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A B S T R A C T 

Recent attempts to detect [O III ] 88 μm emission from super-early ( z > 10) galaxy candidates observed by JWST have been 

unsuccessful. Non-detections can be either due to wrong photometric redshifts or to the faintness of the line in such early systems. 
By using zoom-in simulations, we show that if redshifts of these galaxies are confirmed, they are faint and mostly fall below 

the local metal-poor [O III ] − SFR relation as a result of their low ionization parameter, U ion � 10 

−3 . Such low U ion values are 
found in galaxies that are in an early assembly stage, and whose stars are still embedded in high-density natal clouds. Ho we ver, 
the most luminous galaxy in our sample ( log [L [O III ] / L �] = 8 . 4, U ion ≈ 0.1) could be detected by ALMA in only 2.8 h. 

Key words: methods: numerical – galaxies: evolution – galaxies: formation – galaxies: high-redshift – galaxies: ISM – infrared: 
general. 
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 I N T RO D U C T I O N  

arly observations by the JWST have discovered several bright ( ∼60
t M UV ∼ −21) galaxy candidates at unprecedentedly high redshifts
 z > 10: Adams et al. 2022 ; Atek et al. 2022 ; Castellano et al.
022 ; Donnan et al. 2022 ; Finkelstein et al. 2022 ; Furtak et al. 2022 ;
arikane et al. 2022a ; Naidu et al. 2022 ; Rodighiero et al. 2022 ;
antini et al. 2022 ; Topping et al. 2022 ; Whitler et al. 2022 ; Yan et al.
022 ). If confirmed, the large abundance of these super-early systems
s a challenge for galaxy formation models (Boylan-Kolchin 2022 ;
errara, Pallottini & Dayal 2022 ; Finkelstein et al. 2022 ; Mason,
renti & Treu 2022 ). 
So far, these galaxies have been identified photometrically. Spec-

roscopic follow-ups are necessary to confirm their detection. Such a
ask becomes tricky at early cosmic times because the most common
mission lines used at lower redshifts shift out the observable
ands or (Ly α) are severely suppressed by resonant scattering with
ntergalactic H I at z > 6. Detecting non-resonant emission lines
e.g. H α) is the alternative strategy adopted by JWST NIRSpec
bservations. 
While waiting for such data, attempts have been made to confirm

he detection of z > 10 galaxies by using the Atacama Large sub-
Millimeter Array (ALMA) to search for fine-structure far-infrared
FIR) cooling lines, such as [O III ] 88 μm and [C II ] 158 μm (Bakx
t al. 2022 ; Fujimoto et al. 2022 ; Kaasinen et al. 2022 ; Popping
022 ; Yoon et al. 2022 ). Ho we v er, these e xperiments hav e been
nsuccessful so far. 
Among these galaxy candidates, GHZ2 has been independently

etected by several groups (Castellano et al. 2022 ; Donnan et al.
022 ; Harikane et al. 2022a ; Naidu et al. 2022 ) which have reported
 photometric redshift z = 11.960–12.423. Using re-calibrated
WST fluxes Bakx et al. ( 2022 ) have constrained the star formation
ate of GZH2 in the range SFR = 20 + 15 

−14 M �yr −1 and stellar mass
 E-mail: mahsa.kohandel@sns.it 
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Pub
 � = 1 . 2 + 7 . 2 
−0 . 4 × 10 8 M �. Bakx et al. ( 2022 ) and Popping ( 2022 ) used

LMA Band 6 Director’s Discretionary Time (DDT) program data
o search for [O III ] 88 μm line emission. Their analysis has only
rovided a 5 σ upper limit of log ( L O III / L �) < 1 . 7 × 10 8 (Bakx et al.
022 ) for the integrated [O III ] line luminosity. 
Another case is GHZ1, a galaxy candidate from the JWST ERS

rogram, GLASS- JWST (Treu et al. 2022 ) with a photometric
edshift z ∼ 10.6, SFR = 36 . 3 + 54 . 5 

−26 . 8 M �yr −1 , and log ( M � / M �) =
 . 1 + 0 . 3 

−0 . 4 (Santini et al. 2022 ). The ALMA search for [O III ] 88 μm
nd dust continuum emission from GHZ1 was unsuccessful, albeit a
arginal spectral feature was reported within 0.17 arcsec of the JWST

osition of GHZ1 (Yoon et al. 2022 ). The reported 5 σ upper-limit of
O III ] luminosity is 2 . 2 × 10 8 L �. 

For a third candidate (HD1) a tentative z = 13.27 was reported
Harikane et al. 2022b ). To confirm this detection, ALMA Band
 (Band 4) observations were designed to target [O III ] 88 μm
[C II ] 158 μm) emission (Kaasinen et al. 2022 ; Harikane et al.
022b ). No clear detection was found in either of the two BANDS.
he 4 σ upper limit for the [O III ] 88 μm and [C II ] 158 μm emission

ines are 5.88 × 10 8 and 0 . 7 × 10 8 L �, respectively (Kaasinen et al.
022 ). 
The last one is S5-z17-1 identified in JWST ERO data of Stephan’s

uintet (Pontoppidan et al. 2022 ), which has been followed-up by
LMA Band 7 (Fujimoto et al. 2022 ), resulting in 5.1 σ line detection

t 338.726 GHz, possibly corresponding to [O III ] 52 μm at z = 16.
or this galaxy, SFR < 120 M �yr −1 . 
These non-detections for z > 10 sources disco v ered by JWST

mply that either these galaxies are at lower redshifts ( z < 4), or
hey are too faint to be detected with the sensitivity of the above
mission line experiments (Bakx et al. 2022 ; Furlanetto & Mirocha
022 ; Kaasinen et al. 2022 ). 
Thus, understanding the physical nature of the possible redshift

volution of the L [O III ] − SFR relation is of utmost importance in
hese early stages of interpretation of JWST data. With this question
n mind, here we analyse the [O III ] 88 μm emission line from z >

1 simulated galaxies. 
© 2023 The Author(s) 
lished by Oxford University Press on behalf of Royal Astronomical Society 
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ALMA non-detection of super-early blue galaxies L17 

Figure 1. L [O III ] − SFR relation at redshift 11 � z � 14. Circles, coloured 
according to the ionization parameter U ion , represent SERRA galaxies with 
SFR > 6 M �yr −1 . Blue, green, violet, and red stars indicate ALMA upper 
limits for JWST detected super-early galaxies: GHZ2 (Bakx et al. 2022 ), 
GHZ1 (Yoon et al. 2022 ), HD1 (Kaasinen et al. 2022 ), and S5-z17-1 (Fujimoto 
et al. 2022 ), respectively. Data from z = 6–9 observations (Harikane et al. 
2020 ; Witstok et al. 2022 , diamonds) are shown for comparison. The z = 

0 relations for metal-poor and starburst galaxies (De Looze et al. 2014 ) are 
shown by dashed and dotted lines, respectively. 

Figure 2. L [O III ] / SFR ratio as a function of U ion for SERRA galaxies ( z = 11–
14, black circles) along with the results from single-zone CLOUDY models 
(lines) for different gas density, n , as shown in the legend. The purple (green) 
lines correspond to Z = 0 . 2 Z � ( Z = 0 . 05 Z �). 
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1 The burstiness parameter κs = 10 12 � SFR /� 

1 . 4 
g is defined in equation 39 of 

Ferrara et al. ( 2019 ). 
2 Following Fujimoto et al. ( 2022 ), assuming that the emission feature is 
confirmed to be [O III ] 52 μm line at z = 16, it can be converted to [O III ] 88 μm 

by assuming a conversion factor of 5. 
3 Face-on view corresponds to the narrowest emission line width (Kohandel 
et al. 2019 ); thus, the estimated integration time below should be regarded as 
a lower limit. 
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 SIMULATED  SUPER-EARLY  G A L A X I E S  

ERRA is a suite of zoom-in simulations that is tailored for
oR galaxies ( z ≥ 6; Pallottini et al. 2022 ). In each radiation
ydrodynamic simulation (Teyssier 2002 ; Rosdahl et al. 2013 ), the 
omoving volume is (20 Mpc h −1 ) 3 and contains ∼10–20 galaxies, 
hose ISM is resolved on scales of � 1 . 2 × 10 4 M � ( � 30 pc at z ∼
), i.e. the typical mass/size of molecular clouds (e.g. Federrath & 

lessen 2013 ). 
The non-equilibrium chemical network used in SERRA includes 

, He , H 

+ , H 

−, He , He + , He ++ , H 2 , H 

+ 

2 , and e − (Grassi et al. 2014 ;
allottini et al. 2017b ). Metals are produced by stars (Pallottini et al.
017a ), with solar relative abundances (Asplund et al. 2009 ). Line
uminosities for each gas cell are computed in post-processing by 
sing the spectral synthesis code CLOUDY (Ferland et al. 2017 ),
ccounting for the turbulent and clumpy structure of the ISM (Vallini
t al. 2017 , 2018 ), computed self-consistently from the simulation
Pallottini et al. 2019 ). Given a field-of-view and a line-of-sight
irection, the simulated galaxies can be mapped into 3D synthetic 
yperspectral data cubes (Kohandel et al. 2020 ) that can be directly
ompared with observations (Zanella et al. 2021 ; Rizzo et al. 2022 ).

In SERRA , we have 366 galaxies at 11 � z � 14 with M � �
0 8 M �. Here, we extract a sub-sample with 6 ≤ SFR / M �yr −1 ≤ 35,
atching the values measured for super-early JWST candidates; the 
nal sample includes 42 galaxies. These are found in dark matter
alos of mass 10 10 −10 . 7 M � and are classified as starburst based on
heir position on the � SFR − � gas plane 1 with κ s ∼ 2–150 (Pallottini 
t al. 2019 ). 

 [O  I I I ]  EMISSION  

ig. 1 shows the position of SERRA galaxies at z = 11–14 on
he L [O III ] − SFR plane, along with the super-early JWST observed 
alaxies: GHZ2 (Bakx et al. 2022 ), GHZ1 (Yoon et al. 2022 ), HD1
Kaasinen et al. 2022 ), and S5-z17-1 2 (Fujimoto et al. 2022 ). For
omparison, we show z = 6–9 galaxies from the literature (Harikane
t al. 2020 ; Witstok et al. 2022 ), as well as the empirical relation for
ocal metal-poor and starburst galaxies (De Looze et al. 2014 ). 

SERRA galaxies generally fall between these two local populations, 
.e. they are fainter than expected from the metal-poor relation. More-
 v er, although these galaxies have been selected to be in the relatively
arrow star formation rate (SFR) range 6 − 35 M �yr −1 , their L [O III ] 

pans more than two orders of magnitude (2 . 2 − 280 × 10 6 L �). As
 result, the local relation is ef fecti vely blurred as we mo v e to the
ighest redshifts. This trend is also confirmed by the SERRA galaxies
utside the JWST candidates’ SFR range (grey points) which are 
ignificantly fainter than expected from the local metal-poor relation. 

We note that the predicted luminosity of 3 SERRA galaxies is
bo v e the GHZ2 upper limit; hence it could have been detected.
o we ver, the detection probability critically depends on the width of

he line. The full width at half-maximum (FWHM) of the [O III ] line
face-on view 

3 ) is in the range 107 − 325 km s −1 with a mean of
13 km s −1 . If we consider the most luminous galaxy in our sample
 log (L [O III ] / L �) = 8 . 4, FWHM = 130 km s −1 ) located at z = 12, the
otal integration time required to detect it with ALMA at S/N = 5
 v er the FWHM is 2.8 h on-source, which is slightly longer than the
ntegration times ( ≈2 h/tuning) of all ALMA DDT programs. 

 I NTERPRETATI ON  

ased on the evidence that [O III ] bright z = 6–9 galaxies follow local
etal-poor L [O III ] − SFR relation (Harikane et al. 2020 ; Witstok et al.

022 , see points in Fig. 1 ), 4 different ALMA DDT experiments
Bakx et al. 2022 ; Fujimoto et al. 2022 ; Kaasinen et al. 2022 ; Treu
t al. 2022 ) have been designed accordingly to detect JWST z >
MNRASL 520, L16–L20 (2023) 
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M

Figure 3. Stellar, gas pressure, ionization parameter, and [O III ] 88 μm emission maps for two SERRA galaxies with extremely low ( Lycoris radiata , upper 
panels) or high ( Amaryllis , bottom) ionization parameters. Both systems are at z = 11.5 and have similar SFR and M � (see te xt). Lycoris r adiata is 20 × fainter 
in [O III ] due to its very low U ion . 
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0 candidates in [O III ] emission. Ho we ver, all failed to detect the
argeted sources at the e xpected luminosity, pro viding only upper
imits. The possibility exists that photometric redshifts are incorrect.
ollow-up spectroscopic observations will clarify whether this is the
ase. Here, we work under the hypothesis that photometric redshifts
re correct and non-detections are, therefore, due to the intrinsic
mission properties of the galaxies. 

.1 The role of the ionization parameter 

he first step to explain the unexpectedly low [O III ] luminosity of
uper-early galaxies is to consider single-zone CLOUDY (Ferland et al.
017 ) photoionization models. Similarly to Harikane et al. ( 2020 ), we
ssume a plane-parallel gas slab with initial gas density n , metallicity
 , and illuminated by a radiation field with ionization parameter 4 

 ion . The slab is set in pressure equilibrium ( P = 10 4 . 5 n K); the
omputation is stopped at a depth A V = 100. The resulting L [O III ] / SFR
atio 5 is plotted as a function of U ion in Fig. 2 for representative
odels with Z = (0 . 05 , 0 . 2) Z � and n = 10 2 −3 cm 

−3 . 
CLOUDY models predict that weak [O III ] emission can be

roduced either by (i) low Z , (ii) high n , or (iii) low U ion . All
hese quantities have an impact on [O III ] emission, but while n
nd Z sho w relati vely small v ariations in the sample of simulated
alaxies (150 < n/ cm 

−3 < 1184; 0.03 < Z / Z � < 0.2), the ionization
arameter spans 5 orders of magnitude ( −5 � log U ion � 0). Hence,
he strongest dependence of L [O III ] is on U ion , in agreement with
ndings by Moriwaki et al. ( 2018 ), Arata et al. ( 2020 ). The rapid
rop of L [O III ] for log U ion � −3 is only partially mitigated in the
ull RT, multiphase SERRA results (black circles). In Fig. 1 , galaxies
NRASL 520, L16–L20 (2023) 

 U ion = n γ / n , where n γ is the density of h ν > 13.6 eV photons. 
 The SFR is obtained from the emerging H α luminosity using the conversion 
actor in Kennicutt ( 1998 , equation 2). 

 

w  

i  

m  

m  
n our sample are colour-coded with U ion . Indeed, galaxies with the
argest do wnward de viations from the local metal-poor relation have
og U ion < −3. 

.2 What determines the ionization parameter? 

s galaxies in our sample, by construction, hav e v ery similar SFR
alues, what causes their wide ionization parameter range? Fig. 3
hows two galaxies from our sample: Lycoris radiata and Amaryllis .
hown are their stellar, gas pressure, ionization parameter, and
O III ] 88 μm emission line maps. Lycoris radiata is a galaxy with
 � = 6 × 10 8 M �, SFR = 10 M �yr −1 at z = 11.5 and Amaryllis is

t the same redshift with M � = 6 × 10 8 M � and SFR = 15 M �yr −1 .
lthough these two galaxies have similar SFR and are at the same

edshift (Fig. 1 ), Amaryllis is 20 × brighter in [O III ] due to its higher
 ion , i.e. 7 × 10 −2 versus 5 × 10 −5 . 
The difference in U ion is mainly driven by the compactness of
 II regions. The ISM of early galaxies is highly pressurized as
 result of the higher gas velocity dispersion. Fig. 3 shows that
he pressure within star-forming clumps is high, P ≈ 10 7 . 5 K cm 

−3 ,
n both systems. As a consequence, clumps are more resistant to
ispersal induced by stellar feedback, have longer lifetimes ( �
0 Myr), and star formation remains embedded for a longer time
Behrens et al. 2018 ; Sommovigo et al. 2020 ). These high-density
 n ≈ 10 3 cm 

−3 ) star-forming regions are characterized by U ion ≈
0 −5 , which implies very low [O III ] emission (Fig. 2 ). Also, ionizing
hotons are trapped inside the clumps and produce a super-compact
 II region. 
While in Lycoris radiata stars are almost e xclusiv ely located

ithin high-density clumps, reflecting an earlier assembly stage
n which stars are very young and still embedded, Amaryllis has
anaged to build a well-developed disc structure, within which
any star clusters have dispersed their natal cloud, ionized the low-
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ensity ISM, and produce a high U ion . This difference can be seen
rom the much more extended distribution of stars with respect 
o clumps in Amaryllis . Thus, it is the ability to disperse natal
louds that ultimately determines the value of U ion and the [O III ]
uminosity. 

 SU M M A RY  

o confirm the redshift of JWST detected super-early ( z > 10)
alaxies, ALMA DDT observations have been designed aiming to 
etect the FIR [O III ] 88 μm emission line, supposing that these
alaxies would follow the local metal-poor L [O III ] − SFR relation. 
uch follo w-up observ ations have been unsuccessful so far. Non- 
etections can be either due to wrong photometric redshifts or to 
he faintness of the line in such early systems. Here, we have used
he SERRA suite of simulations of z = 11–14 galaxies to explain
uch non-detections, assuming the photometric redshifts obtained by 
WST are reliable. We find that: 

(i) Galaxies with SFR similar to JWST -detected sources span more 
han two orders of magnitude in L [O III ] ; most of them are fainter than
xpected from the z = 0 metal-poor galaxies’ relation. 

(ii) The most luminous galaxy in our sample ( log (L [O III ] / L �) =
 . 4, FWHM = 130 km s −1 ) could be detected in 2.8 h on-source,
hich is slightly longer than the integration times ( ≈2 h/tuning) used
y ALMA DDT programs so far. 
(iii) Galaxies with the largest downward deviations from the local 
etal-poor relation have low ionization parameter, log U ion < −3. 
(iv) Such lo w U ion v alues are found in galaxies that are in an

arly assembly stage, as most of their stars are still embedded in
igh-density natal clouds, and their ionizing photons are trapped in 
ltra-compact H II regions. 
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