mostly dust-poor systems (Roberts-Borsani
et al. 2024). We then derived a UV absolute magnitude
Myv = —20.53 £0.01 from the average continuum flux of the
fitted power law in the range 1450-1550 A rest frame after
correcting for magnification. Interestingly, we obtain a bluer
UV slope 8= —2.54 + 0.07 by fitting the NIRCam photometry
in the F200W, F277W, and F356W bands due to the impact of
the emission lines at 2 pm.

The measurement of Lya emission in PRISM spectra is
challenging owing to the poor resolution and the effects of
interstellar and intergalactic absorption at the Lyman break.

We followed the procedure described in detail by Jones et al.
(2024) and Napolitano et al. (2024) to derive a limit on the rest-
frame Lyaw EW on the basis of the measured redshift, the
resolution of the instrument at the Lya wavelength, and the
continuum flux and uncertainty redward of Lya. The
continuum is extrapolated on the basis of the UV slope
measured as described above. We derived a 30 limit of
EW(Lya) < 10 A. A consistent limit is found when using the
continuum estimated using a third-degree polynomial fit of
line-free regions (Section 3.3).

4. Source of Ionizing Photons: Star Formation or AGN?

The prominent emission lines detected in the GHZ2
spectrum, including high-ionization transitions such as CIV
and N1V], clearly suggest the presence of a hard ionizing
source. In order to discriminate whether the dominant
ionization source of GHZ2 is an AGN or emission from young
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Figure 3. The position of GHZ?2 (orange filled square with black error bars) in the UV line diagnostic diagrams discriminating between star formation and an AGN as
the main ionizing source: C I11]/He 1 vs. O 1] /He 1I (top; the black lines divide the diagram according to the selection criteria from Mingozzi et al. 2024) and C 1v/
C 1] vs. (C 1v+C 111])/He 11 (bottom). The AGN and star-forming models from F16 and G16 (left panels) and from NM22 (right panels) are shown in red and blue,
respectively. The positions of reference objects are shown when relevant data are available: GNz11 (purple hexagon), GSz12 (green hexagon), and RXC J2248-1D
(magenta triangle) using measurements from Bunker et al. (2023), D’Eugenio et al. (2023), and Topping et al. (2024), respectively.

stellar populations, we tested several diagnostics exploiting the
ratios and EWs of UV lines (e.g., Feltre et al. 2016,
hereafter F16; Nakajima et al. 2018; Hirschmann et al. 2019,
2023; Mingozzi et al. 2024). In the following, we compare
GHZ2 to two different sets of models built by processing stellar
or AGN emission with the photoionization code CLOUDY
(Ferland et al. 2013). We consider models for star-forming
galaxies by Gutkin et al. (2016, hereafter G16) based on the
most recent version of the Bruzual & Charlot (2003) stellar
population synthesis models (see Vidal-Garcia et al. 2017 for
details) and the narrow-line AGN models by F16. We also
compare with Population I star-forming models (based on
BPASS v2.2.1 spectral energy distributions, SEDs; Stanway &
Eldridge 2018) and AGN models by Nakajima & Maiolino
(2022, hereafter NM22). We refer the reader to the above-
mentioned papers for a detailed description of the modeling

procedures and assumptions. While the considered models
encompass a large range of values for metallicity, ionization
parameter, and (in the case of F16 and G16) C/O ratio and gas
density, we chose not to restrict the comparison to any
predefined range of values considering the unknown nature
of GHZ2.

When possible, we compare GHZ2 to reference objects with
well-characterized spectra: GNz11 (z = 10.6; Bunker et al. 2023;
Maiolino et al. 2024), GSz12 (z = 12.48; D’Eugenio et al. 2023),
the high-redshift C IV emitters with EW > 30 ARXC J2248-ID
(z=06.1; Topping et al. 2024) and A1703-zd6 (z = 7.045; Stark
et al. 2015), and the only similar example known at low redshift,
galaxy J2229+2727 (z = 0.07622;Izotov et al. 2024).

For the comparison, we exploit a wide range of emission-line
ratios that are reported in Figure 3. In all these cases, GHZ2
usually falls in the region where star-forming and AGN models
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Figure 4. Diagnostic diagrams based on the EW of UV lines including, where available, the selection regions from Hirschmann et al. (2019). Models are from NM22.
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et al. 2024) and A1703-zd6 (purple triangle; Stark et al. 2015). The EW(O 111]) for object A1703-zd6 is considered an upper limit because only one of the two

components of the doublet is measured.

tend to overlap. Notably, the assessment is extremely model-
dependent. GHZ2 is more compatible with star formation
according to the models by F16 and G16 in both the C ] /He I
versus O1I]/Hell and the C1v/C1i] versus (C1v+C1])/
He II diagrams. Instead, the AGN models by NM22 extend to
the region where GHZ2 is found. The position of GHZ?2 in the
C1r]/HeII versus O I /He 11 diagram is also compatible with
emission by shocks according to the selection criteria by
Mingozzi et al. (2024). A comparison with other high-redshift
objects with prominent emission lines shows a remarkable
similarity between GHZ2 and RXC J2248-ID in all diagrams.
GHZ2 is also very close to GNzl11 in the C1I]/HeII versus
O11]/He 11 plot, while the much weaker C 1V A\1549 emission
in GNzl11 differentiates the two sources in the other diagrams.
Perhaps the ionizing continuum is weaker in GNzl11, which
could also help explain the absence of obvious Bowen
fluorescence lines in its spectrum. We find that in the case of
both the F16/G16 and NM22 models, the line ratios measured

in GHZ2 are typical of low metallicities (Z/Z. <0.2) and a
high ionization parameter in both the star formation and AGN
case. In fact, differences between the two model sets can be
likely explained by the NM22 models allowing for a ionization
parameter as high as log U= —0.5, while the F16 and G16
ones are limited to log U< —1. On the basis of these
comparisons, and considering the significant differences
between the various models, we conclude that it is hard to
conclusively identify the source of ionizing radiation based
only on the line ratios.

We show in Figure 4 the diagnostic diagrams based on the
EWs of the UV lines proposed by Nakajima et al. (2018)
compared to the NM22 models (the only ones that provide EW
information). The rest-frame EWs of the GHZ2 UV lines are
always consistent with AGN emission or with composite
emission from both star formation and accretion. GHZ2 would
be classified as an AGN according to the thresholds proposed
by Nakajima et al. (2018) and either an AGN or a composite
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according to the selection criteria by Hirschmann et al. (2019).
The other CIV emitters show a similar agreement with the
typical AGN EWs and line ratios; in particular, RXC J2248-ID
is remarkably close to GHZ2 in all considered diagrams,
similar to the case of the line ratio diagnostics discussed above.

Finally, we checked whether the nondetection of the very
high-ionization lines [NelIV] 2424 and [NeV] A3426
discriminates between AGN and star formation powered
emission in the case of GHZ2. These lines have ionization
potentials that are higher than those of any of the other UV
emission features detected in GHZ?2, and, in particular, [Ne V]
A3426 with a ionization energy of ~97 eV is a robust marker of
accretion onto a supermassive black hole (e.g., Schmidt et al.
1998; Gilli et al. 2010). We find that our EW limits are not
stringent enough to rule out AGN emission in GHZ2. The limit
on EW([Ne V]) in GHZ2 is much higher than the typical values
measured in both narrow-line (~8 A) and broad-line (~1-3 A)
AGNs at z~ 1 (Mignoli et al. 2013). Similarly, CIV-selected
AGNs at 1.5 <z < 3 have EW([Ne1v]) ~ 1-5 A(Mignoli et al.
2019), lower than the 3¢ limit of 16 A we measure in GHZ?2.
On the one hand, GHZ2 shows properties similar to these
obscured AGNs, which have typical EW(C 1V) >~ 30-60 A and
EW(C11]) ~ 15-30 A. On the other hand, the position of
GHZ2 on the C1v/Hell versus CIv/CII] plane falls just
outside the region occupied by most of the aforementioned
AGNs, which is well described by pure AGN models (Figure 5
in Mignoli et al. 2019).

These findings are consistent with the tests shown in Figures 3
and 4 and do not resolve the ambiguity on the nature of GHZ2.
Instead, line ratio diagnostics using very high-ionization lines can
provide more stringent constraints. We explored several combina-
tions, finding that the most useful diagram exploits the O 1] /He T
versus [Ne IV]/N IV] ratios, which are compatible only with star
formation according to the models by F16 and G16 (Figure 5).
However, we cannot consider this test to be conclusive, since
GHZ2 is still marginally compatible with the AGN models
by NM22, and it has ratios consistent with those of GNz11, which
shows AGN features (Maiolino et al. 2024). We also explored
other diagnostics based on the [Nelv]/Cmi] or [Ne Vv]/C 1]
ratios (Scholtz et al. 2023) and on Ne53 = [Ne v]/[Ne 1] (Cleri
et al. 2023), finding that they are not conclusive because the

available limits for GHZ2 are compatible with either very low-
metallicity stellar populations or AGNs. In particular, GHZ2 has
log(Ne53) < —0.31 at 30 and log(O1I]/HB) =0.724+0.11
(Calabro et al. 2024; Zavala et al. 2024) compatible with the
“composite” zone defined by Cleri et al. (2023). The O 1 \3133
fluorescence line may point to GHZ?2 being a Seyfert-like AGN.
However, as already mentioned in Section 3.4, the nondetection
of the [Ne V] line is puzzling in this respect.

To summarize, the available data do not allow us to ascertain
whether the dominant ionization source within GHZ?2 is star
formation or AGN accretion. On the one hand, the high EWs of
the carbon and oxygen lines point to an AGN contribution. On
the other hand, the measurable line ratios, and in particular
[Ne1v]/N1v], favor the star formation case according to
the F16 and G16 models but are compatible with both scenarios
according to the NM22 models.

5. A Star Formation Scenario for GHZ2

The nondetection of very high-ionization lines and the
similarity between GHZ2 and other C IV emitters in terms of
UV line ratios motivate us to explore the possible physical
conditions of GHZ2 under the hypothesis that star-forming
regions are the main source of ionizing photons.

5.1. Global Properties from Photometry

We first derive the global properties of GHZ2 by performing
SED fitting of the observed photometry with BAGPIPES v. 1.0.3
(Carnall et al. 2018, 2019). The templates are based on BPASS
v. 2.2.1 stellar models with an upper mass cutoff of the IMF of
300 M. (Stanway & Eldridge 2018) and nebular emission
computed self-consistently with CLOUDY (Ferland et al. 2013)
as described by Carnall et al. (2018). We assume a double
power-law star formation history and a Charlot & Fall (2000)
dust attenuation model with power-law index 0.3 <n < 2.5.

After correcting for magnification, we find a star formation
rate (SFR) of 5270¢M, yr' and a stellar mass
log (Myyr/My) = 9.057542, implying a specific SFR (sSFR) =
47770 Gyr ', In agreement with the measured blue UV
slope, GHZ2 is found to have very low dust extinction
(Ay = 0.047007 mag). While these values are obtained solely
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Table 2
Physical Properties of GHZ2*

Physical Property Measured Value

Myy —20.53 £ 0.01
UV slope —2.46 £+ 0.08
log (Myor/M) 9.05+012
SFR (M, yr ) 52504
sSFR (Gyr ) 475
Yser (Mo yr~ ' kpe?) 75+ 4
Sy Mo, pe?) 16271 x 10°
Ay (mag) 0.047567

12 + log(O/H) 726193

log U ~1.78 £0.28

Note.

2 UV slope and magnitude measured from the continuum in the NIRSpec
spectrum (Section 3.5). Metallicity and ionization parameter estimated from
UV emission lines following Curti et al. (2023) and Mingozzi et al. (2022),
respectively (Section 5.2). All other quantities obtained through SED fitting
using BAGPIPES (Section 5.1).

on the basis of photometry, and we defer a detailed spectro-
photometric fitting to future work, we note that the best-fit
ranges for logU (—2.7 to —1.4) and metallicity (Z=0.02—
0.17 Z.) are in reassuring agreement with the estimates based
on emission lines that will be discussed below. We caution,
however that broadband observations of the optical rest frame
will be needed to obtain stronger constraints on the stellar
mass, which may be subject to systematics due to the large
range of the M/Lyy values (Santini et al. 2023). Somewhat
reassuringly, as discussed in Zavala et al. (2024), a fit
performed jointly on photometry and MIRI spectroscopy
yields consistent values for the stellar mass and SFR and an
estimate of the mass-weighted age (=281 Myr), which is
poorly constrained when using only the broadband UV
photometry.

GHZ2 has an extremely small size, with an effective radius of
R, =105+ 9 pc (corrected for magnification; Yang et al. 2022).
An even smaller radius (= 34 £ 9 pc, delensed) was measured by
Ono et al. (2023), who have shown that its morphology can also be
fitted with a two-component model with a PSF-like plus compact
(=42 pc, delensed) galaxy profile. By conservatively adopting
the estimate from Yang et al. (2022), we obtain Xgrr =
75+4 M, yr "kpec Zand Xy = 162711 x 103 M, pc 2, while
~6-9 times larger values are obtained using the R, values
estimated by Ono et al. (2023) for the two- and single-component
fits, respectively.

The properties of the source are summarized in Table 2.

5.2. Metallicity and Ionization Properties

Detailed modeling of the nebular conditions requires
measuring line ratios of doublets sensitive to temperature or
density (e.g., Berg et al. 2019; Kewley et al. 2019) that are
unresolved by the NIRSpec prism. Nonetheless, several scaling
relations and criteria have been proposed in the literature to
provide estimates of metallicity and ionizing conditions from
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UV emission lines when a thorough modeling is not possible.
In fact, the strong CIV A1549 emission in GHZ2 is
immediately suggestive of low metallicity, as this line is only
observed in star-forming galaxies with Z < 0.2 Z, (Mingozzi
et al. 2024). We obtain a quantitative evaluation using the
Ne;0, = [NeI11] A3868/[O 1] A3727 index, which is consid-
ered a good proxy for oxygen abundance (e.g., Maiolino et al.
2008). We adopt the relation by Curti et al. (2023), which
extends to metallicity <0.1 Z/Z., obtaining 12+ log(O/
H) =7.26702], corresponding to Z = 0.038"5:932 Z.. The more
conservative Ne3O, versus metallicity relation by Bian et al.
(2018) yields a slightly larger value of 12+ log(O/H)=
7577015 (Z = 0.07570%) Z.). Considering that the Ne;O,
index might be affected by collisional de-excitation of [OII] at
high density, we explored other indicators. Reassuringly, the
same metallicity range is obtained with the calibrations by
Mingozzi et al. (2024) based on the CHI/OII ratio
(~0.05Z/Z) and EW(C ) (~0.1 Z/Z). The variance among
different estimators is likely due to the intrinsic degeneracies
among the abundance of oxygen and other elements and the
physical conditions of the emitting gas. Nonetheless, we can
safely assume a metallicity for GHZ?2 in the range of 3%—-10%
Z/Z.

When considering the metallicity obtained with Ne;O,
following Curti et al. (2023), we find a significant offset from
the mass—metallicity relations (MZR) measured at different
redshifts (Figure 6, left panel), including the range z ~ 6-10
(Curti et al. 2024). However, GHZ2 would still be consistent
with the MZR according to the more conservative estimate of
0.1 Z. A more significant deviation is found compared to the
fundamental metallicity relation (FMR; Mannucci et al. 2010).
As shown in the right panel of Figure 6, GHZ2 is offset by
>0.6 dex from the FMR by Curti et al. (2024) considering all
aforementioned metallicity estimates. In fact, given its mass
and SFR, GHZ2 would be expected to have a metallicity of
~0.5 Z, if following the FMR.

Finally, we can infer the ionization parameter on the basis of
the relations between log U and line properties measured by
Mingozzi et al. (2024) on the CLASSY sample. Among the
equations proposed by Mingozzi et al. (2024), we exploit the
one based on the CIV/CIII ratio, which is calibrated against
the [O 1] A5007/[O 1] A3727 ratio that traces the intermedi-
ate/high-ionization zone. The CIV/CIII ratio has the advan-
tage that consecutive ionization states of the same element are
less prone to potential biases owing to different abundances in
GHZ2 and the CLASSY sources. We find a high ionization
parameter, log U= —1.78 £0.28, where the uncertainty
includes the scatter in the fitting equation reported by Mingozzi
et al. (2024). The analysis of MIRI observations of GHZ2
yields estimates for both the metallicity (Z = 0.02-0.17 Z)) and
the ionization parameter (log U > —2) consistent with our
findings (Zavala et al. 2024).

A low metallicity and a high ionization parameter are typical
of strong C IV emitters. As a comparison, RXC J2248-ID has a
metallicity of 4%—-8% solar (Topping et al. 2024), with even
lower oxygen abundances for A1703-zd6 (2%—4%; Stark et al.
2015) and J2229+2727 (~2.5%; 1zotov et al. 2024). Similarly,
their ionization parameters are extreme, ranging from
log U= —1.7 (J2229+2727) to ~—1 (A1703-zd6 and RXC
J2248-ID). Less extreme but still comparable values have been
measured in GNzll (0.08-0.12Z/Z., log U~ —2; Bunker
et al. 2023). Instead, the carbon-enhanced source GSz12
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Figure 6. Left: the position of GHZ2 and other objects on the gas metallicity vs. stellar mass plane (symbols as in Figure 3) compared to the MZR at z = 0 (black line;
Curti et al. 2020), z = 2 (light red) and z ~ 3 (dark red) from Li et al. (2023), z =~ 4-9 (cyan; Nakajima et al. 2023), and z ~ 610 (blue; Curti et al. 2024). The orange
arrows indicate the upper limit on the metallicity of 0.1 Z., for GHZ2, which is the highest among the available estimates. Blue and cyan points indicate single sources
at z > 6 from Curti et al. (2024) and Nakajima et al. (2023), respectively. The shaded regions enclose the scatter around the best-fit relations. Right: deviation from the
FMR by Curti et al. (2024) as a function of stellar mass for GHZ2 and the other single sources with the same symbols as in the left panel.

appears to be both more metal-enriched (~0.16Z/Z;
D’Eugenio et al. 2023) and with a significantly lower ionization
parameter (log U < —2 from the C 1V /C III ratio, considering a
30 upper limit on the CIV line).

5.3. Is GHZ2 Carbon- or Nitrogen-enhanced?

We used PyNeb (Luridiana et al. 2012, 2015) to estimate
the C/O and N/O abundance ratios with the task get TonA-
bundance. For electron density, we consider the discrete
values [10°, 5 x 10%, 10%, 5 x 107, and 10°]cm >, and for the
electron temperature, we consider 1.5, 2, 2.5, and 3 X 10*K.
We note that a high electron density log(n,./ cm ) >3 is
favored by the combined analysis of the MIRI data and the
Atacama Large Millimeter/submillimeter Array observations
of GHZ2 from Bakx et al. (2023) (Zavala et al. 2024). For
C/0, we assume it can be inferred from the C**/O** ratio to
which we apply an ionization correction factor (ICF). Using the
calibration by Berg et al. (2019), which depends on the
ionization parameter, and for a metallicity of 0.05 Z., we find
an ICF of 1.2. We use the line ratio C 111] A1908/0 11] A1663
and the grid of electron densities and temperatures to estimate
the total C/O. For each assumed temperature, we performed
1000 Monte Carlo simulations perturbing the observed fluxes
by their corresponding uncertainties. We obtain values ranging
from log(C/0)=—0.94 (for n,= 10°cm™? and T=1.5x
10* K) to log(C/0) = —0.53 (for n, = 10> cm > and T=3.0 x
10*K). These estimates imply that GHZ2 has a subsolar
carbon abundance of [C/O] ~ —0.68 to —0.27 dex (assuming
log(C/0), = —0.26 from Asplund et al. 2009).

We explore the N/O abundance ratio adopting our 7o fiducial
detection of the N1II] A1750line and assuming that the oxygen
abundance is dominated by the O*" state and the total N/O is
derived as N/O =~ (N*" + N°*)/O*". We use the line ratios N IV]
Al1488/0 1] A1663 and N 1] A1750/0 1] A1663 and the same
grid of electron densities and temperatures as above. In all
considered cases, the derived N/O exceeds the solar value, ranging
from log(N/O) = —0.29 (for n, = 10°cm >, T=3.0 x 10*K) to
log(N/O) = —0.2 (for n, = 10°cm ™, T= 1.5 x 10*K); these are
a factor of ~4-5 higher than the solar abundance (logN/O)s =
—0.86; Asplund et al. 2009). However, the measured nitrogen
abundance relies on the detection of the N 1I] A1750 line, which,
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as discussed in Section 3, needs further assessment considering the
low SNR and the dependence on the estimated continuum level. In
fact, when considering the conservative 3o upper limit discussed
above in place of a detection for NI] A\1750, we get an upper
limit of logN/O) < —04.

The abovementioned estimates indicate a remarkable
similarity between GHZ2 and the recently discovered class of
nitrogen-enhanced objects. In fact, GNz11 and RXC J2248-ID
have both a supersolar nitrogen abundance and a subsolar C/O
(Senchyna et al. 2023; Topping et al. 2024), and similar cases
of high C/N ratios are also discussed by Isobe et al. (2023b).

5.4. Our Proposed Scenario: Highly Ionizing Radiation
Sources in a Dense Environment

Assuming a star-forming origin of the ionizing radiation inside
GHZ2, the elemental abundance described above hints at
conditions that are significantly different from the typical cases
of low- and intermediate-redshift galaxies. In fact, available
models struggle at reproducing the high EW of UV lines
observed in GHZ2 and other sources (e.g., Nanayakkara et al.
2019; Saxena et al. 2020; Olivier et al. 2022). Additional sources
of ionizing photons may include X-ray binaries (Schaerer et al.
2019; Garofali et al. 2024), very massive stars (Lecroq et al.
2024; Upadhyaya et al. 2024), soft X-rays emitted by hot gas
within young stellar clusters (Oskinova & Schaerer 2022), and
shock-ionized gas (Jaskot & Ravindranath 2016).

In this context, the O A\3133 fluorescence line detected in
GHZ2 may provide insights into the highly ionizing sources
responsible for the He Il emission and the extreme EW of the
carbon lines. While detailed modeling of this uncommon
emission feature is beyond the scope of the present work, it
must be stressed that it indicates the presence of dense, highly
ionized gas within the object (e.g., Deguchi 1985). Its emission
mechanism requires a large amount of He-ionizing photons
(>54.4 V) recombining into the unobservable He Il Ly line at
303.782 A, which is not surprising in our case considering the
detection of the He I Balmer-« line at 1640 A with EW a5 A.

The C and N abundances provide a signature of early
enrichment dominated by the burning of hydrogen through the
CNO cycle (e.g., Isobe et al. 2023b). In particular, the nitrogen
enrichment can be explained in the same context as the



THE ASTROPHYSICAL JOURNAL, 972:143 (15pp), 2024 September 10

“excess” of ionizing photons by the presence of supermassive
stars in a densely clustered environment (Charbonnel et al.
2023; Senchyna et al. 2023; Vink 2023; Marques-Chaves et al.
2024).

The abundance patterns in GHZ2 and other similar sources
are compatible with them being formation sites of the stellar
populations that will end up in globular clusters and other very
dense environments studied in the local Universe showing
similar nitrogen excess (e.g., D’Antona et al. 2023). In this
respect, it is notable that GHZ2 has both a high ¥sgr (log(Xsgr
M. yr 'kpc ?]) ~ 1.9) and a high ¥, (log(Zy [Ms pc 1) >
4), making this object an ideal host of gravitationally bound
stellar clusters. Similar dense conditions have been observed
through gravitational lensing at z~?2-8, e.g., the Sunburst
(Vanzella et al. 2022), Sunrise (Vanzella et al. 2023), and
Firefly Sparkle (Mowla et al. 2024), along with the recently
discovered z ~ 10.2 Cosmic Gems (Adamo et al. 2024), which
shows extremely dense stellar clusters located within a 50 pc
physical region. In this scenario, the luminosity and density of
GHZ2 can be explained by the presence of young massive
stellar clusters at the peak of their formation, the majority of
them confined within a barely resolved 100 pc scale (e.g.,
Adamo et al. 2024). Following Langeroodi & Hjorth (2023),
the compact size of GHZ2 can also explain its significant
deviation from the FMR in a scenario where centrally
concentrated star formation is ignited by infall of pristine gas
(see also Tacchella et al. 2023).

While RXC J2248-ID is more extreme in terms of SFR and
stellar mass density than GHZ2, the similarities to GHZ2 are
also striking. The two objects have very similar line ratios and
EWs and are both dense and highly ionized objects with
comparable metallicity and abundance patterns. These findings
suggest that GHZ2 belongs to a population of very high-
redshift objects that are undergoing an intense phase of star
formation in a dense and compact volume. It is tempting to
speculate that the remnants of this phase will end up in dense
stellar environments at low redshift.

Its characteristics, combined with the blue UV slope
(= —2.39 measured from the spectrum (which suggests little
dust opacity), are those expected in scenarios in which the
objects populating the bright end of the UV luminosity function
have undergone a “blue monster” phase that effectively pushed
away the previously formed dust through radiation-driven
winds (Ferrara 2024; Fiore et al. 2023).

Objects in the same evolutionary phase as GHZ2 may also
significantly contribute to cosmic reionization. The analysis of
Izotov et al. (2023) shows a relation between low metallicity,
high N/O, low C/O, and significant leakage of Lyman
continuum (LyC) photons. In addition, Schaerer et al.
(2022a) and Kramarenko et al. (2024) found a correlation
between a high C 1v/C Il ratio and a nonzero escape fraction of
ionizing photons: GHZ2 has C1V/CIIl ~ 3, higher than the
threshold of 0.75 characterizing strong LyC leakers according
to the aforementioned analysis. Indication of a significant
escape fraction of ionizing photons has also been found at z ~ 3
in C 1V emitters by Mascia et al. (2023), with these objects (and
strong-line emitters in general, e.g., Castellano et al. 2023b)
also having a high photon production efficiency. In this respect,
deeper and higher-resolution spectra of GHZ2 will be able to
investigate its escape fraction through the analysis of the Mg II
A2800 doublet (e.g., Chisholm et al. 2020), which is currently

12

Castellano et al.

undetected to a limit (EW < 10A) that prevents this kind of
constraint.

6. Conclusions

We report here the spectroscopic confirmation at z = 12.34
of GHZ2/GLASS-z12. The spectroscopic redshift is in
remarkable agreement with the estimates obtained from
NIRCam photometry (e.g., C22; Naidu et al. 2022; Harikane
et al. 2023), lending support to the accuracy of JWST-based
photometric selections of high-redshift galaxies, at least as far
as bright objects are concerned. Together with similar results
obtained from NIRSpec follow-up spectroscopy (e.g., Arrabal
Haro et al. 2023b), this provides a crucial confirmation that the
relatively large density of bright galaxies at z 29 is real and
deserves detailed investigation in order to understand the
earliest phases of galaxy and structure formation.

The spectrum of GHZ2 shows strong N1V, CIv, He I1, O 111,
C1l, O, and Nelll emission lines. The prominent C IV line
puts GHZ2 in the category of strong C IV emitters (Stark et al.
2015; Izotov et al. 2024). In fact, GHZ2 is the most distant,
brightest, and most massive member of this recently discovered
class of objects. Assessing the main source of ionizing photons
from UV spectroscopy is known to be challenging, in particular
for high-redshift objects likely dominated by young, low-
metallicity stellar populations. In fact, our extended compar-
isons with theoretical models spanning a large range in
metallicity and ionization parameter are somewhat inconclu-
sive. We find that, similarly to other CIV emitters and other
very high-redshift objects, the large EWs of UV lines found in
GHZ2 seem to imply an AGN-like ionizing spectrum, while the
UV line ratios are broadly compatible both with AGN emission
and with star formation in a very low-metallicity environment.

While it is not possible to draw a firm conclusion from the
aforementioned tests, we consider the star-forming case to be
slightly favored in light of the low [Ne IV]/N IV] ratio and the
comparison with CIV emitters, which are considered to be
most likely star-forming galaxies. In fact, the line ratios of
GHZ2 are remarkably similar to those of RXC J2248-ID,
whose spectrum shows no AGN signatures (Topping et al.
2024), and A1703-zd6 and J2229+2727, which are well
reproduced by highly ionizing stellar populations (Stark et al.
2015; Izotov et al. 2024).

Regardless of the nature of the dominant ionizing flux, we
found that GHZ2 has a very low metallicity (below 10% solar)
and a high ionization parameter (log U > —2). The N/O
abundance is found to be 4-5 times the solar value, while the
C/O is subsolar, similar to a number of recently discovered
high-redshift objects (Isobe et al. 2023b; Topping et al. 2024).
Given its small effective radius (R, ~ 100 pc), GHZ2 has a high
Ysrr and a high stellar mass density similar to gravitationally
bound stellar clusters; it is intriguing to speculate that GHZ2 is
undergoing a phase of intense star formation in a dense
configuration that may evolve into the nitrogen-enhanced
stellar populations of globular clusters and other dense
environments that are observed at low redshifts.

The origin of the copious amounts of ionizing photons in
objects such as GHZ2 is currently unknown, but scenarios of
dense star formation at very low metallicity including super-
massive stars and high-mass X-ray binaries have the potential
to also explain the atypical abundance patterns and the high-
ionization spectra. A detailed investigation of the rare detection
of the O A3133 fluorescence line in GHZ2 can provide
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further insight into its sources of ionizing photons and their
local environment. The high C 1v/C III ratio and the abundance
patterns of GHZ2 are also suggestive of a high escape fraction
of ionizing photons. A comprehensive search for sources in this
evolutionary stage can reveal if they play a significant role in
the reionization of the intergalactic medium.

We caution, however, that in-depth studies will be needed to
consolidate the proposed scenario. The N/O ratio needs to be
assessed on the basis of a robust detection of the N III line in a
higher-resolution spectrum considering the strong dependence
of our measurement on the extrapolated continuum level at its
position. Similarly, a high-resolution spectrum is needed to
estimate the density and temperature of the ionized gas,
ascertain the presence of broad components due to AGNs or
stellar winds, and separate nebular and stellar contributions to
the C IV emission.

The remarkable brightness of GHZ2 makes it accessible to a
wealth of follow-up strategies, as showcased by the results
described in this paper and by the MIRI detection discussed in
a companion paper (Zavala et al. 2024). As such, GHZ2 has the
potential to become a reference object for understanding galaxy
formation at only 360 Myr after the Big Bang.
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Appendix
VLT X-SHOOTER Spectroscopy

GHZ2 was observed by X-SHOOTER under program
110.244H.001 (PI: E. Vanzella). The observations were
performed in nodding mode with 11”7 x 0”9 slits and 900 s per
single exposure in the near-infrared arm. The total observing time
was 37 hr, corresponding to an on-target exposure time of 30 hr.

Data reduction was performed as by Castellano et al.
(2022b) with the official X-SHOOTER pipeline (Modigliani
et al. 2010), v.3.3.5, using the associated raw calibrations
from the ESO archive. Sky subtraction was done using
the X-SHOOTER nodding strategy, combining frames
acquired at two different positions in the sky for each
OB execution. A fixed boxcar window was used to extract
the target on the rectified 2D spectra to ensure that the target
was correctly localized along the slit (extractmethod =
LOCALIZATION and localizemethod = MANUAL in
pipeline recipe xsh_scired_slit_nod).

The 1D extracted spectra were corrected to the barycentric
reference frame in vacuum and combined with the data analysis
package ASTROCOOK (Cupani et al. 2020). The combined
spectra were rebinned to a resolution of 4.8 A pixel™.

We detect at SNR = 4.4 an emission feature at A = 20665.16 A,
which is compatible with one of the two components of the C IV
A1549 emission detected with NIRSpec (Figure 7). We interpret it
as the CIV A1548 line, which is the brightest component of the
doublet, implying z=12.348, consistent with the NIRSpec
redshift. The measured flux is (0.78 = 0.18) x 10~ 18 ergs Tem 2,

and we estimate FWHM = 390 + 160km s~ rest frame. This
estimate is lower than observed in broad-line AGNs (e.g., Shen
et al. 2011), and it is consistent with a stellar wind origin of the line
(e.g., Chisholm et al. 2019). However, the low SNR of the
detection clearly prevents any firm assessment of the line profile,
which will require higher-resolution JWST spectroscop?/

The SNR implies a 30 limit of 0.6 X 10~ “ergs
the second component, which leaves the ratio between the two
poorly constrained. Following Lemaux et al. (2009), we expect
the slit losses in the X-SHOOTER spectrum to be small (~10%-—
15%) on the basis of the slit dimension, the compact size of the
source (<0”1), and the median seeing (~0"8). Considering that
the total CIV A1549 flux detected in the (apetture corrected)
NIRSpec spectrum is (2.57 & 0.6) x 10~ ®erg s ' cm ™, the flux
of the C 1V A\1548 line implies a relatively high ratlo between the
two components of the doublet (as in, e.g., A1703-zd6; Stark
et al. 2015) and/or the presence of an additional broad
component (e.g., Berg et al. 2019; Llerena et al. 2022) that is
not detectable in the X-SHOOTER spectrum and shall be
investigated with NIRSpec high-resolution spectroscopy.

No other features are found at the expected position of other
emission lines, consistent with the fluxes measured in the
NIRSpec spectrum and the noise level in the X-SHOOTER
one. Interestingly, the higher resolution of the X-SHOOTER
spectrum enables measurements close to the Lyman break,
which is severely affected by damping wing absorption at the
PRISM resolution yielding a 30 upper limit on NV A1240 of
0.6 x 10 ®ergs 'em ™
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Figure 7. Top: the 2D X-SHOOTER spectrum of GHZ2 with the expected positions of Lya and NV A1240 and the position of the detected C IV 1548 line
highlighted. Bottom: the extracted 1D spectrum at the position of the C IV A\1548 emission (blue dashed line). The red dotted line indicates the expected position of the

C 1V A1551 component.
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