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Abstract

We present Atacama Large Millimeter/submillimeter Array observations on the high-redshift galaxy GHZ2 and
report a successful detection of the rest-frame 88 μm atomic transition from doubly ionized oxygen at
z= 12.3327± 0.0035. Based on these observations, combined with additional constraints on the [O III] 52μm
line luminosity and previous JWST data, we argue that GHZ2 is likely powered by compact and young star formation
and show that it follows well-established relationships found for giant H II regions and metal-poor star-forming dwarf
galaxies that are known to host bright super star clusters. Additionally, these observations provide new constraints on
the oxygen electron density (100 ne [cm

−3] 4,000) and dynamical mass (Mdyn≈ 3–8× 108Me). The existence
of these massive starburst systems 13.3 Gyr ago might explain the origin of today’s globular clusters, a long-standing
question in astronomy. To test this, we present observational probes to investigate whether sources like GHZ2 are
linked to the formation of today’s globular clusters or other more massive compact stellar systems.

Unified Astronomy Thesaurus concepts: Galaxy evolution (594); High-redshift galaxies (734); Galaxies (573);
Early universe (435); Emission line galaxies (459); Starburst galaxies (1570); Globular star clusters (656);
Compact galaxies (285); Young massive clusters (2049); Ultracompact dwarf galaxies (1734); Far infrared
astronomy (529); Submillimeter astronomy (1647)

1. Introduction

The discovery of bright galaxies at very high redshifts
(z 10) by the James Webb Space Telescope (JWST) is
challenging our understanding of galaxy formation and
evolution. Their high luminosities (MUV< –20) and inferred
volume density are in tension with the predictions from widely
adopted (pre-JWST) theoretical studies (e.g., M. Castellano et al.
2023; S. L. Finkelstein et al. 2023; N. J. Adams et al. 2024;

Y. Harikane et al. 2024). This could be the result of very young
stellar populations and/or bursty star formation, enhanced star
formation efficiencies in the early Universe, contribution from
active black holes, or strong evolution in the dust properties,
among others, including a nonuniversal initial mass function or
modifications to the standard cosmology itself (e.g., B. Liu &
V. Bromm 2022; A. Ferrara et al. 2023; M. Boylan-Kolc-
hin 2023; G. Sun et al. 2023; R. Feldmann et al. 2024; S. Hegde
et al. 2024; L. Y. A. Yung et al. 2024).
These galaxies thus provide crucial insights into the earliest

phases of galaxy formation within the first few hundred million
years after the big bang, as well as into the galaxy–dark matter
connection and black hole–galaxy coevolution. To date, more
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than 10 galaxies have been spectroscopically confirmed at
z> 10 (see the recent compilation by G. Roberts-Borsani et al.
2024), reaching up to z∼ 14 (S. Carniani et al. 2024b), but
their nature and primary source of excitation remain unclear,
especially for the brightest and most compact systems. Are they
primarily powered by intense star formation or do they host
active galactic nuclei (AGN) that contribute significantly to
their luminosity?

To address this question, spectroscopic observations to probe
the physics of their multiphase interstellar media are essential.
At high redshifts, the JWST NIRSpec instrument has become
one of the workhorses for characterizing these systems thanks
to its high sensitivity and wavelength coverage (e.g., P. Arrabal
Haro et al. 2023; A. J. Bunker et al. 2023; E. Curtis-Lake et al.
2023; S. Fujimoto et al. 2023; R. L. Sanders et al. 2023;
B. Wang et al. 2023), but at z 9–10, it provides access mainly
to rest-frame UV lines. Recently, the Mid-Infrared Instrument
(MIRI) has also been used to study some of the highest-redshift
galaxies since it probes the well studied (and typically bright)
rest-frame optical emission lines up to z 14–15, offering
valuable complementary data to the NIRSpec observations
(e.g., J. Álvarez-Márquez et al. 2024; T. Y.-Y. Hsiao et al.
2024b; J. A. Zavala et al. 2024). Furthermore, the Atacama
Large Millimeter/submillimeter Array (ALMA) is uniquely
equipped to characterize high-redshift galaxies through the
detection of far-infrared emission lines, which can also serve as
powerful diagnostics for the physical conditions of distant
galaxies (e.g., A. K. Inoue et al. 2014, 2016; S. Carniani et al.
2017; T. Hashimoto et al. 2019; T. J. L. C. Bakx et al. 2020),
specifically when using multiwavelength line diagnostics (e.g.,
H. Katz et al. 2019; Y. Nakazato et al. 2023).

Nevertheless, some recent ALMA follow-ups on ultra–high-
redshift galaxy candidates have resulted in nondetections
(T. J. L. C. Bakx et al. 2023; M. Kaasinen et al. 2023; I. Yoon
et al. 2023), preventing us from fully characterizing the nature
of these systems and calling into question ALMA’s capabilities
to study the z 10 Universe. Most of these observations,
however, suffered from targets with highly uncertain redshifts
(most of them limited to photometric redshifts), which require
line searches through multisetup spectral scans, limiting the
sensitivity of the observations and preventing the derivation of
tight constraints on their physical properties.

In this study, we present deep ALMA observations targeting
a spectroscopically confirmed galaxy within the Universe’s first
400Myr, GHZ2/GLASSz12 at z= 12.3 (hereafter GHZ2;
M. Castellano et al. 2024; J. A. Zavala et al. 2024; see also
M. Castellano et al. 2022; R. P. Naidu et al. 2022; A. Calabro
et al. 2024), and report a successful detection of the [O III]
88 μm far-infrared emission line. This breakthrough allows us
to place new constraints on the physical properties of this
unique galaxy, which stands out as one of the brightest known
objects at this epoch (MUV≈−20.5). Moreover, this study
provides critical insights into the nature and evolution of the
luminous high-redshift galaxies recently discovered by JWST
and the mechanisms powering their extraordinary brightness,
while demonstrating the feasibility of studying these early
systems with ALMA.

The enormous potential of the ALMA–JWST synergy is
further demonstrated by S. Carniani et al. (2024a) and S. Sch-
ouws et al. (2024), who reported subsequent ALMA observa-
tions on a higher-redshift galaxy, JADES-z14-0, with a
successful detection of the [O III] 88 μm transition at z= 14.18.

This Letter is structured as follows. Section 2 presents the
details of the ALMA observations and data reduction, as well
as the identification of the [O III] 88 μm line. The main results
of the Letter and the comparison of the properties of GHZ2 and
those from local and low-redshift star-forming systems are
presented in Section 3. In Section 4, we discuss circumstantial
evidence relating GHZ2, and other bright high-redshift
galaxies, to globular clusters and other compact stellar systems.
Finally, a summary of this work is presented in Section 5. A
companion paper (I. Mitsuhashi et al. 2024, in preparation) will
present the dust constraints inferred from the ALMA
continuum observations (undetected at >3σ).
Throughout this Letter, we assume a flat ΛCDM cosmology

with Ωm= 0.29, ΩΛ= 0.71, and H0= 69.6 km s−1 Mpc−1.

2. ALMA Observations, Data Reduction, and Data Analysis

2.1. Observations and Data Reduction

The source GHZ2 was previously targeted by ALMA using a
Band 6 spectral scan strategy to search for the [O III] 88 μm line
(νrest= 3393.0062 GHz) across the frequency range 234–
263 GHz, corresponding to z≈ 11.9–13.55. Nevertheless, no
robust detection was identified at the JWST position of the target
(T. J. L. C. Bakx et al. 2023; see also G. Popping 2023). After
the spectroscopic redshift confirmation by JWST/NIRSpec and
JWST/MIRI (M. Castellano et al. 2024; J. A. Zavala et al.
2024), deeper ALMA observations were obtained in 2024 April
around the refined expected frequency of the line at 254.45 GHz
as part of the Director’s Discretionary Time (DDT) project 2023.
A.00017.S (PI: J. Zavala). The new observations consist of
∼4.9 hr on source (∼8.7 hr including calibrations and over-
heads), which adds to ∼7 hr on source in total when combining
the cycle 9 and cycle 10 data sets. Unfortunately, the new data
do not cover the previous tentative line reported by
T. J. L. C. Bakx et al. (2023) at ν= 258.67GHz.
Additionally, Band 8 observations covering the redshifted

[OIII] 52 μm line (νrest= 5785.8796 GHz) were also carried
out as part of project 2023.A.00017.S. The spectral setup
covers the frequency ranges 418.6–422.4 and 430.8
−434.5 GHz, with an on-source time of 2.5 hr (4.8 hr including
calibrations and overheads). These observations are by design
shallower than the Band 6 data since were only aimed to
provide a limit on the [O III] 52 μm in the case of an extreme
electron density (see Section 3.3). Matching the Band 6
sensitivity would have required a much larger time investment
that is beyond the scope of a DDT proposal.
Data reduction was performed as described in T. J. L. C. Bakx

et al. (2023), using CASA and following the standard ALMA
pipeline workflow. Then, as part of our imaging process, we
created data cubes from the u-v visibilities using a natural
weighting to maximize the signal-to-noise ratio (SNR; at the cost
of angular resolution). For the Band 6 observations, during this
process, we tested several choices for the pixel size (namely,
0 05, 0 075, and 0 10) and channel width (35, 50, 75, and
100 km s−1), as well as the effect of slightly changing the phase
center within a beam size and slightly shifting the velocity of the
first channel. The typical sensitivity (rms) of these cubes is
equivalent to 1σ= 75 μJy beam−1 in 35 km s−1 channels, and
they have a typical beam size of 0 36× 0 28. As described
below, all of these data cubes are used to robustly estimate the
uncertainties on the line parameters.
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In the case of the Band 8 observations, the achieved 1σ rms
is around 500 μJy beam−1 in 35 km s−1 channels, with a beam
size of 0 36× 0 32.

2.2. The [O III]88 μm Transition at z= 12.3: Line Properties

We use the collection of data cubes described above to
search for the [O III] 88 μm emission line using an iterative
process as follows. First, we extract the spectrum from each
data cube exactly at the JWST position of GHZ2. Second, we
identify the brightest channel within the expected frequency
range of the redshifted [O III]88 μm line base on the JWST/
MIRI and JWST/NIRSpec spectroscopic redshifts and perform
a Gaussian fit with A, σ, and νcent as free parameters (with a flat
zero continuum). Then, to improve the SNR of each extracted
spectrum, we create a moment-0 map by collapsing the data
cube within the FWHM of the best-fit Gaussian function and
reextract the spectrum but now at the position of the peak pixel
in this moment-0 map. Finally, we perform a new Gaussian fit
around the expected frequency and save the best-fit parameters.
Reassuringly, all the extracted spectra (those extracted at the
JWST position and at the peak ALMA pixel) identify the same
feature as an emission line with a significance of ≈4.5−5.2σ,
confirming the tentative detection reported in J. A. Zavala
et al. (2024).

Figure 1 shows the extracted spectrum and associated
moment-0 map (right and left panels, respectively) along with
the adopted best-fit Gaussian function (red solid line). The best-
fit Gaussian functions from other spectra are also shown to
illustrate the typical variance in the data (gray lines). The
fiducial line properties and associated uncertainties are assumed
to be the median values of all the different best-fit functions and
their standard deviation. This approach allows us to properly
take into account the impact of the imaging parameters in the
shape of the line and to robustly estimate the uncertainties in
the best-fit values. These best-fit properties are summarized in
Table 1.

2.3. An Upper Limit on the [O III] 52 μm Line Luminosity

Armed with a more precise spectroscopic redshift from the
[O III] 88 μm detection, we search for the 52 μm line around
the expected frequency of 433.96 GHz, but no obvious line was

detected (see the Appendix). We estimate an upper limit on the
[O III] 52 μm line luminosity using the measured local noise
rms, adopting the [O III] 88 μm line width of 186± 58 km s−1

(see Table 1) and assuming no spatially extended emission
beyond the beam size. This results in a 3σ upper limit of
L[O III]52 μm< 9.6× 108 Le, implying a 3σ upper limit on the
52–88 μm line ratio of L[O III]52 μm/L[OIII]88 μm< 5.6.

3. Results

3.1. Detection of [O III] 88 μm: Expectations and Implications

Using observations of local and low-redshift galaxies with
the Herschel Space Observatory, I. De Looze et al. (2014)
found a set of correlations between the [O III] 88 μm line
luminosity and galaxies’ star formation rate (SFR) for different
galaxy populations. Evolved, massive star-forming galaxies
(referred as starbursts in the aforementioned work) and
composite/AGN systems are clearly offset from metal-poor
star-forming dwarf galaxies. These correlations seems to be
valid at z∼ 5–9, as can be seen in Figure 2, where we plot all
the high-redshift [O III] 88 μm detections to date. Lyman break
galaxies (LBGs) and Lyα emitters (LAEs) follow the same
local relation found for metal-poor dwarf galaxies, while QSO
and submillimeter-selected galaxies are in better agreement
with the local relation for composite/AGN (although with large

Figure 1. Detection of the [OIII] 88 μm transition at z = 12.3. The left panel shows the 3 5 × 3 5 moment-0 map of the line, along with the ALMA beam size (black
ellipse) and the JWST NIRCam position of GHZ2 (black cross). Contours show SNR in steps of ±1σ (with dashed lines for negative values). The ∼5σ detection from
ALMA is in very good agreement with the JWST position. The extracted spectrum from the peak pixel is shown on the right panel along with the best-fit Gaussian
function (red solid line) and associated uncertainty (gray lines; see the main text for details), implying a spectroscopic redshift of z = 12.3327 ± 0.0035. On the top,
we show the associated redshifts inferred from the different instruments, including NIRSpec, MIRI, and ALMA. Thanks to the higher spectral resolution of the ALMA
observations, the redshift precision is increased by ∼5×.

Table 1
[O III] 88 μm Line Properties (Uncorrected for Gravitational Amplification)

GHZ2

R.A. = 00:13:59.76; Decl. = −30:19:29.16

z[O III]88 μm 12.3327 ± 0.0035
zNIRSpec

a 12.342 ± 0.009
zMIRI

b 12.33 ± 0.04
νcent [GHz] 254.487 ± 0.019
FWHM [km s−1] 186 ± 58
Stotal [mJy km s−1] 36 ± 10
L[O III] [Le] × 108 1.7 ± 0.4

Notes.
a M. Castellano et al. (2024).
b J. A. Zavala et al. (2024).

3

The Astrophysical Journal Letters, 977:L9 (9pp), 2024 December 10 Zavala et al.



scatter and with some objects being consistent with both
relationships).

In this context, we show in Figure 2 the [O III] 88 μm line
luminosity and SFR measured for our target and compare them
with the reported relationships and with previous detections
from high-redshift galaxies. We adopt the line luminosity
reported above corrected by magnification (μ= 1.3; P. Berga-
mini et al. 2023) and the range of SFR values reported by
J. A. Zavala et al. (2024) based on the spectrophotometric
spectral energy distribution (SED) fittings and the Hα line
(2–12Me yr−1, after correcting for magnification).

As can been seen in the figure, GHZ2 lies on a locus
comparable to some z∼ 8 LBGs/LAEs and in very good
agreement with the local relationship for metal-poor dwarf
galaxies. These galaxies are dominated by star formation, and
thus, by analogy, we suggest that it might also be the case for
our z= 12 target. Actually, the measured line luminosity is also
in broad agreement with the predictions from the SERRA zoom-
in simulations for galaxies with similar properties as GHZ2, in
terms of SFRs and redshifts (M. Kohandel et al. 2023), which
further support the star formation scenario for GHZ2. To
further test this interpretation, below we compare other
properties of GHZ2 with those measured directly for well-
known systems dominated by star formation, such as H II
regions and H II galaxies23 (while the potential contribution of
an AGN is discussed in Section 4).

Over the past decades, it has been shown that giant H II
regions exhibit a correlation between the luminosity of the
Balmer emission lines (typically Hβ) and the line velocity
dispersion (R. Terlevich & J. Melnick 1981). Although the
physical origin of this relation is still a matter of debate, it is
typically thought to be driven by the total mass of the
(gravitationally bounded) star-forming region, dominated by
young super star clusters. The relation has been calibrated
using samples of several dozens of local and extragalactic giant
H II regions (e.g., R. Chávez et al. 2014) and shown to be also
valid for H II-galaxies up to z∼ 3 (e.g., A. L. González-Morán
et al. 2021). J. Melnick et al. (2017) presented a new calibration
using the [O III] 5007Å line width and the Hβ line luminosity
that shows a similar scatter to the original LHβ− σHβ relation-
ship. Here, we use this correlation given that the Balmer lines
are not spectrally resolved for our target and test whether
GHZ2 follows a similar trend, as expected if the source is
dominated by young bursts of star formation and assuming the
relationship does not evolve significantly with redshift (note
that the z∼ 6–7 H II-galaxies recently reported by R. Chávez
et al. 2024 follow the same relationship, as can be seen in
Figure 3).
We adopt the lensing-corrected Hβ luminosity of

=b -
+ -Llog 42.16 erg sH 0.13

0.09 1 from J. A. Zavala et al. (2024;
inferred from the Hα line assuming zero dust attenuation) and
the [O III] 88 μm line width provided by the ALMA
observations as a proxy for the [O III] 5007Å velocity
dispersion (given that both transitions are produced by the
same ion and the [O III] 5007Å line is unresolved in the MIRI
low-resolution spectrum). As can be seen in Figure 3, GHZ2
follows the same relationship found for giant H II regions,
suggesting that this very high-redshift galaxy is also powered

Figure 2. The SFR–[O III] line luminosity relationship. The open symbols
represent the sample of low-redshift (z  0.3) galaxies presented in I. De Looze
et al. (2014), with purple circles representing metal-poor “dwarf” galaxies,
green open circles for more massive star-forming galaxies, green open squares
for composite/AGN, and green open triangles for ultraluminous infrared
galaxies. The relationships derived by I. De Looze et al. (2014) are also plotted
as solid, dashed, and dotted lines for the population of metal-poor “dwarf”
galaxies, star-forming galaxies, and composite/AGN, respectively. Solid
symbols represent high-redshift galaxies (z ≈ 5–9; as compiled in
H. S. B. Algera et al. 2024 and T. J. L. C. Bakx et al. 2024), with purple
circles for LBGs/LAEs, green circles for submillimeter galaxies, and green
squares for QSOs. Our target, GHZ2, is represented by the yellow star
(adopting the range of SFRs from J. A. Zavala et al. 2024 and correcting from
magnification), and along with other high-z LBGs, it nicely follows the local
relationship for metal-poor “dwarf” galaxies. Note that the metallicity of GHZ2
is constrained to be Z ≈ 0.05−0.1 Ze (A. Calabro et al. 2024; M. Castellano
et al. 2024; J. A. Zavala et al. 2024).

Figure 3. The Hβ line luminosity–velocity dispersion relationship. The
position of GHZ2 in the L–σ relationship for Giant H II regions and H II-
galaxies is represented by the yellow star (adopting the lensing-corrected LHβ
reported in J. A. Zavala et al. 2024 and the line width from the ALMA [O III]
88 μm detection reported in this work). As can be seen, the z = 12 galaxy
follows the relation found for H II-galaxies (as reported by J. Melnick
et al. 2017; solid purple line and shaded region), suggesting a similar nature for
both objects: young burst of star formation. The three orange solid triangles
show z ≈ 6–7 H II-galaxies recently identified (R. Chávez et al. 2024), while
the open orange triangle represents MACS0647-JD at z = 10.2 (T. Y.-Y. Hsiao
et al. 2024b). Finally, we plot the high-redshift AGN sample from A. J. Taylor
et al. (2024) and R. Maiolino et al. (2024b) as solid and open squares,
respectively, and indicate the position of more massive AGN at z ∼ 2
(D. Kakkad et al. 2020) with green arrorows. The AGN deviate from the
relationship for H II-dominated systems.

23 H II galaxies are compact low-mass systems (Må < 109 Me) whose
luminosities are almost completely dominated by a massive recent burst of
star formation; see D. Fernández Arenas et al. (2018), A. L. González-Morán
et al. (2021), and references therein.
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by (extreme) star formation. Actually, some of the [O III]
88 μm-detected dwarf galaxies described above are also known
to harbor bright H II regions powered by super star clusters
(S. C. Madden et al. 2013). This might imply that the high-
ionization conditions in GHZ2 are likely driven by extreme H II
regions associated with young bursts of star formation. The
same can be said for the z= 10.2 MACS0647-JD galaxy
recently observed with NIRSpec and MIRI (T. Y.-Y. Hsiao
et al. 2024b, 2024a). This object also follows the relationship
derived for H II-dominated systems, which supports the
conclusions by T. Y.-Y. Hsiao et al. (2024a) who argued
against an AGN-dominated galaxy.

On the other hand, while similar relationships between the
Balmer line luminosities and lines’ velocity dispersion have
been reported for AGN (e.g., L. C. Ho et al. 2003), typical
AGN hosting supermassive black holes show emission lines
significantly broader than the H II regions and H II galaxies
(with [O III] line widths of >300 km s−1; e.g., D. Kakkad et al.
2020). Moreover, while less massive AGN with narrower line
widths have recently been found by JWST up to z∼ 7 or
beyond, they have brighter line luminosities compared to star-
forming-dominated systems (see Figure 3). All of this supports
our conclusion that GHZ2 is most likely dominated by a burst
of star formation.

Given that the population of young, low-metallicity massive
clusters powering giant H II regions has been proposed to be
progenitor of globular clusters (e.g., L. C. Ho 1997; S. F. Port-
egies Zwart et al. 2010; E. Terlevich et al. 2018), it is possible
that the current starburst episode of GHZ2 might result in the
formation of protoglobular clusters or other compact stellar
systems. Indeed, its low metallicity and enhanced nitrogen
abundance has already been noticed to be consistent with the
expected progenitor population for globular clusters (M. Cast-
ellano et al. 2024), as well as its high SFR and stellar mass
surface densities (Y. Ono et al. 2023; A. Calabro et al. 2024).
This might point toward an evolutionary connection between
the bright, compact high-redshift galaxies discovered by JWST
(including GHZ2) and the enigmatic population of old globular
clusters (see also C. Charbonnel et al. 2023; Y. Isobe et al.
2023; M. Castellano et al. 2024; R. Marques-Chaves et al.
2024; M. W. Topping et al. 2024). This is discussed in detail
below in Section 4.

3.2. Dynamical Mass

Assuming a spherical geometry (a reasonable assumption for
this very compact source), we estimate the dynamical mass
using the virial equation (e.g., M. Pettini et al. 2001; J. Wolf
et al. 2010):

( )s
=M

R

G

5
, 1dyn

2

where σ is the velocity dispersion and R is the virial radius. The
velocity dispersion is determined from the [O III] 88 μm
transition (σ= 79± 25 km s−1), and the virial radius is adopted
to be the half-light radius measured from the JWST/NIRcam
images, with reported values of r1/2= 39± 11 pc (Y. Ono
et al. 2023) and 105± 9 pc (L. Yang et al. 2022). Using
Equation (1) and the aforementioned assumptions, we constrain
the dynamical mass to be 3× 108−8× 108Me.

This is remarkably similar to the stellar masses inferred from
the spectrophotometric SED fitting analysis presented in

J. A. Zavala et al. (2024), with best-fit stellar masses of
2× 108−8× 108Me (assuming a magnification of μ= 1.3;
P. Bergamini et al. 2023). This implies a dynamical-to-stellar
mass ratio of close to unity for GHZ2, similar to the measured
values for globular clusters (e.g., D. A. Forbes et al. 2014),
providing more evidence for a relation between these objects as
discussed below.
Finally, to assess the impact of our assumptions on the

inferred dynamical mass, we alternatively use the approach
described by H. Übler et al. (2023). Here, we assume Sérsic
indices of n= 1 and 1.5, with axis ratios in the range of
q= {0.3: 0.7}. Overall, the dynamical masses inferred from
these models fall within the range of the values described above
but allow for up to a 50% increase. However, given the
compactness and symmetry of the source (T. Treu et al. 2023),
we adopt the mass constraints from the virial equation
described above as our fiducial value.

3.3. Constraining the Electron Density

The [O III] 52 μm-over-[O III] 88 μm line luminosity ratio
provides strong constraints on the electron density almost
independently from metallicity, ionization field effects, or
electron temperature (e.g., T. Jones et al. 2020; M. Killi et al.
2023; Y. Nakazato et al. 2023). Here, given the nondetection of
the [O III] 52 μm transition (see Section 2.3), we determine a
3σ upper limit on the ionized oxygen electron density of

( [ ]) <-nlog cm 3.62e
3 (see Figure 4). While this value seems

high compared to the typical values found in star-forming
galaxies at low redshifts (∼100 cm−3; e.g., M. Kaasinen et al.
2017), this upper limit is totally consistent with the measured
electron densities of high-redshift (z 5) star-forming galaxies
and with the apparent redshift evolution of ne (e.g., Y. Isobe
et al. 2023; G. C. Jones et al. 2024), particularly when
combined with the lower limit of ne 100 cm−3 reported in
J. A. Zavala et al. (2024). On the other hand, the electron
density of GHZ2 contrasts with that of GNz11, the brightest
confirmed galaxy at z> 10. In the case of GNz11, the [N IV]
doublet and N III] multiplet indicate extremely large electron
densities (>105 cm−3) in better agreement with the broad line
regions in AGN (R. Maiolino et al. 2024a). We stress,
however, that transitions with different ionization potentials
might trace different regions of the interstellar medium with
different electron densities (e.g., X. Ji et al. 2024).

4. Discussion

4.1. A System Dominated by Star Formation

The nature of the intriguing population of bright, high-
redshift galaxies discovered by JWST remains unclear. What
processes drive their high luminosity so early in the Universe’s
history? Understanding whether these galaxies are dominated
by stellar processes or AGN activity is crucial for developing a
comprehensive picture of galaxy formation in the early
Universe.
In the case of GHZ2, this question has been approached from

different perspectives, starting with its JWST/NIRCam
morphology. Y. Ono et al. (2023) found that while the source
is very compact, it is spatially resolved with a half-light radius
of a few tens of parsecs (see also L. Yang et al. 2022). This
provides evidence against an AGN-dominated system, although
it does not totally rule out some fractional contribution to its
continuum luminosity. Similarly, J. A. Zavala et al. (2024), who
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presented the detection of Hα and [O III] 5007Å in a
JWST/MIRI spectrum and a spectrophotometric SED analysis
of this source, attributed its high luminosity to the presence of a
very young, massive, and metal-poor stellar population; but,
again, the possibility of having some contribution from AGN
remained open. This latter scenario was revitalized given the
detection of relatively high-ionization UV transitions and
line ratios, and lines with high equivalent widths in the
JWST/NIRSpec spectrum presented by M. Castellano et al.
(2024), indicating ionizing photons with energies in excess of
∼50−60 eV. Nevertheless, the absence of higher ionization
lines typically seen in AGN (like He II or [Ne IV] 2424Å)
and the strong upper limit on the [Ne IV]/N IV] ratio put some
doubts on this scenario and led the authors to suggest that GHZ2
is most likely dominated by (extreme) star formation. Finally,
A. Calabro et al. (2024) presented a comprehensive analysis of
the (rest-frame) UV and optical line ratios, finding very high-
ionization conditions but indistinguishable between those
produced by AGN and low-metallicity, compact star-forming
regions.

It is thus clear that GHZ2 shows extreme properties with
high-ionization conditions, but a pure AGN model would fail
to reproduce all the characteristics described above (such as
the lack of some specific atomic transitions and extended
emission). Additionally, in Section 3.1 we have shown that this
source follows the SFR–[O III] 88 μm relationship found for
metal-poor star-forming galaxies and the L–σ relation found for
giant H II regions and H II-galaxies, which would be hard to
explain within the AGN framework. The fact that the Hα-based
SFR is in good agreement (within a factor of ∼2) with the

star-forming SED modeling (see J. A. Zavala et al. 2024) might
also imply that the contribution from AGN (if any) should be
low. The same could be said of the fact that the stellar mass
(from the SED analysis) and the dynamical mass (from the
[O III] 88 μm detection) are consistent with a factor of ∼2.
Such results would be entirely coincidental in the case of an
AGN-dominated system. Finally, the electron density upper
limit of ne< 4.2× 103 cm−3, although high, has been shown to
be within the realm of star-forming galaxies (see Section 3.3)
and significantly below the typical values of the broad line
region in AGN. Hence, we conclude that GHZ2 is most likely
dominated by star formation activity driven by metal-poor and
young stellar populations.
Furthermore, given its high Hα and Hβ luminosities—

consistent only with the most luminous starbursts and H II
galaxies (e.g., L. C. Ho et al. 1997; D. Fernández Arenas et al.
2018)—and its remarkable compactness and concentration
(Y. Ono et al. 2023; T. Treu et al. 2023), it would be expected
that this extreme star formation activity is taking place in the
form of super star clusters, commonly found in starburst
systems (L. C. Ho et al. 1997). The high specific SFR of GHZ2
of sSFR≈ 10–30 Gyr−1 might actually be evidence of a
starburst-like star formation mode propitious to the formation
of these massive clusters. This is also supported by the high
burstiness found for the SERRA-simulated galaxies that match
other properties of GHZ2 (A. Pallottini et al. 2022).
However, it is important to remark that, although the star-

forming scenario seems the most plausible to explain the nature
of this object, available models fail to reproduce the extremely
high equivalent widths of the UV lines, some of them only
compatible with AGN or composite emission models, as
discussed in detail by M. Castellano et al. (2024) and A. Cal-
abro et al. (2024).

4.2. The Progenitor of a Compact Stellar Object

Will GHZ2 evolve into a globular cluster? The fact that
GHZ2 might be powered by massive star clusters does not
necessarily make it a globular cluster progenitor. However,
here we provide additional arguments that might support this
scenario and that might, additionally, explain some of the long-
standing problems associated with globular clusters.
First, its low metallicity and enhanced nitrogen abundance

(M. Castellano et al. 2024) resemble the well-known chemical
anomalies observed in globular clusters (e.g., R. D. Cannon
et al. 1998)—though not exclusive to them. These abundance
patterns are thought to be the product of massive stars in very
dense environments (e.g., G. H. Smith 2006), and interestingly,
in GHZ2, the presence of very massive stars has been inferred
from its high-ionization conditions (A. Calabro et al. 2024;
M. Castellano et al. 2024; J. A. Zavala et al. 2024). Moreover,
its compact morphology implies a high mass density (with
Σå∼ 104Me pc−2 and ne≈ 100−4000 cm−3), similar to those
found in globular clusters (see Figure 5). In addition, spectro-
phometric SED fitting analysis on GHZ2 indicates a bursty star
formation history for this object (J. A. Zavala et al. 2024; see
also Y. Harikane et al. 2024). These short bursts with duration
in the range of a few or a few tens of Myr, in combination with
its very rapid metal enrichment,24 would naturally explain the

Figure 4. Constraints on the oxygen electron density. Predicted 52–88 μm
luminosity ratio as a function of electron density generated using PYNEB
(V. Luridiana et al. 2015). This ratio is nearly independent to gas temperature,
ionization parameter, and metallicity. The 3σ upper limit from our observations
(orange star) rules out high-density environments, such as those found in GNz-
11 (>109 cm−3). The comparison data come from the PACS and SPIRE
spectrometry of nearby star-forming galaxies (J. A. Fernández-Ontiveros
et al. 2016). The solid green symbols indicate the oxygen-derived electron
densities, which accurately follow the theoretical predictions, while the
semitransparent symbols indicate complementary probes of the electron
densities (using [N II] 205/122, [S III] 33/18, and [Ne V] 24/14 ratios). As
can be seen, star-forming galaxies show moderate electron densities, consistent
with the inferred limit for GHZ2.

24 Note that, despite its young age, GHZ2 shows already a metallicity of
Z ≈ 5%–10% Ze; (A. Calabro et al. 2024; M. Castellano et al. 2024;
J. A. Zavala et al. 2024).
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low spread in stellar ages and the multiple stellar populations
observed in globular clusters (see reviews by R. G. Gratton
et al. 2012, D. A. Forbes et al. 2018). Lastly, its unique spectral
features with UV lines with high EWs and clear emission of the
O III 3123Å fluorescence line25 (M. Castellano et al. 2024)
might be explained by the stellar exotica in globular clusters
(e.g., X-ray binaries and blue stragglers; S. F. Portegies Zwart
et al. 2010) and their high helium abundance (J. E. Norris 2004;
F. D’Antona et al. 2005).

There is one thing, however, that appears to be at odds with
expected protoglobular cluster properties: the high total mass of
GHZ2. With a stellar mass of ≈108–109Me (see Section 3.2),
GHZ2 exceeds by more than 1 order of magnitude the masses
of even the most massive known globular clusters (see
Figure 5). These two values might be reconciled by assuming
significant mass losses due to stellar and dynamical evolution
(e.g., J. J. Webb & N. W. C. Leigh 2015), but even assuming
extreme values, GHZ2 would only be barely consistent with the
most massive population of globular clusters. Alternatively,
this tension might be solved by the models presented in
A. D’Ercole et al. (2008), in which most of the first-generation
stars are lost due to the expansion and stripping of the cluster’s
outer layers caused by the heating from supernova ejecta,
followed by a highly concentrated second generation of stars.
Indeed, several models require this first generation to be at least
∼10 times more massive than current globular cluster survivors
in order to explain the different chemical composition of the
multiple stellar populations (e.g., A. Renzini et al. 2015).

Another possibility is that GHZ2 hosts an ensemble of super
star clusters. This scenario is supported not only by its large
mass but also by its size. Its effective radius of ∼40–100 pc
exceeds by a factor from a few to tens the sizes of the few high-
redshift protoglobular clusters that have been individually
resolved thanks to strong gravitational lensing effects (e.g.,

E. Vanzella et al. 2023; A. Adamo et al. 2024). These two
discrepancies (the size and total mass) could be solved by
assuming that GHZ2 is actually a superposition of several
individual clusters (e.g., A. Adamo et al. 2024; L. Mowla et al.
2024). Supporting evidence for this scenario is found in the
simulations presented in M. Kohandel et al. (2023), in which
the [O III] 88 μm emission of z> 10 galaxies is resolved into
several individual H II regions. Moreover, although it is
possible that these H II regions might be normal OB
associations with a high probability of dissolution, as discussed
above and in Section 4.1, GHZ2 shows properties rather similar
to those of massive super star clusters.
The final scenario discussed considers the possibility that

GHZ2 is an ultracompact dwarf (UCD) galaxy (e.g. C. Maras-
ton et al. 2004) or a protocompact elliptical given the
similarities between their stellar mass, size, and velocity
dispersion (see Figure 5). The formation processes of these
objects remains unclear, but they are known to bridge the gap
between stellar clusters and galaxies (e.g., M. A. Norris et al.
2014; E. Terlevich et al. 2018; see also Figure 5), and it has
been shown that some of these objects could represent the
massive end of the globular cluster luminosity function (e.g.,
S. Mieske et al. 2012) or the result of merging of several star
clusters (e.g., F. Urrutia Zapata et al. 2019). While it is also true
that some UCDs show an elevated dynamical-to-stellar mass
ratio that can be attributed to the presence of massive black
holes (e.g., A. C. Seth et al. 2014), GHZ2 shows a dynamical-
to-stellar mass ratio around 1 (see Section 3.2), in better
agreement with globular clusters and compact ellipticals
(D. A. Forbes et al. 2014).
We thus conclude that GHZ2 might be powered by young

and compact star-forming regions that could evolve into
globular clusters or to become the central core of a more
massive galaxy. This is, however, only suggestive and not
conclusive. Further observations and simulations should be
conducted to further test this interpretation.

Figure 5. The stellar mass–velocity dispersion relationship. The velocity dispersion as a function of stellar mass (left) and stellar mass surface density (right) for
different populations of pressure-supported systems (taken from M. A. Norris et al. 2014), including globular clusters (light-purple circles), UCDs (solid purple
circles), dwarf ellipticals (down-pointing triangles), compact ellipticals (blue solid circles), and elliptical and S0 galaxies (green squares). Our target, GHZ2,
represented by the yellow star, shows a similar stellar mass surface density as globular clusters but with a higher total stellar mass that is in better agreement with those
of UCDs and compact ellipticals. Indeed, it occupies a similar locus as M32, the prototypical compact elliptical galaxy (represented by the up-pointing blue triangle).
Note, however, that significant mass losses are expected due to stellar and dynamical evolution that would eventually affect the position of GHZ2 on this parameter
space.

25 This transition is pumped by photons emitted from singly ionized helium
atoms; i.e., He II Lyα photons at λrest = 303.78 Å.
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5. Summary

Through the detection of [O III] 88 μm at z= 12.33, we have
demonstrated the feasibility of studying the early (z> 10)
Universe with ALMA and its unique synergy with JWST to
characterize the most distant galaxies known to date. By
combining these observations with previous multiwavelength
photometry and spectroscopy, we investigated the nature of
GHZ2—one of the brightest known galaxies in the z> 10
Universe, just 350 million years after the Big Bang. We
concluded that this object is likely powered by young bursts of
star formation similar to those found in giant H II regions
(metal-poor, massive, and compact star clusters). Finally, we
presented compelling evidence suggesting that GHZ2 might be
a progenitor of globular clusters or represent the early phases of
a compact dwarf or elliptical galaxy. While this characteriza-
tion is very suggestive, further observations with both high
spectral and high angular resolution are needed to test this
hypothesis and to fully understand some of the unique
properties of this object.
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Appendix
Band 8 Spectrum Around the [O III] 52μm Transition

Figure 6 shows the extracted spectrum at the position of
GHZ2 (right panel) along with a collapsed data cube within the
expected FWHM of the line (from approx. 433.8 to 434.1 GHz;
left panel). The line is undetected at the current depth of the
observations but provides useful constraints on the electron
density, as discussed in Section 3.3.

Figure 6. ALMA Band 8 spectrum covering the [O III] 52 μm transition at z ≈ 12.3. Analog to Figure 1 but for the 52 μm observations. The left panel shows a
3 5 × 3 5 image of the collapsed data cube within the expected FWHM of the line (based on the [O III] 88 μm detection). Nevertheless, there is no significant
detection around the position of GHZ2 (black cross). Contours show±1σ and ±2σ, with dashed lines for negative values. The extracted spectrum at the position of the
source is shown on the right panel along with the redshift constraints from the different instruments.
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