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The galaxy–halo assembly correlation 3155

Figure 12. Left-hand panel: best-fitting scatter in stellar mass at fixed Mpeak, split for central and satellite galaxies at z = 0, compared with the results for
central galaxies in Reddick et al. (2013). Right-hand panel: best-fitting scatter in stellar mass at fixed peak halo mass (Mpeak) for central galaxies as a function
of Mpeak and z. Error bars and shaded regions in both panels show the 68 per cent confidence interval for the model posterior distribution.

Figure 13. Left-hand panel: average star formation rates in galaxies as a function of halo mass and redshift. Right-hand panel: average star-forming fractions
as a function of halo mass and redshift. The purple line marks the predicted transition in Dekel & Birnboim (2006) between cold flows reaching the central
galaxy (below the line) and not reaching it due to shock heating (above the line). In both panels, white lines mark median halo growth trajectories, and the
grey region marks where no haloes are expected to exist in the observable Universe. A robust upturn in the star-forming fraction to higher redshifts is visible
(Section 4.3).

Figure 14. Left-hand panel: formal model uncertainty (half of the 16th−84th percentile range) in average galaxy SFRs (Fig. 13, left-hand panel). Right-hand
panel: formal model uncertainty (half of the 16th−84th percentile range) in average galaxy star-forming fractions (Fig. 13, right-hand panel).
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combinations, and therefore it acts as an important check on
our derived redshifts. We use FSPS (Conroy et al. 2009, 2010;
Conroy & Gunn 2010a) with the MIST stellar models (Choi
et al. 2017). We adopt the 19 parameter physical model and
parameter choices described in Tacchella et al. (2022) that fits
for the redshift, stellar and gas-phase metallicities, stellar mass,
star formation history, dust properties, active galactic nuclei
(AGN) emission, and scaling of the intergalactic Medium
(IGM) attenuation curve. We make slight modifications to their
setup—in particular we explore a broader redshift range of
z= 0.1–20 and keep two bins fixed at lookback times of 0–5
and 5–10 Myr in the star formation history following Whitler
et al. (2022) to capture recent bursts that may be powering
extreme nebular emission expected to occur generically at the
redshifts of interest (e.g., Labbe et al. 2013; De Barros et al.
2019; Endsley et al. 2020). We adopt a “continuity” prior on
the star formation history, which limits the amount of variance
across consecutive time bins resulting in smooth histories (Leja
et al. 2019; Tacchella et al. 2022). For further details we direct
readers to Table 1 and Section 3.4 of Tacchella et al. (2022).

The redshift fits from Prospector are in excellent
agreement with EAZY—we find = -

+z 10.4Prospector 0.5
0.4 for GL-

z10 and = -
+z 12.4Prospector 0.3

0.1 for GL-z12. The photometry and
redshift inference for these sources are summarized in Figures 1
and 2, with fluxes listed in Table 2. We confirm that no
significant data quality issues affect the z> 10 candidacy of the
sources in the imaging. We derive p(z> 10)≈ 100% for GL-
z12 and p(z> 9.4)≈ 100% for GL-z10, with their dramatic
1.8 mag breaks explained by total absorption of photons
bluewards of Lyα by neutral hydrogen in the intergalactic
medium.

Both galaxies are detected at very high significance in all
filters longward of their break, by virtue of our selection. While
they appear very luminous in the JWST data, these sources
have UV absolute magnitudes (MUV≈−21) that correspond to
*LUV at z∼ 8–10 (see, e.g., Bouwens et al. 2021). This also

makes them 1 mag fainter than GN-z11 and even 2.5 mag
fainter than the possible z∼ 13 galaxy candidate HD1
(Harikane et al. 2022). Hence, these sources are not really
extreme outliers (see also Figure 3). Nevertheless, it is
interesting that the first few images with JWST already reveal
two such bright sources. We will discuss their implications on
the UV luminosity function (LF) in a later section.

4.2. Possible Lower Redshift Contamination

The nondetections of both sources in deep, shorter
wavelength images essentially rule out a lower redshift
solution. Nevertheless, it is interesting to explore the nature
of possible contaminants. We thus rerun our photometric
redshift codes and force them to find lower redshift fits. The
best z< 6 solutions in our low-z EAZY runs for these sources
are≈108−9 Me quiescent galaxies at z≈ 3.4 (z≈ 2.5) with
Balmer breaks straddling the dropout filter (silver SEDs in
Figures 1 and 2). However note that Balmer breaks, even in the
most pathological cases (e.g., 4000Å falls just redward of the
dropout filter in a supersolar metallicity galaxy as old as the age
of the universe at z≈ 2–3.5), can only produce drops of 1.5
mag (assuming no attenuation). The best-fit low-z solutions
have AV≈ 0.1—stronger attenuation that deepens the break is
disfavored by the blue continuum slope at wavelengths longer
than the break. In other words, the best-fit low-z solutions

Figure 1. Summary of photometry and redshift solution for GL-z12. Top: 4 5 × 4 5 images spanning ≈0.9–4.5 μm centered on the z ≈ 12 candidate highlighted
with white crosshairs. The source is well detected (>20σ) in F200W and all redder bands, and abruptly drops out in the bluer filters. Bottom left: photometry for the
source is shown in purple, with upper limits for nondetections plotted at the 1σ level. The best-fit SED template from EAZY is shown in dark orange—a Lyman-break
galaxy (LBG) at z = 12.2. The best-fit SED from EAZY constrained to lie at z < 6 is plotted in silver, which corresponds to a quiescent galaxy at z ≈ 3.5 whose
Balmer break produces a drop-off across F200W and F150W. However, such a quiescent galaxy is predicted to be detected (>5σ) in bluer bands, and is at odds with
the dramatic >1.8 mag break observed. Bottom right: probability distributions for the source redshift derived using EAZY (solid orange) and Prospector (dashed
orange). We adopt a flat prior across the redshift range depicted (z = 0–20). The derived distributions are in excellent agreement and suggest a redshift of z ≈ 12, with
negligible (EAZY) or no (Prospector) support for solutions at z < 10.
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predict >5σ detections in bands where we find no flux, and
continuum slopes redder than we observe.

In order to allow for possible systematic effects in the new
JWST data, we perform further testing. We refit redshifts to
multiple versions of photometry for these sources—e.g., by
adding PSF corrections using WebbPSF, by increasing the
error floor on the photometry, and by extracting photometry
using different apertures and detection bands. The only test that
produces viable low-z solutions is when we set a 10 nJy error
floor on all photometry—this is roughly the level in the SW
filters at which the strongest Balmer breaks at z≈ 2–3 can no
longer be ruled out (see open silver squares in bottom-left
panels of Figures 1 and 2). This test is a vivid demonstration of
why the sensitivity of JWST/NIRCam is required to identify
objects like GL-z10 and GL-z12 with confidence.

4.3. Physical Properties—A Billion Solar Mass Galaxies within
≈400 Myr of the Big Bang

While the discovery of GN-z11 has already demonstrated
that the formation of a billion solar mass galaxies was well
underway at ∼400Myr after the Big Bang, the discovery of
these two new sources allows us to derive further constraints on
the physical properties of galaxies at this very early epoch of
the universe. The Prospector results are summarized in
Table 3. In order to efficiently sample the redshift range of
interest, we assume a tighter redshift prior (a Gaussian centered
on the EAZY p(z) with the width set to the 84th–16th
percentile) than in our previous runs when fitting for the
redshift.
The stellar mass for both objects is constrained to be≈ 109

Me, comparable to GN-z11 (Oesch et al. 2016; Johnson et al.
2021; Tacchella et al. 2022). We have verified the stellar mass
is stable to changes in the star formation history prior by also
testing the “bursty” prior from Tacchella et al. (2022), which
allows more rapid fluctuations in the SFH from time bin to time
bin than in the fiducial model. The star formation rates
averaged over the last 50 Myr (SFR50) are typical for galaxies
of comparable mass at z≈ 7–10 (e.g., Stefanon et al. 2022a).
The SEDs are consistent with negligible dust attenuation and
have blue UV slopes, β− 2. We note that all these derived
properties from the SED fits are collectively consistent with a
z> 10 interpretation for these galaxies.

4.4. Galaxy–Galaxy Lensing

Galaxy–galaxy lensing may be particularly important at the
redshift frontier where flux-limited surveys may be preferen-
tially sampling magnified sources (e.g., Wyithe et al. 2011).
Here we make a simple estimate of how lensed our sources are
by assuming their neighbors are singular isothermal spheres

Figure 2. Summary of photometry and redshift solution for GL-z10, similar to Figure 1. Top: GL-z10 is well detected in all but the two bluest bands. Bottom left: the
best-fit low-z solution (quiescent galaxy at z ≈ 2.5) is disfavored by the F115W image, where a >5σ detection is expected. In addition to the JWST data (dark purple),
we measure HST photometry (light purple) for this source from data acquired by the BUFFALO program (Steinhardt et al. 2020). The HST data are fully consistent
with the JWST data as well as the best-fit SED. Bottom right: the EAZY and Prospector posteriors agree on a z ≈ 10 galaxy.

Table 2
Photometry in Units of nJy

Band GL-z10 GL-z12

F090W 4 ± 4 5 ± 4
F115W 1 ± 3 8 ± 5
F150W 52 ± 3 13 ± 3
F200W 67 ± 2 71 ± 2
F277W 68 ± 2 59 ± 2
F356W 71 ± 2 51 ± 2
F444W 98 ± 2 57 ± 2

Note. We set an error floor of 10% on our measured fluxes for EAZY and
Prospector fits to account for systematic uncertainty not reflected in the
errors stated above.
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from 75 km s−1 channel−1 to 275 km s−1 channel−1. No
significant (>5σ) detection of [O III]88μm emission is seen in
the entire 26.125 GHz spectral cube over this region, with the
5σ upper limit at 25 km s−1 channel−1 being 0.93 mJy beam−1.
A marginal positive enhancement (later identified as a 4.1σ
peak in the 225 km s−1 resolution spectral channel map in
Figure 3(a)) is seen in the spectrum at 298.25 GHz, where there
is no atmospheric absorption line and the spectral noise
behaves smoothly with frequency.

Figure 2 shows a zoom-in view of the spectrum in the
spectral region around this marginal enhancement (the pink
shaded region in Figure 1). In addition to the original 25 km
s−1 resolution spectrum (in blue), we also show the Hanning
smoothed (using three channels) spectrum (in purple) with a 1σ
rms in each spectral channel map (red dashed line). If this
feature is real, it would imply z= 10.38. The black horizontal
bar indicates the channels that were collapsed to create a 225
km s−1 resolution channel map shown in Figure 3(a) and the
thick gray solid line shows a fit to the Hanning smoothed
spectrum with a one-component Gaussian profile. The peak of
the Gaussian profile is at 298.24 GHz (z= 10.38) and its

velocity FWHM is 148 km s−1. We discuss this marginal
spectral feature in Section 4.3.

4.2. Thermal Dust Continuum Emission

The continuum emission at 292.5 GHz around the peak of
the rest-frame FIR SED is created by CASA multifrequency
synthesis imaging with nterms=1. We also do not find a
significant (>5σ) continuum emission from GHZ1, while we
observe a marginal 2.6σ continuum peak emission at the
location of GHZ1 (Section 4.3). Interestingly, the FIR
continuum is detected for other JWST galaxies in the ALMA
field (Section 4.4).

4.3. Tentative Line and Continuum Emission

Although we conclude that our ALMA observation does not
detect a significant (>5σ) [O III]88μm emission line and FIR
continuum emission at the location of GHZ1, we find that there
is a tentative “feature” in the spectral cube and continuum map
that might be associated with GHZ1. In Figure 3(a), we show
the 225 km s−1 resolution channel map at 298.25 GHz using
nine channels shown in Figure 2. In Figure 3(b), we show our
26.125 GHz bandwidth continuum map created from all
execution blocks in our observation. The measurements of
the fluxes and rms noises for the line and continuum map are
summarized in Table 2.
The collapsed channel map (Figure 3(a)) with −1σ, 1σ, 2σ,

3σ, and 4σ contours shows a 4.1σ peak emission (0.31 mJy
beam−1) at a location that is 0 17 away (to the west) from
GHZ1 seen in the JWST image on the right. The continuum
map with −1σ, 1σ, and 2σ contours shows a 2.6σ peak

Figure 1. ALMA spectrum with 25 km s−1 resolution at the location of GHZ1 (extracted from a single voxel in units of mJy beam−1) for the full 26.125 GHz spectral
frequency range. Three photo-z estimates are shown by the purple symbols and horizontal lines. The bottom panel shows the spectral setup of our ALMA observation
seamlessly covering the entire frequency range. The spectrum is extracted from a “dirty” cube without continuum subtraction. The blue line is the original spectrum
and the black line is the spectrum with a boxcar smoothing using nine channels. The red dashed line indicates the 1σ rms value at each spectral channel map and the
spectrum highlighted by the pink shaded region that includes a ≈4σ peak is shown in Figure 2.

Table 1
ALMA Resolution and Sensitivity with Natural Weighting

Beam (Line) Beam (Cont.) arms (Line) rms (Cont.)
FWHM FWHM (μJy beam−1) (Δv) (μJy beam−1)

0 84 × 0 65 0 80 × 0 60 186.0 (25 km s−1) 6.0

Note.
a Averaged over the frequential and spatial domain.
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Figure 1. Top: The full ALMA spectrum co v ers 233.42 to 263.04 GHz across four tunings of GHZ2/GLASS-z12. The red and blue fill show the spectrum at 
35 and 150 km s −1 bins, respectively. An emission feature is seen at 258.7 GHz 0 . ′′ 5 north-east of the JWST position extended across ∼0.4 arcsec. Associating 
the line with [O III ] 88 µm, the emission line confirms the spectroscopic redshift of GHZ2/GLASS-z12 to be z = 12.117. Bottom: The atmospheric transmission 
at 0.5 mm precipitable water vapour – similar to the ALMA observing conditions (see Table A1 ) – shows only minor absorption features ( < 10 per cent). The 
four tunings span the redshift range 11.9–13.5, co v ering 98 per cent of the confidence limits predicted from multiple photometric redshift methods (Castellano 
et al. 2022 ; Naidu et al. 2022a ). 
4.1 The [O III ] emission line from GHZ2/GLASS-z12 at z = 
12.117 
We find a moderately-extended 5.8 σ feature at 0 . ′′ 5 north-east of the 
JWST source at ∼258.7 GHz, which we associate with [O III ] 88 µm 
at z = 12.1. At this redshift, the position offset (which is larger than 
the expected absolute astrometric accuracy of < 0 . ′′ 1) corresponds 
to a physical offset of ∼1.5 kpc. The full 30 GHz spectrum at this 
position is shown in Fig. 1 , while a zoomed-in version of the line 
profile can be seen in Fig. 2 . This line feature spatially extends 
across 0 . ′′ 4. Using the EMCEE Monte Carlo fitting tool (Foreman- 
Mackey et al. 2013 ), we extract the line properties, which is centred 
at 258.68 ± 0.03 GHz and has a total v elocity-inte grated line intensity 
of 0.193 ± 0.036 Jy km s −1 , with a line full-width at half-maximum 
of 400 ± 70 km s −1 . The spectroscopic redshift associated with this 
line detection is z = 12.117 ± 0.001 and the line luminosity is 
L [O III ] = 9.0 × 10 8 L % (following Solomon & Vanden Bout 2005 ). 
4.1.1 Observational tests to verify the emission line 
To assess the reliability of this detection, we first check the emission 
across the three independent e x ecutions co v ering this frequenc y 
range (Tuning 3 from Table A1 ). Marginal emission is seen in the 
three dif ferent observ ations (Fig. 2 ), disfa v oring a false-positive 
associated with a single noise spike. Instead, the fact that the 
emission feature is seen across all three tunings further impro v es 
the probability of this being a true line detection. We note that this 
emission lies in the middle of an atmospheric absorption feature, 
which could boost the noise at the frequency of the observed line. 
Nevertheless, the atmospheric transmission is still very high (close 
to ∼90 per cent as shown in the bottom panel of Fig. 2 ) and its effect 
is thus expected to be small. 
4.1.2 Statistical tests to verify the emission line 
We perform an in-depth statistical analysis to estimate the veracity of 
the line emission through a comprehensive Monte Carlo simulation. 

We use a 0.3 arcsec tapered data cube with a velocity sampling at 
150 km s −1 . We normalize the entire data cube to the per-frequency 
standard deviation to account for the inhomogeneous noise-profile of 
the emission due to observational and atmospheric effects. We then 
manually define a square aperture in both x -, y - and frequency pixels. 
Here we mask out a single bright emission line in the north-west of 
the cube associated with a bright foreground galaxy, and proceed to 
take one million samples across the data cube at off-line positions. 
We then fit the relative signal-to-noise distribution of all the one 
million measures with a Gaussian profile, to have an estimate of 
the normalized noise distribution across the whole data cube, taking 
into account the aperture size effects. This would account for any 
coherent noise in the system missed in either direct line fitting or 
2D fitting. As shown in Fig. 3 , the normalized signal-to-noise of our 
signal is 5.8 σ , with no single other aperture matching the emission at 
both positive and negative signal-to-noise, confirming the robustness 
of the line. 

In the Appendix B , we expand upon this analysis in order to in- 
vestigate the wide line-width of the line. There, we try the line fitting 
for different frequency bounds on the aperture. Appendix Fig. B1 
sho ws the ef fect of changing the integration velocities from −450 to 
+ 750 at 150 km s −1 intervals for a total of 36 different integration 
configurations. Even with a 150 km s −1 line velocity, we find a > 5 σ
detection and a total of six such configurations resulting in a line 
significance in excess of 5 σ . 
4.1.3 On the line-width, size, and spatial offset 
The emission line is significant, ho we ver here we note several 
caveats: (1) the line is spatially-offset from the JWST detection. 
(2) The large velocity width is in excess of what is seen for systems 
with stellar masses of ∼10 8 M %. For comparison, Inoue et al. ( 2016 ), 
Laporte et al. ( 2017 ), Laporte et al. ( 2021 ), Hashimoto et al. ( 2018 ), 
Tamura et al. ( 2019 ) report values between 50 and 320 km s −1 . And 
finally, (3) the emission appears spatially more extended than the size 
inferred from the JWST images of GHZ2/GLASS-z12 (Yang et al. 
2022 ). 
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Telescope, JWST, and ALMA will be presented in a
companion paper (I. Yoon et al. in preparation).

5. Discussion

We discuss the implications of the result from our
observation. First, given the lack of a significant (>5σ)
[O III]88μm emission line and thermal dust continuum emission
from the location of GHZ1, we use the upper limit on this
emission line and the continuum emission. Second, we use the
measurement from the tentative emission. Lastly, we discuss
the lessons from nondetection.

5.1. Upper Limit on the [O III] Emission Line

We derive the [O III]88μm luminosity from the velocity-
integrated line flux density (SΔv in Jy km s−1) using

n= ´ D- [ ]L S vD L1.04 10line
3

L
2

obs (Carilli & Walter 2013)
where DL is luminosity distance in Mpc and νobs is observed
frequency in GHz. For the line luminosity, we use the best
photo-z estimate (z= 10.60 corresponding to 292.5 GHz
observing frequency) and assume that the line is observed at
the central frequency (292.5 GHz) of the full frequency range.
The velocity-integrated flux density (SΔv) and the [O III]88μm
luminosity (L[OIII]) are given in Table 2.

Using the 5σ upper limit on [O III]88μm luminosity
(2.06× 108 Le) with assumed 148 km s−1 velocity FWHM
from the Gaussian fit (Figure 2) and the star formation rate
(SFR = -

+10.8 6.1
50.3 Me yr−1) inferred from the galaxy SED

modeling using NIRCam photometry (Castellano et al. 2023),
we present the SFR–L[OIII] relation in Figure 5. The blue and
orange lines with a 1σ colored regions in Figure 5 show the
SFR–L[OIII] relation for low-metallicity dwarf galaxies and

starburst galaxies (De Looze et al. 2014) and the purple dashed
line is the best-fit relation for a handful of high-z galaxies
(Harikane et al. 2020). The 5σ upper limit of GHZ1 is shown
by the blue star symbol with the SFR error bar. The blue “×”
symbol without an associated error bar shows the sum of the
“obscured” IR SFR (using Equation (1) in Hayward et al. 2014)
determined by the IR luminosity output from the SED model
and the “unobscured” UV SFR determined by the UV
luminosity (using Equation (4) in Rosa-González et al. 2002).
For comparison, we also plot the values of GHZ2 (Bakx et al.
2023): 5σ upper limit at the location of GHZ2 in the JWST
image (blue circle) and the 5.8σ detection from 0 5 away from
GHZ2 (red circle) with the SFR error bar.
The [O III]88μm upper limit for GHZ1 follows the SFR–L[OIII]

relation for metal-poor dwarf galaxies. However, given that it is
an upper limit, we cannot rule out a scenario in which GHZ1 is
consistent with the starburst galaxies (orange line in Figure 5),
although it is less likely.

5.2. Upper Limit on Thermal Dust Continuum Emission

Based on the 3σ upper limit of the 292.5 GHz continuum
flux density and the JWST NIRCam photometry at F150W,
F200W, F277W, F356W, and F444W, we create the SED
model of GHZ1 using CIGALE (Boquien et al. 2019), which
computes a self-consistent SED from optical/NIR to FIR based
on the amount of energy absorbed by dust (determined by dust
extinction, AV= RVE(B− V )) and has been used to investigate
the properties of dust in early galaxies (e.g., Burgarella et al.
2020). We adopt the SED parameters (e-folding timescale for
star formation history, stellar population age, stellar mass,
and E(B− V )) based on the NIRCam-only photometry

Figure 3. (a) 225 km s−1 resolution channel map of the line feature associated with [O III]88μm emission at 298.25 GHz observing frequency with –1σ (dashed line),
1σ, 2σ, 3σ, and 4σ contours (left) and JWST F444W NIRCam image of GHZ1 (right). The 4.1σ peak emission (0.31 mJy beam−1) is ≈1.5 ALMA pixels (0 17) away
(to the west) from GHZ1 shown in the JWST NIRCam image (right). (b) FIR continuum map at 292.5 GHz observing frequency with –1σ (dashed line), 1σ, and 2σ
contours. The peak continuum emission (15.6 μJy beam−1) is also ≈1.5 ALMA pixels (0 17) away (to the north) from GHZ1 shown in the JWST NIRCam image
(right).

Table 2
Properties of Line and Continuum Emission

[O III] (225 km s−1 resolution) Continuum

Peak rms aSΔv bSΔv aL[OIII]
bL[OIII] Peak rms aF292.5GHz

bF292.5GHz

(mJy beam−1) (mJy beam−1) (Jy km s−1) (Jy km s−1) (Le) (Le) (μJy beam−1) (μJy beam−1) (μJy) (μJy)

0.31 0.075 0.056 0.078 ± 0.023 2.06 × 108 ´-
+2.83 100.83

0.83 8 15.6 6.0 18.0 6.3 ± 2.8

Notes.
a Based on a 5σ upper limit for the line (with 148 km s−1 FWHM) and a 3σ upper limit for the continuum.
b Based on the tentative line and continuum emission using circular apertures of, respectively, 0 74 and 0 35 radius at the position of peak emission.
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Figure 4. The line associated with GHZ2/GLASS-z12, seen untapered with robust = 2 ( white contours ) and tapered at 0.5 arcsec ( black contours ), drawn at 
±3, 4, 5 σ lev els. The centr al black plus indicates the JWST position. Left: The line emission (moment-0 map) is offset from the JWST -source and appears 
extended. The dashed box indicates the region used for the analysis in Fig. 3 discussed in Section 4.1.2 . Middle left: The velocity gradient (moment-1 map) of 
the line shows little gradient in the velocity profile of the line. Middle Right: The velocity dispersion (moment-2 map) of the line shows an average velocity 
dispersion of 180 km s −1 across the source. Right: No dust emission is seen at the JWST position, nor at the position of the spectral line. 
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Figure 5. A 2 . ′′ 5 × 2 . ′′ 5 JWST /NIRCam composite image of GHZ2/GLASS- 
z12 is shown in the background ( F 150 W in blue , F 277 W in green , and F 444 W 
in red ) along with the dust-continuum signal-to-noise ratio as white contours . 
Since there is no dust continuum emission abo v e ±3 σ , only ±2 σ contours are 
shown. To illustrate the offset and the significance of the tentative emission 
line at z = 12.117, we also plot ±3, 4, and 5 σ levels of the moment-0 map 
(with 0.5 arcsec tapering) across 258.5 to 259.0 GHz as green contours . The 
beam sizes for the (untapered) continuum map and the tapered moment-0 
map are represented by the dark and light ellipses on the bottom left. The 
0 . ′′ 35 aperture used to extract the upper limit at the JWST position is also 
illustrated with a yellow dotted circle. 
seen in any of the resampled spectra with different velocity binnings 
(including velocity offsets) and taperings. 

In order to e v aluate the intrinsic properties of the UV-bright 
component of GHZ2/GLASS-z12, we also estimate an [O III ] line 
luminosity upper limit at the the exact JWST position. We use the 
standard-deviation of the map at each frequency to evaluate the [O III ] 
luminosity upper limit. We find no redshift dependency, although 
the atmospheric windows and instrumental sensitivity slightly vary 
across the spectral windows. The average 5 σ line luminosity upper 

limit across the entire window is estimated to be 1.7 × 10 8 L $
assuming a line velocity of 100 km s −1 and no spatially-extended 
emission. Assuming a wider line-width of 200 km s −1 would increase 
the derived upper upper limit by ∼40 per cent. 
4.3 Search for dust continuum emission 
No dust emission is seen in the collapsed (multifrequency synthesis) 
continuum image down to 13.8 µJy at 3 σ . The lack of dust emission 
provides further credence to the high-redshift solution at z = 12.117. 
Assuming a typical dust thermal emission SED (e.g. Casey 2012 ), 
we derive an upper limit on the dust-obscured star formation of < 2–
5 M $ yr −1 at 3 σ for low-redshift interlopers ( z < 6), depending on the 
galaxy model. Hence, these observations rule out the possibility of a 
low-redshift interloper associated with a dusty star-forming galaxy, 
where the observed break in the NIRCam photometry would be rather 
associated to the Balmer break combined with high-dust attenuation 
(e.g. Zavala et al. 2022 ). 

The dust non-detection is fully consistent with the blue colours and 
multiple JWST detections redwards of the strong Lyman break, which 
also rule out a z ∼ 4 quiescent galaxy. Furthermore, the compact size 
of 0 . 047 ± 0 . 006 kpc (corresponding to 0.17 ± 0.02 kpc at z ∼ 12; 
Yang et al. 2022 ) is much more compatible with a high-redshift 
source than with a one at much lower redshift. The contamination 
from a dwarf star has also been ruled out since dwarf SED templates 
do not provide a good fit to the NIRCam data points, moreo v er the 
source is clearly resolved. Again, this is consistent with a z = 12.117 
identification for GHZ2/GLASS-z12. 
5  DISCUSSION  
5.1 Metallicity and the [O III ]-SFR relation 
Fig. 6 shows the [O III ] emission line and the upper-limit of [O III ] 
emission at the position of GHZ2/GLASS-z12 against the star- 
formation estimate from JWST observations. The line emission and 
the on-source upper-limit from Sections 4.1 and 4.2 are compared 
to local starbursting galaxies (De Looze et al. 2014 ), metal-poor 
galaxies (Cormier et al. 2019 ; Harikane et al. 2020 ), and a reference 
sample of z > 6 Lyman-break selected galaxies from Harikane et al. 
( 2020 ). Below we discuss the interpretation of such measures and 
the derived constraints on the gas-phase metallicity. 
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Figure 1. Top: The full ALMA spectrum co v ers 233.42 to 263.04 GHz across four tunings of GHZ2/GLASS-z12. The red and blue fill show the spectrum at 
35 and 150 km s −1 bins, respectively. An emission feature is seen at 258.7 GHz 0 . ′′ 5 north-east of the JWST position extended across ∼0.4 arcsec. Associating 
the line with [O III ] 88 µm, the emission line confirms the spectroscopic redshift of GHZ2/GLASS-z12 to be z = 12.117. Bottom: The atmospheric transmission 
at 0.5 mm precipitable water vapour – similar to the ALMA observing conditions (see Table A1 ) – shows only minor absorption features ( < 10 per cent). The 
four tunings span the redshift range 11.9–13.5, co v ering 98 per cent of the confidence limits predicted from multiple photometric redshift methods (Castellano 
et al. 2022 ; Naidu et al. 2022a ). 
4.1 The [O III ] emission line from GHZ2/GLASS-z12 at z = 
12.117 
We find a moderately-extended 5.8 σ feature at 0 . ′′ 5 north-east of the 
JWST source at ∼258.7 GHz, which we associate with [O III ] 88 µm 
at z = 12.1. At this redshift, the position offset (which is larger than 
the expected absolute astrometric accuracy of < 0 . ′′ 1) corresponds 
to a physical offset of ∼1.5 kpc. The full 30 GHz spectrum at this 
position is shown in Fig. 1 , while a zoomed-in version of the line 
profile can be seen in Fig. 2 . This line feature spatially extends 
across 0 . ′′ 4. Using the EMCEE Monte Carlo fitting tool (Foreman- 
Mackey et al. 2013 ), we extract the line properties, which is centred 
at 258.68 ± 0.03 GHz and has a total v elocity-inte grated line intensity 
of 0.193 ± 0.036 Jy km s −1 , with a line full-width at half-maximum 
of 400 ± 70 km s −1 . The spectroscopic redshift associated with this 
line detection is z = 12.117 ± 0.001 and the line luminosity is 
L [O III ] = 9.0 × 10 8 L % (following Solomon & Vanden Bout 2005 ). 
4.1.1 Observational tests to verify the emission line 
To assess the reliability of this detection, we first check the emission 
across the three independent e x ecutions co v ering this frequenc y 
range (Tuning 3 from Table A1 ). Marginal emission is seen in the 
three dif ferent observ ations (Fig. 2 ), disfa v oring a false-positive 
associated with a single noise spike. Instead, the fact that the 
emission feature is seen across all three tunings further impro v es 
the probability of this being a true line detection. We note that this 
emission lies in the middle of an atmospheric absorption feature, 
which could boost the noise at the frequency of the observed line. 
Nevertheless, the atmospheric transmission is still very high (close 
to ∼90 per cent as shown in the bottom panel of Fig. 2 ) and its effect 
is thus expected to be small. 
4.1.2 Statistical tests to verify the emission line 
We perform an in-depth statistical analysis to estimate the veracity of 
the line emission through a comprehensive Monte Carlo simulation. 

We use a 0.3 arcsec tapered data cube with a velocity sampling at 
150 km s −1 . We normalize the entire data cube to the per-frequency 
standard deviation to account for the inhomogeneous noise-profile of 
the emission due to observational and atmospheric effects. We then 
manually define a square aperture in both x -, y - and frequency pixels. 
Here we mask out a single bright emission line in the north-west of 
the cube associated with a bright foreground galaxy, and proceed to 
take one million samples across the data cube at off-line positions. 
We then fit the relative signal-to-noise distribution of all the one 
million measures with a Gaussian profile, to have an estimate of 
the normalized noise distribution across the whole data cube, taking 
into account the aperture size effects. This would account for any 
coherent noise in the system missed in either direct line fitting or 
2D fitting. As shown in Fig. 3 , the normalized signal-to-noise of our 
signal is 5.8 σ , with no single other aperture matching the emission at 
both positive and negative signal-to-noise, confirming the robustness 
of the line. 

In the Appendix B , we expand upon this analysis in order to in- 
vestigate the wide line-width of the line. There, we try the line fitting 
for different frequency bounds on the aperture. Appendix Fig. B1 
sho ws the ef fect of changing the integration velocities from −450 to 
+ 750 at 150 km s −1 intervals for a total of 36 different integration 
configurations. Even with a 150 km s −1 line velocity, we find a > 5 σ
detection and a total of six such configurations resulting in a line 
significance in excess of 5 σ . 
4.1.3 On the line-width, size, and spatial offset 
The emission line is significant, ho we ver here we note several 
caveats: (1) the line is spatially-offset from the JWST detection. 
(2) The large velocity width is in excess of what is seen for systems 
with stellar masses of ∼10 8 M %. For comparison, Inoue et al. ( 2016 ), 
Laporte et al. ( 2017 ), Laporte et al. ( 2021 ), Hashimoto et al. ( 2018 ), 
Tamura et al. ( 2019 ) report values between 50 and 320 km s −1 . And 
finally, (3) the emission appears spatially more extended than the size 
inferred from the JWST images of GHZ2/GLASS-z12 (Yang et al. 
2022 ). 
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Figure 4. The line associated with GHZ2/GLASS-z12, seen untapered with robust = 2 ( white contours ) and tapered at 0.5 arcsec ( black contours ), drawn at 
±3, 4, 5 σ lev els. The centr al black plus indicates the JWST position. Left: The line emission (moment-0 map) is offset from the JWST -source and appears 
extended. The dashed box indicates the region used for the analysis in Fig. 3 discussed in Section 4.1.2 . Middle left: The velocity gradient (moment-1 map) of 
the line shows little gradient in the velocity profile of the line. Middle Right: The velocity dispersion (moment-2 map) of the line shows an average velocity 
dispersion of 180 km s −1 across the source. Right: No dust emission is seen at the JWST position, nor at the position of the spectral line. 
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Figure 5. A 2 . ′′ 5 × 2 . ′′ 5 JWST /NIRCam composite image of GHZ2/GLASS- 
z12 is shown in the background ( F 150 W in blue , F 277 W in green , and F 444 W 
in red ) along with the dust-continuum signal-to-noise ratio as white contours . 
Since there is no dust continuum emission abo v e ±3 σ , only ±2 σ contours are 
shown. To illustrate the offset and the significance of the tentative emission 
line at z = 12.117, we also plot ±3, 4, and 5 σ levels of the moment-0 map 
(with 0.5 arcsec tapering) across 258.5 to 259.0 GHz as green contours . The 
beam sizes for the (untapered) continuum map and the tapered moment-0 
map are represented by the dark and light ellipses on the bottom left. The 
0 . ′′ 35 aperture used to extract the upper limit at the JWST position is also 
illustrated with a yellow dotted circle. 
seen in any of the resampled spectra with different velocity binnings 
(including velocity offsets) and taperings. 

In order to e v aluate the intrinsic properties of the UV-bright 
component of GHZ2/GLASS-z12, we also estimate an [O III ] line 
luminosity upper limit at the the exact JWST position. We use the 
standard-deviation of the map at each frequency to evaluate the [O III ] 
luminosity upper limit. We find no redshift dependency, although 
the atmospheric windows and instrumental sensitivity slightly vary 
across the spectral windows. The average 5 σ line luminosity upper 

limit across the entire window is estimated to be 1.7 × 10 8 L $
assuming a line velocity of 100 km s −1 and no spatially-extended 
emission. Assuming a wider line-width of 200 km s −1 would increase 
the derived upper upper limit by ∼40 per cent. 
4.3 Search for dust continuum emission 
No dust emission is seen in the collapsed (multifrequency synthesis) 
continuum image down to 13.8 µJy at 3 σ . The lack of dust emission 
provides further credence to the high-redshift solution at z = 12.117. 
Assuming a typical dust thermal emission SED (e.g. Casey 2012 ), 
we derive an upper limit on the dust-obscured star formation of < 2–
5 M $ yr −1 at 3 σ for low-redshift interlopers ( z < 6), depending on the 
galaxy model. Hence, these observations rule out the possibility of a 
low-redshift interloper associated with a dusty star-forming galaxy, 
where the observed break in the NIRCam photometry would be rather 
associated to the Balmer break combined with high-dust attenuation 
(e.g. Zavala et al. 2022 ). 

The dust non-detection is fully consistent with the blue colours and 
multiple JWST detections redwards of the strong Lyman break, which 
also rule out a z ∼ 4 quiescent galaxy. Furthermore, the compact size 
of 0 . 047 ± 0 . 006 kpc (corresponding to 0.17 ± 0.02 kpc at z ∼ 12; 
Yang et al. 2022 ) is much more compatible with a high-redshift 
source than with a one at much lower redshift. The contamination 
from a dwarf star has also been ruled out since dwarf SED templates 
do not provide a good fit to the NIRCam data points, moreo v er the 
source is clearly resolved. Again, this is consistent with a z = 12.117 
identification for GHZ2/GLASS-z12. 
5  DISCUSSION  
5.1 Metallicity and the [O III ]-SFR relation 
Fig. 6 shows the [O III ] emission line and the upper-limit of [O III ] 
emission at the position of GHZ2/GLASS-z12 against the star- 
formation estimate from JWST observations. The line emission and 
the on-source upper-limit from Sections 4.1 and 4.2 are compared 
to local starbursting galaxies (De Looze et al. 2014 ), metal-poor 
galaxies (Cormier et al. 2019 ; Harikane et al. 2020 ), and a reference 
sample of z > 6 Lyman-break selected galaxies from Harikane et al. 
( 2020 ). Below we discuss the interpretation of such measures and 
the derived constraints on the gas-phase metallicity. 
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Fig. 1. Top row: ALMA spectrum of GLASS-z13. The spectrum was created by extracting the flux density within a circular aperture with a
diameter of 0.5 arcsec around GLASS-z13. The orange bars indicate the spectrum, whereas the grey dashed lines correspond to the 1-� noise limit
of the data. No emission line is detected within the spectrum. Bottom row: 3–� limit on the [O iii] 88 µm luminosity of GLASS-z13 as a function
of redshift if GLASS-z13 is actually at z ⇡ 12�13, but its [O iii] 88 µm luminosity is too faint to have been detected by ALMA. The upper limit on
the [O iii] 88 µm emission was calculated assuming a line width of 100 km s�1, by taking the integrated noise within a window of width 100 km s�1

around the frequency of interest.

a stellar mass of log (Mstar/M�) = 9.1+0.3
�0.4 and 8.1+0.4

�0.1 and a
star formation rate (SFR) of 6+5

�2 and 19.1+13.5
�10.1 M� yr�1, respec-

tively. These di↵erences may be caused by the use of di↵er-
ent SED fitting codes. A further relevant systematic uncertainty
on the derived properties, including the photometric redshift of
GLASS-z13, is the uncertainty in the zero point of the NIRCam
flux calibration (e.g. see Sect. 2.2 in Adams et al. 2022). Spec-
troscopic confirmation is thus necessary to overcome the uncer-
tainties on the photometric redshift.

In this paper I present publicly available Atacama Large Mil-
limeter/submillimeter Array (ALMA) band 6 data taken as part
of a recently approved Director’s Discretionary Time (DDT)
programme (2021.A.00020.S; PI: T. Bakx). The observations
were targeted towards GLASS-z13 with the aim of detecting
the [O iii] 88 µm emission line to obtain a robust spectroscopic
redshift for GLASS-z13. This strategy has successfully been
adopted in the last years to obtain spectroscopic redshifts of
z ⇠ 9 galaxies (e.g. Laporte et al. 2017, 2021; Hashimoto et al.
2018; Tamura et al. 2019) and it has recently been used to search
for [O iii] 88 µm emission from various other JWST-selected z >
10 galaxy candidates (Yoon et al. 2022; Fujimoto et al. 2022).

A similar analysis on GLASS-z13 is furthermore presented in
Bakx et al. (2023). In Sect. 2 I present the ALMA data. I present
the data analysis in Sect. 3 and discuss the findings in Sect. 4. A
summary of the results is presented in Sect. 5. Throughout this
Paper I use a flat ⇤-CDM concordance model (H0 = 70.0 km s�1

Mpc�1 and ⌦M = 0.30).

2. ALMA observations and data reduction

In this paper I use publicly available ALMA band 6 data obtained
as part of project 2021.A.00020.S (PI: T. Bakx) on August 3,
4, and 5, 2022, in configuration C-5. The water vapour during
the observations was in the range PWV = 0.5–1 mm. The data
cover a contiguous frequency range from 233.41 GHz to 263.05
GHz with a spectral resolution of 7812.01 kHz. This frequency
coverage corresponds to [O iii] 88 µm emission at redshifts from
z = 11.9 to z = 13.5.

I make use of calibrated measurement sets restored
using the Common Astronomy Software Applications (CASA,
McMullin et al. 2007 version 6.2.1) package calibration scripts
provided by the ALMA observatory. A spectral cube covering
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Table 1. ALMA DDT Observation & Data Properties for ID4590 at z = 8.496 in SM0723

Target line Band �cent Obs Date Baseline Nant Tint PWV beam �line �cont

(µm) (YYYY-MM-DD) (m) (min) (mm) (00⇥00) (µJy/beam) (µJy/beam)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

[C ii] 158 µm 5 1540 2022-10-17 15.1–629.3 (C3) 44 85.7 0.5 1.35⇥ 1.25 225 11.6

[O iii] 88 µm 7 854 2022-10-14 15.1–629.3 (C3) 44 99.8 0.4 0.71⇥ 0.58 420 20.9

Note— (1) FIR fine-structure atomic cooling line targeted in this program. (2) ALMA Band. (3) Central wavelength corre-
sponding to the central sky frequency in the observation. (4) Observation date. (5) Baseline range. The parenthesis shows the
configuration. (6) Number of antennae. (7) On-source integration time in minutes. (8) Mean precipitable water vapor (PWV)
during the observations. (9) Synthesized beam size (FWHM) in the natural-weighted image. (10–11) Standard deviation of the
pixels. For the cube, we show the value in the channel corresponding to the line frequency in the 20-km s�1 data cube.
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Figure 1. Summary of ALMA DDT observation results. Top: The ALMA dust continuum and velocity-integrated line maps
for the [O iii]88µm (400 ⇥ 400) and [C ii]158µm lines (600 ⇥ 600). The solid (dashed) contours are the 2�, 3�, and 4� (-3� and -2�)
levels. The white bars indicate the target position at the center of the maps, and the ellipse denotes the synthesized ALMA
beam. Bottom: ALMA line spectra, where the middle panel compares their line profiles in the velocity frame, where the zero
velocity is based on z = 8.496 determined by NIRSpec. The spectra are extracted from the mean pixel count within optimized
apertures smaller than the beam size at the source position. The dashed curve shows the best-fit Gaussian. The black bar shows
the best-fit frequency center of the line with the 1� error, and the corresponding redshift and the line width are described in
the label. The red dashed vertical line denotes the expected line frequency based on the redshift of z = 8.496 determined by
NIRSpec.
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Why is [OIII] emission weak?
• low metal
• high gas density
• low ionization parameter

low-metallicity dwarf galaxies (low-Z dwarfs) from de Looze
et al. (2014), and results of z=6–9 galaxies in the literature
(Inoue et al. 2016; Carniani et al. 2017; Laporte et al. 2017a;
Hashimoto et al. 2018, 2019a; Tamura et al. 2019),
summarized in Table 2. The [O III] luminosities of our targets
are comparable to or higher than the relation for the low-
metallicity dwarf galaxies of de Looze et al. (2014). Other
z=6–9 galaxies are comparable to either of the local relations.
The z=6–9 galaxies do not show any deficit relative to the
local L O III[ ]–SFR relations unlike the [C II] case. In the left
panel of Figure 4, we plot the following fitting function for the
results of z=6–9 galaxies as the red dashed line:

= ´ +-L L Mlog 0.97 log SFR yr 7.4. 4O III
1( [ ]) ( [ ]) ( )[ ]  

The right panel of Figure 4 displays the [C II] luminosities as
a function of the SFR. We also plot relations for z∼0 galaxies
and results for z=5–9 galaxies in the literature summarized in
Table 2. In contrast to the [O III] luminosities, all of our targets
are located below the L C II[ ]–SFR relation of z∼0 low-
metallicity dwarf galaxies. We find that J1211-0118 and J0217-
0208 follow the relation for z∼0 starburst galaxies, and the
[C II] luminosity of J0235-0532 is 0.3 dex lower than that
relation. The relatively low [C II] luminosity of J0235-0532
with the strong Lyα emission ( =aEW 41Ly

0 Å) is consistent
with the anticorrelation between L SFRCII[ ] and aEWLy

0

reported in Harikane et al. (2018b). The red dashed line in
the right panel of Figure 4 is the fitting function for the results
of z=6–9 galaxies:

= ´ +-L L Mlog 1.6 log SFR yr 6.0, 5C II
1( [ ]) ( [ ]) ( )[ ]  

which is comparable to a fitting function for a combination of
the ALMA Large Program to INvestigate C+ at Early Times
(ALPINE) data at z=4–6 and z∼6−9 galaxies in (Schaerer
et al. 2020, the orange dotted line in Figure 4 right).

4.3. L LO III C II[ ] [ ] Ratios

We plot the [O III]/[C II] luminosity ratio as a function of the
SFR and the bolometric luminosities in Figure 5, following
previous studies (Hashimoto et al. 2019a, 2019b; Laporte et al.
2019; Bakx et al. 2020). We also plot results of z=6–9
galaxies in the literature and local galaxies studied in the Dwarf
Galaxy Survey (Madden et al. 2013; de Looze et al. 2014;
Cormier et al. 2015) and the Great Observatories All-sky LIRG
Survey (GOALS; Howell et al. 2010; Díaz-Santos et al. 2017).
We find that our targets and other z=6–9 galaxies show
systematically higher [O III]/[C II] ratios compared to local
galaxies, which is consistent with previous results (Inoue et al.
2016; Laporte et al. 2019). In Figure 5, we plot the following
fitting functions for the results of z=6–9 galaxies as the red
dashed lines:

= - ´ +-L L Mlog 0.20 log SFR yr 1.3,
6

O III C II
1( ) ( [ ])

( )
[ ] [ ] 

= - ´ +L L L Llog 0.59 log 7.7. 7O III C II bol( ) ( [ ]) ( )[ ] [ ] 

We will discuss the origin of the high [O III]/[C II] ratios in
Section 6.1.

4.4. Velocity Fields

We investigate kinematic properties of our targets using
[C II] emission, which are detected with high signal to noise
ratios and are spatially well resolved in J1211-0118 and J0217-
0208. With the CASA task immoments, we create flux-
weighted velocity (i.e., moment 1) maps and velocity
dispersion (i.e., moment 2) maps of [C II] emission of our
targets. We only use pixels with >2σ detections. Figure 6
shows the velocity and dispersion maps. The [C II] velocity
map of J1211-0118 clearly shows a ∼220 km s−1 velocity
gradient. We also identify a gradient of ∼250 km s−1 in J0217-
0208. The velocity dispersions (s FWHM 2.35tot  ) are ∼70,

Figure 4. (Left panel) [O III]88 μm luminosities as a function of the SFR. The red diamonds represent our targets at z∼6, and the red circles are other z=6–9 LBGs
and LAEs in the literature (see Table 2). The red dashed line is the fitting function for the z=6–9 galaxies (see text). The blue and green lines denote relations for
z∼0 low-metallicity dwarf galaxies (“low-Z dwarfs”) and starburst galaxies (“local SBs”) from de Looze et al. (2014), respectively. The shades correspond to the 1σ
dispersion of the relations. (Right panel) Same as the left panel, but for [C II]158 μm luminosities. The red circles are z=5–9 LBGs and LAEs in the literature (see
Table 2). The orange dotted line is a fitting function in Schaerer et al. (2020) for ALPINE sample at z=4–6 and z∼6−9 galaxies (their Figure 6).
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Figure 3. Stellar, gas pressure, ionisation parameter, and [O III] 88µm emission maps for two serra galaxies with extremely
low (Lycoris radiata, upper panels) or high (Amaryllis, bottom) ionisation parameters. Both systems are at z = 11.5 and have
similar SFR and M? (see text). Lycoris radiata is 20⇥ fainter in [O III] due to its very low Uion.

highly pressurized as a result of the higher gas veloc-
ity dispersion. Fig. 3 shows that the pressure within
star-forming clumps is high, P ⇡ 107.5Kcm�3, in both
systems. As a consequence, clumps are more resistant
to dispersal induced by stellar feedback, have longer life-
times ( >⇠ 10 Myr), and star formation remains embed-
ded for a longer time (Behrens et al. 2018; Sommovigo
et al. 2020). These high-density (n ⇡ 103 cm�3) star-
forming regions are characterized by Uion ⇡ 10�5, which
implies very low [O III] emission (Fig. 2). Also, ionising
photons are trapped inside the clumps and produce a
super-compact H II region.
While in Lycoris radiata stars are almost exclusively

located within high-density clumps, reflecting an ear-
lier assembly stage in which stars are very young and
still embedded, Amaryllis has managed to build a well-
developed disk structure, within which many star clus-
ters have dispersed their natal cloud, ionised the low-
density ISM, and produce a high Uion. This di↵erence
can be seen from the much more extended distribution
of stars with respect to clumps in Amaryllis. Thus, it
is the ability to disperse natal clouds that ultimately
determines the value of Uion and the [OIII] luminosity.

5. SUMMARY

To confirm the redshift of JWST detected super-early
(z > 10) galaxies, ALMA DDT observations have been
designed aiming to detect the FIR [O III] 88µm emis-

sion line, supposing that these galaxies would follow the
local metal-poor L[OIII] � SFR relation. Such follow-up
observations have been unsuccessful so far. Here, we
have used the serra suite of simulations of z = 11� 14
galaxies to explain such non-detections. We find that:

⌅ Galaxies with SFR similar to JWST-detected
sources span more than two orders of magnitude
in L[OIII]; most of them are fainter than expected
from the z = 0 metal-poor galaxies’ relation.

⌅ The most luminous galaxy in our sample
(log(L[OIII]/L�) = 8.4, FWHM= 130 km s�1)
could be detected in 2.8 hrs on-source, which is
slightly longer than the integration times (⇡ 2
hrs/tuning) used by ALMA DDT programs so far.

⌅ Galaxies with the largest downward deviations
from the local metal-poor relation have low ion-
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in an early assembly stage, as most of their stars
are still embedded in high-density natal clouds,
and their ionizing photons are trapped in ultra-
compact H II regions.
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Table 1. ALMA DDT Observation & Data Properties for ID4590 at z = 8.496 in SM0723

Target line Band �cent Obs Date Baseline Nant Tint PWV beam �line �cont

(µm) (YYYY-MM-DD) (m) (min) (mm) (00⇥00) (µJy/beam) (µJy/beam)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

[C ii] 158 µm 5 1540 2022-10-17 15.1–629.3 (C3) 44 85.7 0.5 1.35⇥ 1.25 225 11.6

[O iii] 88 µm 7 854 2022-10-14 15.1–629.3 (C3) 44 99.8 0.4 0.71⇥ 0.58 420 20.9

Note— (1) FIR fine-structure atomic cooling line targeted in this program. (2) ALMA Band. (3) Central wavelength corre-
sponding to the central sky frequency in the observation. (4) Observation date. (5) Baseline range. The parenthesis shows the
configuration. (6) Number of antennae. (7) On-source integration time in minutes. (8) Mean precipitable water vapor (PWV)
during the observations. (9) Synthesized beam size (FWHM) in the natural-weighted image. (10–11) Standard deviation of the
pixels. For the cube, we show the value in the channel corresponding to the line frequency in the 20-km s�1 data cube.
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Figure 1. Summary of ALMA DDT observation results. Top: The ALMA dust continuum and velocity-integrated line maps
for the [O iii]88µm (400 ⇥ 400) and [C ii]158µm lines (600 ⇥ 600). The solid (dashed) contours are the 2�, 3�, and 4� (-3� and -2�)
levels. The white bars indicate the target position at the center of the maps, and the ellipse denotes the synthesized ALMA
beam. Bottom: ALMA line spectra, where the middle panel compares their line profiles in the velocity frame, where the zero
velocity is based on z = 8.496 determined by NIRSpec. The spectra are extracted from the mean pixel count within optimized
apertures smaller than the beam size at the source position. The dashed curve shows the best-fit Gaussian. The black bar shows
the best-fit frequency center of the line with the 1� error, and the corresponding redshift and the line width are described in
the label. The red dashed vertical line denotes the expected line frequency based on the redshift of z = 8.496 determined by
NIRSpec.
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Figure 5. Electron density ne measurement for ID4590 via the [O iii]88µm/�5007 line ratio enabled by JWST and ALMA.
In both panels, the red circles denote ID4590. Left: Line ratio as a function of electron temperature Te with di↵erent ne

assumptions, calculated with the nebular emission code PyNeb. The green shade presents the 1� range of the ne estimate for
ID4590. Right: Redshift evolution of ne. The green square is the measurement for a dusty star-forming galaxy at z = 7.13
(Watson et al. 2015; Killi et al. 2022), and the black symbols are the measurements at z ⇠0–3 taken from literature (Steidel
et al. 2014; Sanders et al. 2016; Stott et al. 2016; Kaasinen et al. 2017; Davies et al. 2021).

Owing to the same species and ionized state
with di↵erent critical densities, the line ratio of
[O iii]88µm/[O iii]�5007 is regulated by the electron
density ne and temperature Te. In the left panel of Fig-
ure 5, we show the line ratio of [O iii]88µm/[O iii]�5007
as a function of Te with di↵erent assumptions for the
electron density ne, drawn by using the nebular emission
code PyNeb13. The relations show monotonic decreasing
functions towards the increase of Te or ne. This indicates
that we can evaluate ne with a secure Te measurement
(or vice versa – evaluate Te with a secure ne measure-
ment).
The NIRSpec observations successfully detect the

multiple nebular emission lines from ID4590 in rest-
frame UV to optical wavelength, including [O iii]�5007
and [O iii]�4363, which provides us with the robust mea-
sure of Te (e.g., Schaerer et al. 2022; Curti et al. 2022;
Trump et al. 2022; Heintz et al. submitted; Nakajima
et al. in prep.). In conjunction with the secure Te mea-
surement and our ALMA measurements (Section 3.2),
we derive the [O iii]88µm/�5007 line ratio for ID4590,
and the red circle in the left panel of Figure 5 shows
the relation. Based on the 1� uncertainties, we evaluate
ne = 220+170

�100
cm�3.

13
http://research.iac.es/proyecto/PyNeb//

The ne value has been typically measured by us-
ing density-sensitive line ratios such as [S ii]6716/6731,
[O ii]3729/3726, and C iii]1907/1909 (e.g., Kewley et al.
2019). Previous spectroscopic surveys have found the
presence of the redshift evolution of ne: the typical ne in
local galaxies has increased from ne ' 30 cm�3 at z ⇠ 0
(e.g., Herrera-Camus et al. 2016) to ne '100–200 cm�3

at z ⇠ 1.5 (e.g., Kaasinen et al. 2017; Kashino et al.
2017), and to ne ' 200–300 cm�3 at z ⇠ 2–3 (Steidel
et al. 2014; Sanders et al. 2016; Davies et al. 2021).
Because of the required high spectral resolution and

subsequently high sensitivity to resolve those rest-frame
UV and optical doublet lines, the results have been lim-
ited at z . 3, while recent rest-frame FIR observations
have been exploring the ne measurement even out to
the EoR. By using a FIR fine-structure line ratio of
[O iii]52µm and [O iii]88µm detected with ALMA, Killi
et al. (2022) estimate ne < 260 cm�3 in a dusty lensed
star-forming galaxy at z = 7.13, A1689-zD1 (Watson
et al. 2015). Our measurement of a high electron den-
sity provides a new determination of ne at EoR and is
consistent with the results in A1689-zD1. For several
z ⇠ 6–9 galaxies with the [O iii]88µm and [C ii]158µm
line measurements, Vallini et al. (2021) show that their
gas density ngas generally fall within ' 100–1000 cm�3

by advancing analytical models for these FIR emission
lines (Ferrara et al. 2019; Vallini et al. 2020). Although
systematic uncertainties remain in this approach due to

high electron density (ne~200 cm-3)
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exclusive spatial distributions are expected between cold dust
and UV-origin emission (UV continuum and the [O III] line),
because rest-frame FIR dust emission predominantly traces the
cold neutral/molecular phase whereas UV-origin emission
does the warm ionized medium. This means that their spatial
distributions in three-dimensional space are anticorrelated on a
certain characteristic scale. If, on that spatial scale, relative
positions of dust and UV-origin emission can be regarded to be
statistically random, their projected (two-dimensional) distribu-
tions on the plane of the sky will erase the correlation signal,
resulting in no correlation. Here, an angular cross-correlation

coefficient is employed to evaluate the spatial scale at which
the correlation drops out to zero.
The angular cross-correlation coefficient is expressed as
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where Ii(x) is the brightness of the ith image (i= 1, 2) at the on-
sky position x, and [ ] is the Fourier transform operator
(e.g., Moriwaki et al. 2019). In general, r12 is a complex
function of a two-dimensional spatial frequency u. We evaluate

Figure 5. The delensed three-color image of MACS0416_Y1 (top) composed of dust (bottom-left), [O III] 88 μm (bottom-center), and the rest-frame UV continuum
(bottom-right). The effective angular resolution is represented by the filled ellipse at the bottom-left corner of each of the bottom panels. The scale bar on the top and
bottom-right panels indicates the 300 pc and 1 kpc scale on the source plane, respectively. The contours are drawn at ±(1, 2, 3, K) × σ, where σ = 3.7 μ Jy beam−1

and 11 mJy beam−1 km s−1 for the dust and [O III] images, respectively.
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Appendix A
Dropout Catalog

Table 1 presents the full list of dropouts selected in this
work. The last four F150W dropouts have colors consistent
with being old galaxies at 3 z 8.

Figure 5. Image stamps (2 4 × 2 4 in size, 60 mas pixels) of five peculiar dropouts. Four of them are F200W dropouts while one is an F150W dropout. Their IDs are
labeled. The labeled magnitudes in F200W or F356W are those in the corresponding bands. The one in the top row is the second-brightest in the entire sample, and has
a close neighbor that is at a low redshift (see also Figure 4). The middle row shows two F200W dropouts that are very close neighbors but are very different in
brightness and color. The bottom row shows a bright system that is made of an F150W dropout and an F200W dropout.
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m444= 23.25 and is the second-brightest object in our
entire dropout sample. Its location in color space (Figure 1)
is consistent with either the mid-z old galaxy track at z≈ 8
or the dusty maximally old track at z≈ 11.

2. F200D_JWIDF_M05 and H06. These two objects are
separated by only 0 88 but differ in brightness and color.
H06 is bright, with m356= 26.17 and m444= 26.31. M05
is even brighter, with m356= 24.03 and m444= 23.95.

Figure 2. Image stamps of seven of the eight F150W dropouts (with short IDs noted) in the HST ACS F814W and four JWST NIRCam bands (from left to right). The
eighth is shown in Figure 5. The images are 2 4 × 2 4 in size, have 60 mas pixels, and are oriented north-up and east-left. The dropouts are centered on the images
and are indicated by red circles (0 5 radius). F150D_H19 has a close neighbor that is unrelated, and an arrow is used to indicate the dropout to avoid confusion. The
numbers shown on the F200W images are their magnitudes in this band (m200). The last three objects are among the four that are close to the mid-z old galaxy tracks in
Figure 1, and the question marks are to indicate that they might be contaminants by these diagnostics. F150D_H12, H14, and H07 are compact, and the last panels
show the 2D Gaussian profile fits to their light distributions in F356W. H14 is consistent with being a point source.
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R. A. Meyer et al.: NOEMA reveals the true nature of luminous red JWST z > 10 galaxy candidates

Fig. 1. NOEMA continuum images (top row: 236 GHz,bottom row: 252 GHz)) of the red 1.5-2.0 µ m dropouts selected from the PEARLS data
in Yan et al. (2023a, indicated with cyan symbols). The full contours indicate the (3, 6, 9, 15)� level, where � is the rms noise in the images. The
dashed contours show the �3� level. The red dashed circle shows a r = 200 aperture.

Table 1. Observed photometry of the PEARLS targets studied in this work. The measured HST and JWST photometry is reproduced from Yan
et al. (2023a) for completeness. Upper limits are given at the 2� level.

ID mF814W [AB] mF150W [AB] mF200W [AB] mF356W [AB] mF444W [AB] f252 GHz [mJy] f236 GHz [mJy]

F150D_JWIDF_E01 > 28.47 26.28 ± 0.29 25.07 ± 0.08 23.83 ± 0.01 23.27 ± 0.01 0.60 ± 0.22 0.52 ± 0.18

F150D_JWIDF_H17 > 28.47 26.86 ± 0.48 25.64 ± 0.14 24.51 ± 0.02 24.01 ± 0.01 1.34 ± 0.08 1.08 ± 0.07

F200D_JWIDF_H08 > 28.47 > 28.61 28.23 ± 0.35 26.27 ± 0.02 25.53 ± 0.01 0.60 ± 0.22 0.52 ± 0.18

F200D_JWIDF_M03 > 28.47 > 27.45 26.55 ± 0.21 24.05 ± 0.01 23.26 ± 0.01 0.75 ± 0.07 0.62 ± 0.06

BAGPIPES: We use the latest version of BAGPIPES (Car-
nall et al. 2018) with a delayed star-formation history (0.1 <
⌧/[Gyr] < 10), a Calzetti et al. (2000) dust attenuation with
0 < Av < 8, nebular line emission with �4 < log U < �2, metal-
licities spanning 0 � 2.5 Z�.BAGPIPES uses Bruzual & Charlot
(2003) SSP models with a ? IMF, and we use a fixed metallic-
ity Z = 0.02, matching that used in CIGALE. As BAGPIPES
does not include a special treatment of non-detections, we set
the fluxes of upper limits to 0 and use the 1� upper limit as the
error when fitting the spectra.

Prospector: We run Prospector using a uniform redshift prior
0.1 < z < 20 and a delayed-tau SFH history. The physical
parameters priors follow the choices of (Tacchella et al. 2022)
for, e.g., the gas and stellar metallicity, dust properties, nebular
emission parameters (see further Table 1 and 3.4 of Tacchella
et al. (2022)), except for the dust extinction AV where we use a
uniform prior 0 < AV < 8 to match that used for the BAGPIPES
and CIGALE runs above.

We fit the photometry of each object (see Table 1) with and
without our NOEMA 1mm constraints. We show in Figure 2

the best-fit SEDs and the posterior redshift distributions. The
first result is that a majority of the codes, in the absence of FIR
constraints, either prefer a high-redshift (z > 6) solution, or
allow one (with a z > 10 solution peaking at least at half the
likelihood of the intermediate redshift solution). The notable
exception is EAZY using the new blue_shfz_13 templates
which consistently prefers the lower redshift solution, although
the posterior redshift distribution for F150W dropouts still
contains solutions at z > 10. The di↵erent performance of
the blue_shfz_13 templates can be explained by the inferred
rest-frame UV slopes of our targets if they would be at z > 10.
To derive the inferred rest-frame UV � slopes, we fit the
rest-frame UV (1265 � 2580Å) of all the BAGPIPES z > 10
models with a powerlaw f� / ��. We find UV slopes for the
z > 10 solutions � = 0.13+0.11

�0.13,�0.12+0.17
�0.16, 1.28+0.21

�0.36, 1.44+0.12
�0.12,

for F150D_JWIDF_E01, F150D_JWIDF_H17,
F200D_JWIDF_H08 and F200D_JWIDF_M03, respec-
tively. These � values are much higher than that the typical
�3 . � . �1 measured in confirmed z > 10 galaxies (e.g.
Bunker et al. 2023b; Curtis-Lake et al. 2023). The absence of
extremely red templates at high-redshift in the blue_shfz_13 set
therefore explains the lower photometric redshift solutions for
this particular EAZY run.
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Table 1. Observed photometry of the PEARLS targets studied in this work. The measured HST and JWST photometry is reproduced from Yan
et al. (2023a) for completeness. Upper limits are given at the 2� level.

ID mF814W [AB] mF150W [AB] mF200W [AB] mF356W [AB] mF444W [AB] f252 GHz [mJy] f236 GHz [mJy]

F150D_JWIDF_E01 > 28.47 26.28 ± 0.29 25.07 ± 0.08 23.83 ± 0.01 23.27 ± 0.01 0.60 ± 0.22 0.52 ± 0.18
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BAGPIPES: We use the latest version of BAGPIPES (Car-
nall et al. 2018) with a delayed star-formation history (0.1 <
⌧/[Gyr] < 10), a Calzetti et al. (2000) dust attenuation with
0 < Av < 8, nebular line emission with �4 < log U < �2, metal-
licities spanning 0 � 2.5 Z�.BAGPIPES uses Bruzual & Charlot
(2003) SSP models with a ? IMF, and we use a fixed metallic-
ity Z = 0.02, matching that used in CIGALE. As BAGPIPES
does not include a special treatment of non-detections, we set
the fluxes of upper limits to 0 and use the 1� upper limit as the
error when fitting the spectra.

Prospector: We run Prospector using a uniform redshift prior
0.1 < z < 20 and a delayed-tau SFH history. The physical
parameters priors follow the choices of (Tacchella et al. 2022)
for, e.g., the gas and stellar metallicity, dust properties, nebular
emission parameters (see further Table 1 and 3.4 of Tacchella
et al. (2022)), except for the dust extinction AV where we use a
uniform prior 0 < AV < 8 to match that used for the BAGPIPES
and CIGALE runs above.

We fit the photometry of each object (see Table 1) with and
without our NOEMA 1mm constraints. We show in Figure 2

the best-fit SEDs and the posterior redshift distributions. The
first result is that a majority of the codes, in the absence of FIR
constraints, either prefer a high-redshift (z > 6) solution, or
allow one (with a z > 10 solution peaking at least at half the
likelihood of the intermediate redshift solution). The notable
exception is EAZY using the new blue_shfz_13 templates
which consistently prefers the lower redshift solution, although
the posterior redshift distribution for F150W dropouts still
contains solutions at z > 10. The di↵erent performance of
the blue_shfz_13 templates can be explained by the inferred
rest-frame UV slopes of our targets if they would be at z > 10.
To derive the inferred rest-frame UV � slopes, we fit the
rest-frame UV (1265 � 2580Å) of all the BAGPIPES z > 10
models with a powerlaw f� / ��. We find UV slopes for the
z > 10 solutions � = 0.13+0.11

�0.13,�0.12+0.17
�0.16, 1.28+0.21

�0.36, 1.44+0.12
�0.12,

for F150D_JWIDF_E01, F150D_JWIDF_H17,
F200D_JWIDF_H08 and F200D_JWIDF_M03, respec-
tively. These � values are much higher than that the typical
�3 . � . �1 measured in confirmed z > 10 galaxies (e.g.
Bunker et al. 2023b; Curtis-Lake et al. 2023). The absence of
extremely red templates at high-redshift in the blue_shfz_13 set
therefore explains the lower photometric redshift solutions for
this particular EAZY run.
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Fig. 1. NOEMA continuum images (top row: 236 GHz,bottom row: 252 GHz)) of the red 1.5-2.0 µ m dropouts selected from the PEARLS data
in Yan et al. (2023a, indicated with cyan symbols). The full contours indicate the (3, 6, 9, 15)� level, where � is the rms noise in the images. The
dashed contours show the �3� level. The red dashed circle shows a r = 200 aperture.

Table 1. Observed photometry of the PEARLS targets studied in this work. The measured HST and JWST photometry is reproduced from Yan
et al. (2023a) for completeness. Upper limits are given at the 2� level.

ID mF814W [AB] mF150W [AB] mF200W [AB] mF356W [AB] mF444W [AB] f252 GHz [mJy] f236 GHz [mJy]

F150D_JWIDF_E01 > 28.47 26.28 ± 0.29 25.07 ± 0.08 23.83 ± 0.01 23.27 ± 0.01 0.60 ± 0.22 0.52 ± 0.18

F150D_JWIDF_H17 > 28.47 26.86 ± 0.48 25.64 ± 0.14 24.51 ± 0.02 24.01 ± 0.01 1.34 ± 0.08 1.08 ± 0.07

F200D_JWIDF_H08 > 28.47 > 28.61 28.23 ± 0.35 26.27 ± 0.02 25.53 ± 0.01 0.60 ± 0.22 0.52 ± 0.18

F200D_JWIDF_M03 > 28.47 > 27.45 26.55 ± 0.21 24.05 ± 0.01 23.26 ± 0.01 0.75 ± 0.07 0.62 ± 0.06

BAGPIPES: We use the latest version of BAGPIPES (Car-
nall et al. 2018) with a delayed star-formation history (0.1 <
⌧/[Gyr] < 10), a Calzetti et al. (2000) dust attenuation with
0 < Av < 8, nebular line emission with �4 < log U < �2, metal-
licities spanning 0 � 2.5 Z�.BAGPIPES uses Bruzual & Charlot
(2003) SSP models with a ? IMF, and we use a fixed metallic-
ity Z = 0.02, matching that used in CIGALE. As BAGPIPES
does not include a special treatment of non-detections, we set
the fluxes of upper limits to 0 and use the 1� upper limit as the
error when fitting the spectra.

Prospector: We run Prospector using a uniform redshift prior
0.1 < z < 20 and a delayed-tau SFH history. The physical
parameters priors follow the choices of (Tacchella et al. 2022)
for, e.g., the gas and stellar metallicity, dust properties, nebular
emission parameters (see further Table 1 and 3.4 of Tacchella
et al. (2022)), except for the dust extinction AV where we use a
uniform prior 0 < AV < 8 to match that used for the BAGPIPES
and CIGALE runs above.

We fit the photometry of each object (see Table 1) with and
without our NOEMA 1mm constraints. We show in Figure 2

the best-fit SEDs and the posterior redshift distributions. The
first result is that a majority of the codes, in the absence of FIR
constraints, either prefer a high-redshift (z > 6) solution, or
allow one (with a z > 10 solution peaking at least at half the
likelihood of the intermediate redshift solution). The notable
exception is EAZY using the new blue_shfz_13 templates
which consistently prefers the lower redshift solution, although
the posterior redshift distribution for F150W dropouts still
contains solutions at z > 10. The di↵erent performance of
the blue_shfz_13 templates can be explained by the inferred
rest-frame UV slopes of our targets if they would be at z > 10.
To derive the inferred rest-frame UV � slopes, we fit the
rest-frame UV (1265 � 2580Å) of all the BAGPIPES z > 10
models with a powerlaw f� / ��. We find UV slopes for the
z > 10 solutions � = 0.13+0.11

�0.13,�0.12+0.17
�0.16, 1.28+0.21

�0.36, 1.44+0.12
�0.12,

for F150D_JWIDF_E01, F150D_JWIDF_H17,
F200D_JWIDF_H08 and F200D_JWIDF_M03, respec-
tively. These � values are much higher than that the typical
�3 . � . �1 measured in confirmed z > 10 galaxies (e.g.
Bunker et al. 2023b; Curtis-Lake et al. 2023). The absence of
extremely red templates at high-redshift in the blue_shfz_13 set
therefore explains the lower photometric redshift solutions for
this particular EAZY run.
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Fig. 2. Right panels: Best-fit SED and posterior redshift distributions of the four red 1.5-2.0 µm dropouts studied in this work. In the absence
of FIR constraints, the four JWST bands and the one HST (black squares and limits) band cannot constrain the redshift distribution and allow or
prefer a z > 10 for most sources and codes (middle panels). The addition of the FIR constraints (red circles) break the degeneracies and clearly
reveal the z ⇠ 2 � 4 nature of these sources (left panels). Upper limits are shown at the two � level.
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The galaxy–halo assembly correlation 3155

Figure 12. Left-hand panel: best-fitting scatter in stellar mass at fixed Mpeak, split for central and satellite galaxies at z = 0, compared with the results for
central galaxies in Reddick et al. (2013). Right-hand panel: best-fitting scatter in stellar mass at fixed peak halo mass (Mpeak) for central galaxies as a function
of Mpeak and z. Error bars and shaded regions in both panels show the 68 per cent confidence interval for the model posterior distribution.

Figure 13. Left-hand panel: average star formation rates in galaxies as a function of halo mass and redshift. Right-hand panel: average star-forming fractions
as a function of halo mass and redshift. The purple line marks the predicted transition in Dekel & Birnboim (2006) between cold flows reaching the central
galaxy (below the line) and not reaching it due to shock heating (above the line). In both panels, white lines mark median halo growth trajectories, and the
grey region marks where no haloes are expected to exist in the observable Universe. A robust upturn in the star-forming fraction to higher redshifts is visible
(Section 4.3).

Figure 14. Left-hand panel: formal model uncertainty (half of the 16th−84th percentile range) in average galaxy SFRs (Fig. 13, left-hand panel). Right-hand
panel: formal model uncertainty (half of the 16th−84th percentile range) in average galaxy star-forming fractions (Fig. 13, right-hand panel).
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初代銀河の誕生

巨大銀河の形成
ハローの成長史と星形成銀河の割合

巨大銀河の進化 ⇄ 初代銀河の進化

transition (empirical)
quiescent

⇧
star-forming

現在の最遠方銀河
z=11-12, logM*~9

(Arrabal Haro et al. 2023,
Bunker et al. 2023)
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Figure 1 | Example images and UV-to-NIR SEDs of H-dropouts. Top three rows, images of five H-dropouts obtained in three di↵erent spectral bands-HST/F160W
(top row), IRAC 4.5 µm (second row), and ALMA 870 µm (third row). The H-dropouts, named in the top row, were selected randomly from the parent sample, with
all but the last one (COS-27392) detected with ALMA. Each image is 1200 ⇥ 1200; see scale bar in bottom right image. Bottom row, the measured UV-to-NIR SED
(squares) and best-fit stellar population synthesis models (red lines). The error bars are 1 �. The filled and open squares indicate photometric points with measured
signal-to-noise ratio (S/N) above and below 3, respectively.

the non-detections at 24 µm (5� detection limit of 20 µJy) for most
of the sources implies red S 870 µm/S 24µm colors that are also consistent
with z > 3 assuming typical SED templates 14. We hence conclude
that whereas the estimated redshifts for individual galaxies exhibit a
large uncertainty, all the available data points to the ALMA-detected
H-dropouts being massive, dusty star-forming galaxies at z > 3.

For the remaining approximately 40% of H-dropouts that are not
detected with ALMA, photometric redshift estimates based on their
optical SEDs suggest a similar redshift distribution to that of ALMA-
detected ones, with zmedian = 3.8(Extended Data Figure 2). Their
stacked ALMA 870 µm image yields a 6� detection with S 870µm =

0.24 ± 0.04 mJy, approximately 8 times lower than that of ALMA-
detected ones, suggesting lower specific SFRs compared to ALMA-
detected ones, which is also confirmed by a full fitting of the stacked
optical-to-IR SEDs (Extended Data Fig. 5).

Spectroscopic confirmation of H-dropouts has been so far lim-
ited to a few sources, which are all found at z > 3. Most of
these confirmed cases are extreme SMGs with S 870µm & 10 mJy, for
example 2.,HDF � 850atz = 5.18. An H-dropout galaxy with submil-
limeter flux similar to that of our sample (S 744µm = 2.3 ± 0.1 mJy)
has been recently confirmed 15 to be at z = 3.709: it was discovered
serendipitously near a quiescent galaxy at the same redshift 6. By tar-
geting 3 H-dropouts in our sample that show significant excess (> 4�,
Methods) in Subaru medium bands in the optical (⇠ 3500-6000 Å) with
VLT/X-shooter, we have successfully detected Lyman-↵ for two of
them and confirmed their redshifts to be z > 3 (z = 3.097 and z = 5.113,
Extended Data Fig. 6). These spectroscopic redshifts (zspec are in good
agreement with their photometric redshift (zphot) based on UV-to-NIR
SED fitting, with ��z/(1+zspec) ⇠ 0.1.

Having established that most of the H-dropouts are massive galax-
ies at z > 3, we now derive their contribution to the cosmic SFR density
and stellar mass function. Whereas populations of similarly red galaxy

Figure 2 | Stellar masses and star formation rates of H-dropouts. The red
filled and open circles represent respectively the ALMA-detected and ALMA-
undetected H�dropouts. For comparison, a sample of LBGs at z = 4 � 6 from the
ZFOURGE survey 22 and bright z > 3 SMGs (S 870µm > 4.2 mJy) from the ALESS
survey are also shown 23. The stellar masses for the ALESS SMGs are reduced by
0.3 dex to account for the systematic di↵erences caused by the di↵erent methods
used in mass estimation. The grey solid and dashed lines indicate respectively the
star-forming main sequence (MS) at z = 4 and its 1� scatter 24. The SFRs for
ALMA-detected H-dropouts are derived from the 870-µm fluxes assuming their
intrinsic far-infrared SED resembles that of the stacked one. Error bars are 1�.
The SFRs for ALMA-undetected H-dropouts are derived from UV-to-NIR SED
fitting with an additional constraint of SFR > 1 M� yr�1, for which error bars
represent the 16th and 84th percentiles of the distribution obtained in the Monte
Carlo simulations (Methods), the same as that for stellar mass estimates.

2

Figure 3 | Contribution of H-dropouts to the cosmic SFR density and the stellar mass function. a: Plot of cosmic star-formation-rate density,  , versus redshift z.
The black line indicates the current known total cosmic star-formation history, which is based on LBGs at z & 4 (’All LBGs’, blue open triangles 17). Red filed circles
(’Massive H-dropouts’), ALMA-detected H-dropouts with M⇤ > 1010.3 M�. Purple fileld pentagons, the ALESS SMGs (S 870µm > 4.2 mJy) 12, whose contribution
to the SFR density peaks at z ⇡ 2.5. Blue filled triangles (’Massive LBGs’), the SFR density (based on dust-corrected UV) for the brightest/massive LBGs with
M⇤ > 1010.3 M�, based on the latest determination of the UV luminosity functions 25. Filled orange squares, the SFR density from H-dropouts ([4.5] < 24 and
H � [4.5] > 2.5) in semi-analytical models 19, which are identified from a K-selected mock catalog (K < 27) from a total area of 75.36 deg2. Error bars, s.d. assuming
Poisson statistics. b: Number fraction of massive galaxies from the H-dropout sample and ZFOURGE catalogues that are detected either as LBGs (blue filled triangles)
or H-dropouts (including both ALMA-detected and ALMA-undetected ones; red filled circles) averaged over z = 3.5 � 6.5. Red open circles, the total contribution of
red galaxies, including both H-dropouts and those non-H-dropouts that have similar red colors (H � [4.5] > 2.5) selected from ZFOURGE at 3.5 < z < 6.5.

populations are known to exist at lower redshifts 16, these largely over-
lap with the stellar-mass-limited sample used to estimate the SFR den-
sity at z < 3. Assuming that the intrinsic infrared SED of the ALMA-
detected H-dropouts is the same as the SED derived from stacking, the
SFR density of ALMA-detected H-dropouts (in 10�3 M� yr�1 Mpc�3)
reaches about 2.9, 2.1, and 0.9 at z = 4, 5, 6, respectively, or approx-
imately 1.6⇥10�3 M� yr�1 Mpc�3 when averaged over the three bins
(Fig. 3). This corresponds to about 10% of the SFR density from LBGs
at similar redshifts 17. However, if we focus only on LBGs with masses
similar to those of H�dropouts with M⇤ > 1010.3 M�, the SFR densities
of H�dropouts are one to two orders of magnitude higher, demonstrat-
ing that H-dropouts dominate the SFR density in massive galaxies. This
dominance is further reflected in the stellar mass functions, as shown
in Fig. 3. The fraction of H-dropout becomes progressively higher at
higher masses. At M⇤ & 1010.5 M�, the number density of H-dropout
surpasses that of LBGs. Moreover, if we also include galaxies detected
in H�band but which show similar red colors (H � [4.5] > 2.5, Ex-
tended Data Fig. 7) 8,11, they make up more than than 80% of the most
massive galaxies at z > 4. Taken together, these results suggest that the
majority of the most massive galaxies at z > 3 have indeed been missed
from the LBG selection, and are optically dark.

To put the H-dropouts in the context of the cosmic evolution of
massive galaxies, we probe their clustering properties through their
cross-correlation with H-detected galaxies at 3.5 < z < 5.5 from
the CANDELS survey in the same three fields (Extended Data Fig. 8,
Methods). The derived galaxy bias, that is, the relationship between the
spatial distribution of galaxies and the underlying dark matter density
field, for the H-dropouts is b = 8.4 ± 1.5, corresponding to a dark mat-
ter halo mass of Mh ⇠ 1013±0.3h�1 M� at z = 4 (Fig. 4, Methods). This
halo mass of H-dropouts is consistent with them being progenitors of
the most massive quiescent galaxies at z = 2� 3, as well as progenitors
of today’s ellipticals that reside in the central region of massive groups
and clusters.

The discovery and confirmation of these H-dropouts as massive
galaxies at z ⇡ 3 � 6 alleviates greatly the tension between the small
number of massive LBGs at z > 3 and the rapid emergence of massive

Figure 4 | Clustering properties and halo masses of H-dropouts. Shown is
the galaxy bias of ALMA-detected H-dropouts (red star) and its comparison to
other populations, including the brightest LBGs (’Massive LBGs’; blue triangles)
at z ⇠ 4 � 5 (ref. 26), massive passive galaxies (’Passive galaxies’: purple squares)
with M⇤ > 1010.5 M� at z = 2�3 (ref. 27), local massive ellipticals with L = 2�4L⇤
(’Ellipticals’; dark-red-shaded region) and clusters (’Clusters’; grey-shaded re-
gion). Error bars, 1� estimated from Poisson statistics. Filled dark-blue and light-
blue triangles denote massive and more typical (L⇤) LBGs with UV magnitudes
of MUV ⇡ �22 and MUV ⇡ �20.5, respectively. Dotted lines, the corresponding
galaxy bias for fixed halo mass (labelled) at di↵erent redshifts 28; dashed line, the
evolutionary track 29 for galaxies with the same galaxy bias as H-dropouts. The
descendants of H-dropouts are consistent with massive ellipticals at z ⇠ 2 � 3 and
today’s most massive galaxies residing in massive groups and clusters.
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Figure 1. F150W–F444W color vs F444W magnitude illustrating our selection from the JADES catalog with S/N > 20 in
F444W (black points). We identify very red sources by their F150W–F444W> 2.2 color (all colored points) color coded by their
EAZY photometric redshift. We further identify the optically fainter sample whose colors and magnitudes are consistent with
z > 3 massive galaxies that were absent from earlier HST selected samples (i.e. have F150W < 27 ABmag: the black diagonal
line). In this work, we focus on the optically faint sources behind the black line marked as colored squares. Existing samples
of optically faint objects (maroon open circles) are collected from the literature using pre-JWST datasets (Wang et al. 2016,
2019; Franco et al. 2018; Alcalde Pampliega et al. 2019; Xiao et al. 2023b). We note the detection limit of the Spitzer GREATS
program (dotted line) indicating newly discovered sources by JWST.

In our analysis we include deep optical and near-IR
HST imaging from the Advanced Camera for Surveys
(ACS) and Wide Field Camera 3 (WFC3) as compiled
by use of the Hubble Legacy Field (HLF; Illingworth
et al. 2016; Whitaker et al. 2019, and references therein)
imaging in GOODS-S from HST. The HLF represents
the deepest composite imaging including nine filters be-
tween 0.4-1.6µm wavelength. We include data from
ACS (F435W, F606W, F775W, F814W, F850LP) and
WFC3/IR (F105W, F125W, F140W, F160W).

2.1.2. JWST NIRCam Imaging

We identify our sample using data from the JWST Ad-
vanced Deep Extragalactic Survey (JADES; Eisenstein
et al. 2023a). JADES imaging with NIRCam (Rieke

et al. 2023a) covers a deep 27 square arcminute area that
includes nine filters from 0.9-5 micron (F090W, F115W,
F150W, F200W, F277W, F335M, F356W, F410M, and
F444W) and a medium-depth region covering an ad-
ditional 40 square arcminute area with eight filters
(F090W, F115W, F150W, F200W, F277W, F356W,
F410M, and F444W). We include another 10 square ar-
cminutes of NIRCam imaging from the JADES program
ID (PID) 1286 (PI: Lutzgendorf) that additionally in-
cludes F070W. The deep area also includes the field tar-
geted by the JWST Extragalactic Medium-band Survey
(JEMS; Williams et al. 2023, PID: 1963; PIs Williams,
Tacchella, Maseda). JEMS obtained imaging in two
2.20⇥2.20 regions with five medium-band filters (F182M,
F210M, F430M, F460M, and F480M). We also combine

optical dark galaxies
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Original Mosaic 00029-Mosaic 00060-Mosaic
Slice Date # t on target total t Beam � Beam � Beam �

min min mas⇥mas µJy.beam�1 mas⇥mas µJy.beam�1 mas⇥mas µJy.beam�1

A
August 17 42 46.52 72.12

240⇥ 200 98 297⇥ 281 108 618⇥ 583 171August 31 39 50.36 86.76
August 31 39 46.61 72.54

B
September 1 38 46.87 72.08

206⇥ 184 113 296⇥ 285 134 614⇥ 591 224September 1 38 48.16 72.48
September 2 39 46.66 75.06

C
August 16 37 46.54 73.94

243⇥ 231 102 295⇥ 288 107 608⇥ 593 166August 16 37 46.54 71.58
August 27 42 46.52 74.19

D
August 16 37 46.54 71.69

257⇥ 231 107 292⇥ 289 111 612⇥ 582 164August 27 44 46.52 72.00
August 27 44 46.52 72.08

E
August 01 39 46.54 71.84

285⇥ 259 123 292⇥ 286 124 619⇥ 588 186August 01 39 46.53 72.20
August 02 40 46.53 74.46

F
August 02 40 46.53 72.04

293⇥ 256 118 292⇥ 284 120 613⇥ 582 178August 02 41 46.53 71.61
August 02 39 46.53 71.55

Mean 40 46.86 73.35 254⇥ 227 110 294⇥ 286 117 614⇥ 587 182
Total 843.55 1320.22

Table 1. Summary of the observations. The slice ID, the date, the number of antennae, the time on target, the total time (time on target + calibration
time), the resolution and the 1-� noise of the slice are given.

Fig. 1. ALMA 1.1 mm image tapered at 00060. The white circles have a diameter of 4 arcseconds and indicate the positions of the galaxies listed
in Table 3. Black contours show the di↵erent slices (labelled A to F) used to compose the homogeneous 1.1 mm coverage, with a median RMS-
noise of 0.18 mJy per beam. Blue lines show the limits of the HST/ACS field and green lines indicate the HST-WFC3 deep region. The cyan
contour represents the limit of the Dunlop et al. (2017) survey covering all the Hubble Ultra Deep Field region. All of the ALMA-survey field is
encompassed by the Chandra Deep Field-South.
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Figure 8. The cosmic SFRD of our full H-dropout sample in the MIRI footprint (red points). For comparison we show
far-infrared measurements (obscured SFRD; orange shaded region) based on (Zavala et al. 2021), along with the UV-based
compilation in that work (unobscured, uncorrected for dust; blue shaded region). We also plot the SFRD contribution from our
sources with log10LIR/L�<12 (maroon points). Although our MIRI data suggests our LRD subset are stellar-dominated, we
show the SFRD when removing them since their nature is uncertain (open red circles). We also include an estimate based on
the average ALMA flux from stacking the 1.1 mm imaging scaling with a hotter dust template (peach squares).

sources that are not detected at F150W. Thus, we ex-
pect that selection of H-dropouts is complete for sources
brighter than our limiting F444WABmagnitude of 29.4.
We do a simple estimate of the total SFRD by sum-

ming the total SFR among our sample (i.e. the SFR
during the most recent 30 Myr, as derived from our
SED modeling) divided by the cosmic volume within
several redshift bins: z ⇠3.5, 4.5, 5.5, and 7 (with
�z ⇠ 1, except for the highest redshift bin which has
width �z ⇠ 2). Without completeness our measure-
ments should be considered lower limits, although we
pick a high S/N where we are likely complete in both
magnitude and color.
These results are shown as red circles in Figure 8, and

are compared to the obscured SFRD and unobscured
(and un-dust-corrected) SFRD from the MORA sur-
vey (orange and blue curves; Zavala et al. 2021; Casey
et al. 2021). First, we find that at 3 < z < 4, opti-
cally faint galaxies make up a relatively small fraction

of the obscured contribution to the SFRD. This is sim-
ilar to cosmic noon where the SFRD is still dominated
by brighter sources such as sub-millimeter galaxies (e.g.
Dudzevičiūtė et al. 2021), and is consistent with ear-
lier findings (e.g. Wang et al. 2019; Sun et al. 2021).
However, at 4 < z < 6, we find that the missing popu-
lation identified by our H-dropout selection likely con-
tributes non-negligibly to the obscured fraction of the
SFRD. We find that in these two redshift bins, our full
sample is comparable to the total obscured fraction of
cosmic SFRD characterized using existing ALMA and
far-infrared observations (orange line).
Since ALMA and far-infrared detections become

sparse at z > 3, the orange region representing the
obscured SFRD is measured by combining individual
bright detections along with an extrapolation of the in-
frared luminosity function to faint infrared luminosities
(Zavala et al. 2021). Since the shape of the infrared
luminosity function at such early times is relatively un-

obscured SF

unobscured SF

faint dusty galaxies
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Figure 1: Images and Spectra of the three optically dark, ultra-massive galaxies from the JWST FRESCO survey. From left to right:
400 ⇥ 400 stamps obtained in JWST/NIRCam filters (1.82`m, 2.10`m, and 4.44`m), RGB images (F182M in blue, F210M in green, and
F444W in red), HU line map, and 1D spectra (covering HU, [NII], and [SII] emission lines) obtained from NIRCam/grism observations
with the F444W filter. The black arrow in the lower-right corner of HU line map shows the dispersion direction of the F444W grism.
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Figure 1: Images and Spectra of the three optically dark, ultra-massive galaxies from the JWST FRESCO survey. From left to right:
400 ⇥ 400 stamps obtained in JWST/NIRCam filters (1.82`m, 2.10`m, and 4.44`m), RGB images (F182M in blue, F210M in green, and
F444W in red), HU line map, and 1D spectra (covering HU, [NII], and [SII] emission lines) obtained from NIRCam/grism observations
with the F444W filter. The black arrow in the lower-right corner of HU line map shows the dispersion direction of the F444W grism.

4

Figure 2: Stellar masses of the three ultra-massive and optically dark galaxies (red-filled large circles) compared to model expec-
tations. The red-filled circles show our whole parent sample of 36 spectroscopically-confirmed optically dark/faint galaxies at Ispec > 5.
Unlike some massive sources reported in the literature5 that have only Iphot (grey points), our galaxies from the JWST FRESCO survey
have Ispec, as well as line-corrected photometry, and thus more robust "¢. The grey-shaded region indicates the stellar mass prohibited
by the standard ⇤CDM cosmology 30, which is calculated from the maximum halo mass ("max

halo ) that can be observed in the FRESCO
survey volume, based on "max

¢ = n 5b"
max
halo , with a cosmic baryon fraction 5b = ⌦b/⌦m = 0.158, and the maximum theoretical efficiency

of converting baryons into stars, n = 1. The grey dashed line indicates the maximum efficiency of nmax,obs ⇠ 0.2 from empirical modeling
methods based on observational data at lower redshift31–33. The three most massive galaxies in our sample require significantly higher
star-formation efficiencies of n ⇠ 0.5 on average.

5
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Figure 2. For sources with MIRI and ALMA coverage, we compare inferred photometric redshift, stellar mass and SFR
from our prospector modeling of HST+NIRCam+MIRI+ALMA vs just the HST+NIRCam photometry. Left panel shows the
inferred photometric redshift (sources with spectroscopic redshifts are excluded from this panel). Middle panel shows the stellar
mass, and right panel shows the SFR. At the very high mass and SFR end, we find that including the MIRI+ALMA data lowers
the extreme masses and SFRs that are otherwise inferred (median decrease of 0.6 dex for sources above Log10M

⇤/M�>10, and
median 10⇥ less for SFR > 100 M�/yr). This figure shows that stellar masses and SFRs can be wrong for extreme and red
sources using NIRCam data without longer wavelength constraints.

in this field, below the detection limits of other multi-
wavelength selections (including ALMA).

4. MEASURING PHYSICAL PROPERTIES

4.1. Redshift estimations

Our sample exhibits very red and sometimes feature-
less SEDs. To assist in our more detailed SED mod-
eling to infer the physical properties, we first measure
preliminary photometric redshifts based on the HST
and JWST/NIRCam photometry using EAZY (Bram-
mer et al. 2008) as presented in Hainline et al. (2023b).
We measure the redshift as the probability weighted av-
erage peak of the photometric redshift distribution with-
out any priors. This preliminary photometric redshift
measurement from EAZY is used to set a prior on red-
shift for our more detailed photometric modeling that
we discuss in Section 4.2.
A small number of our sample also have spectroscopy.

These include 9 sources with one emission line with S/N
> 3 in FRESCO data (Oesch et al. 2023), using spectral
extractions presented in Sun et al. (in preparation) com-
bining JADES and FRESCO. Two sources that received
slits from the JADES NIRSpec program also have one
emission line with S/N>3 (Bunker et al. 2023; Eisen-
stein et al. 2023b). Below we describe our procedure for
visually inspecting the spectroscopic redshifts in con-
junction with the photometric PDF(z) measured using
EAZY, and our process for deciding how to set the red-
shift priors that we use in our SED modeling in the case
of uncertain spectroscopic redshift solutions.
For the case of the FRESCO sources, all nine sources

have only one line, resulting in ambiguity in the red-
shift solution. For four out of the nine, the one line is
weakly detected with 3 < S/N < 5. The five brighter,

significantly detected FRESCO sources also only show a
single emission line. Thus for all, the solution is heavily
dependent on the most probable photometric redshift
measured with EAZY. We find that this often leads to
a degeneracy between H↵ at z ⇠ 5–6 and [OIII]�5007
at z ⇠ 7–8 (assumed to be the detected line, given its
3⇥ brighter than the other [OIII] doublet). This is be-
cause our sources are all very red, and the Lyman break
is often faint and poorly constrained, thus photomet-
ric boosting by strong rest-optical line emission tends to
have a strong influence on the photometric redshift solu-
tion. Thus, EAZY sometimes yields comparable prob-
ability for both H↵ or H�+[OIII] solutions. In these
cases, we visually inspect the EAZY �2 surface in con-
junction with the SED shape, the detected line’s wave-
length, and we also consider whether the physical pa-
rameters derived from the SED modeling are reasonable
(see next Section).
After this iterative process, we find that for four

sources with confidently detected lines (219000, 154428,
184838, 204851) the photometric evidence clearly agrees
with the FRESCO redshift solutions. For a fifth confi-
dently detected single line source, 217926, we find that in
fact the photometry (primarily near the Lyman break)
supports an altered redshift solution at z = 5.04 rather
than z = 7.6, assuming the securely detected line is H↵,
not [OIII]�5007. For three of the less-securely identi-
fied objects, (IDs 90354, 120484, 104849) the marginal
emission lines are more di�cult to interpret so close to
the limiting signal to noise, although the candidate lines
do have solutions that are consistent with the EAZY
photometric redshifts. We decide to explore the SED-
modeling solutions that are retrieved for both the case
where redshift is a free parameter, and also while fix-
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Figure 1: ALMA observations of ALESS 073.1. (A) Continuum emission at 160 µm (rest-
frame) tracing dust heated by young stars, (B) [C II] intensity map tracing cold gas, and (C)
[C II] velocity field showing a rotating disk. North is up and east is left. The kinematic center,
located at a Right Ascension (R.A.) of 03h 32m 29.295s and Declination (Dec.) of �27� 560

19.6000, is represented by a white star. The beam size is plotted as the grey ellipse in the bottom-
left corner. The physical scale is indicated by the scale bar in the bottom-right corner. In (A),
iso-emission contours range from 0.055 to 1 mJy beam�1 (where 1 mJy = 10�29 W m�2 Hz�1)
in steps of 0.11 mJy beam�1. In (B), iso-emission contours range from 0.35 to 6 mJy beam�1

km s�1 in steps of 0.7 mJy beam�1 km s�1. In (A) and (B), the lowest iso-emission contour
corresponds to a signal-to-noise ratio of ⇠3. In (C), iso-velocity contours range from �120
to +120 km s�1 in steps of 30 km s�1, the bold contour indicates the systemic velocity (set to
zero), and the grey line shows the kinematic major axis.

4
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Fig. 1. Spectrum in the central region from the G395H/F290LP cube. In the upper panel, we report in blue the spectrum extracted from a circular
aperture of radius 0.1500centered in the central region with the associated error (gray-shaded region). We show the wavelengths around the H↵
complex. The solid black line is the best-fit model resulting in the sum of the dashed lines. Each dashed line represents the best-fit result of each
Gaussian component or the best-fit continuum emission. In red, the emission lines associated with the narrow component tracing the host-galaxy,
in green the broader component tracing the outflow, in blue the BLR, and in dark blue the best-fit polynomial continuum. The solid vertical lines
on the top represent the expected position of the [Nii] H↵ and [Sii] lines. In the lower panel, we report in as a solid gray line the residuals of the
fit and as a gray-shaded region the errors associated with the data.

the extinction AV > 0.77 , but we expect much higher extinction
as found for other SMG (AV ⇠ 4, Álvarez-Márquez et al. 2023).

3.2. Spatially resolved emission

We performed a spaxel-by-spaxel fitting of the G395H/F290LP
data cube by exploiting the model adopted to reproduce the spec-
trum from the central region. We allowed the spectral compo-
nents to vary except for the BLR H↵, which is spatially unre-
solved, and thus its centroid and FWHM were fixed to the best-
fit results obtained from the analysis of the circular aperture pre-
sented in the previous section.

For each spaxel, two alternative models were adopted for
the narrow H↵ and [Nii] profiles: one with the outflow compo-
nent and the second without it. We then selected the most suited
model for each spaxel based on the Bayesian information cri-
terion1 (BIC) test (Liddle 2007). For each spaxel, we estimated
the BIC, and in those cases where the di↵erence between BIC
(without outflow) and BIC (with outflow) was larger than 2, we
selected the model with two components as having a �BIC> 2
is considered positive evidence in favor of the model with lower
1 BIC= �2 + k ln N, where k is the number of parameters in the fit, and
N the number of data points used in the fit, we assumed Gaussian noise.

BIC value (Kass & Raftery 1995). In the other cases, we adopted
the model with one component. We note that selecting the model
with the lower BIC value allows us to select the best-fit model
with the highest statistical significance without overfitting the
data.

Figure 3 illustrates the flux maps for the narrower compo-
nent of H↵ and [Nii]�6584Å tracing the host-galaxy, the flux
map of the [Nii] �6584Å broad component associated with out-
flows as it is much stronger than the one traced by H↵ (see Fig-
ure 1 and Table 1) and the flux map of the BLR component.
The [Nii]�6584Å-host emission is predominant in the central re-
gion reaching flux values comparable with the H↵-host line (see
also Sec. 4). The H↵ emission extends to a larger distance from
the center compared to the [Nii]. Based on the BIC test, the ad-
ditional second Gaussian profile is necessary only for the cen-
tral region of the galaxy whose size is comparable to the PSF
FWHM (see Appendix A). This indicates that the outflow emis-
sion is only marginally resolved by JWST and the region directly
a↵ected is limited to the central 1 kpc.
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Fig. 1. Spectrum in the central region from the G395H/F290LP cube. In the upper panel, we report in blue the spectrum extracted from a circular
aperture of radius 0.1500centered in the central region with the associated error (gray-shaded region). We show the wavelengths around the H↵
complex. The solid black line is the best-fit model resulting in the sum of the dashed lines. Each dashed line represents the best-fit result of each
Gaussian component or the best-fit continuum emission. In red, the emission lines associated with the narrow component tracing the host-galaxy,
in green the broader component tracing the outflow, in blue the BLR, and in dark blue the best-fit polynomial continuum. The solid vertical lines
on the top represent the expected position of the [Nii] H↵ and [Sii] lines. In the lower panel, we report in as a solid gray line the residuals of the
fit and as a gray-shaded region the errors associated with the data.

the extinction AV > 0.77 , but we expect much higher extinction
as found for other SMG (AV ⇠ 4, Álvarez-Márquez et al. 2023).

3.2. Spatially resolved emission

We performed a spaxel-by-spaxel fitting of the G395H/F290LP
data cube by exploiting the model adopted to reproduce the spec-
trum from the central region. We allowed the spectral compo-
nents to vary except for the BLR H↵, which is spatially unre-
solved, and thus its centroid and FWHM were fixed to the best-
fit results obtained from the analysis of the circular aperture pre-
sented in the previous section.

For each spaxel, two alternative models were adopted for
the narrow H↵ and [Nii] profiles: one with the outflow compo-
nent and the second without it. We then selected the most suited
model for each spaxel based on the Bayesian information cri-
terion1 (BIC) test (Liddle 2007). For each spaxel, we estimated
the BIC, and in those cases where the di↵erence between BIC
(without outflow) and BIC (with outflow) was larger than 2, we
selected the model with two components as having a �BIC> 2
is considered positive evidence in favor of the model with lower
1 BIC= �2 + k ln N, where k is the number of parameters in the fit, and
N the number of data points used in the fit, we assumed Gaussian noise.

BIC value (Kass & Raftery 1995). In the other cases, we adopted
the model with one component. We note that selecting the model
with the lower BIC value allows us to select the best-fit model
with the highest statistical significance without overfitting the
data.

Figure 3 illustrates the flux maps for the narrower compo-
nent of H↵ and [Nii]�6584Å tracing the host-galaxy, the flux
map of the [Nii] �6584Å broad component associated with out-
flows as it is much stronger than the one traced by H↵ (see Fig-
ure 1 and Table 1) and the flux map of the BLR component.
The [Nii]�6584Å-host emission is predominant in the central re-
gion reaching flux values comparable with the H↵-host line (see
also Sec. 4). The H↵ emission extends to a larger distance from
the center compared to the [Nii]. Based on the BIC test, the ad-
ditional second Gaussian profile is necessary only for the cen-
tral region of the galaxy whose size is comparable to the PSF
FWHM (see Appendix A). This indicates that the outflow emis-
sion is only marginally resolved by JWST and the region directly
a↵ected is limited to the central 1 kpc.
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E. Parlanti et al.: GA-NIFS: Early-stage feedback in a heavily obscured AGN at z = 4.76

Fig. 7. Relation between black hole mass and host galaxy stellar mass.
The galaxy targeted in this work (ALESS073.1) is marked with a star,
the star filled in red is by assuming the stellar mass derived from the
kinematic fitting by Lelli et al. (2021), while the white filled star con-
siders the stellar mass derived from SED fitting in Circosta et al. (2019).
The dark gray diamonds and crosses represent z ⇠ 0 broad line AGN
presented in Reines & Volonteri (2015) and the massive black holes
hosted in ellipticals and spirals at z ⇠ 0 by Kormendy & Ho (2013), re-
spectively. In light green diamond, we report the QSO at z ⇠ 5.5 studied
in Übler et al. (2023). In green, we show the broad line AGN presented
in Harikane et al. (2023) at 4 < z < 7. Light blue squares are the results
obtained by Neeleman et al. (2021) for QSOs at z ⇠ 6. Light blue tri-
angles are the results for QSOs at z > 2 from Pensabene et al. (2020).
Light blue crosses are the results for two luminous QSOs at z ⇠ 6.8 from
Marshall et al. (2023). We note that Pensabene et al. (2020), Neeleman
et al. (2021) and Marshall et al. (2023) report the dynamical mass rather
than the stellar mass. The black and green solid lines are the best fit for
Reines & Volonteri (2015) and Kormendy & Ho (2013), respectively,
and the shaded areas are their 1� uncertainties. The black dashed line
is the relation MBH = 0.01 ⇥ M?.

where mp is the proton mass and �T is the Thompson scatter-
ing cross-section. We obtain an Eddington luminosity of LEdd >
7 ⇥ 1046 erg s�1. Comparing it with the bolometric luminos-
ity of the AGN of Lbol = (1.01 ± 0.3) ⇥ 1046 erg s�1 com-
puted in Circosta et al. (2019), we obtain an Eddington ratio of
�Edd < 0.15 implying that the BH is accreting at a much lower
rate than the Eddington limit. This is consistent with an evolu-
tionary sequence where obscured AGN, like ALESS073.1, are
in an early phase of quasar evolution that lasts until the Edding-
ton ratio reaches values close to unity and the AGN radiation
is able to sweep away gas and dust from the galaxy, revealing
the emission of the bright unobscured AGN (i.e, blue quasars).
According to this evolutionary path, we might conclude that the
outflow in ALESS073.1 is not yet energetic enough to a↵ect the
star-formation activity in the galaxy. We further investigate this
possibility in Section 8.

6. Outflow

In this Section, we study the mass outflow rate and the energet-
ics of the warm (T ⇠ 104 K) ionized gas traced by the “outflow”
component of H↵ and [Nii] identified as the broader component
associated with each line in the Gaussian fit. Figure 8 shows the
kinematic maps of the outflow. The maps reveal a pattern that is
not compatible with a rotating disk. Most of the spaxels in the
velocity map (left panel) show negative values that are consis-
tent with gas approaching along the line of sight. As often re-
ported for other AGN-host galaxies (Fischer et al. 2013; Bae &
Woo 2014; Perna et al. 2017), a corresponding redshifted com-
ponent of the outflow is missing in ALESS073.1, probably due
to dust obscuration of the receding side of the outflow. The cen-
tral panel of Figure 8 shows the v10 map, the velocity at the 10th
percentile of the “outflow” component in each spaxel, which is
usually adopted to trace the highest-velocity blueshifted gas in
the outflows. We find regions in which the gas reaches a velocity
as high as v10 = �700 km s�1 supporting the fact that this gas
cannot be associated with the rotation of the disk, given that the
maximum velocity of the rotating disk is 400 km s�1 (Lelli et al.
2021; Parlanti et al. 2023).

The mass of gas expelled by the outflow can be estimated by
following Cresci et al. (2023) as

Mout = 3.2 ⇥ 105
 

LH↵,outflow

1040 erg s�1

!  
100 cm�3

ne

!
M�, (3)

where LH↵,outflow is the extinction-corrected H↵ luminosity of
the outflow and ne is the electron density of the outflow. To
determine the intrinsic H↵ luminosity we use the color excess
E(B � V) = 0.37 estimated from the SED fitting by Circosta
et al. (2019). By using the Calzetti et al. (2000) reddening curve,
we thus calculate a dust extinction AV = 1.5 that is consistent
with the lower limit AV > 0.77 determined by the Balmer decre-
ment measurement. In conclusion, by using the value in Tab. 1
for the flux of the H↵ outflow we obtain an extinction-corrected
H↵ luminosity of LH↵,outflow = 0.9⇥1042 erg s�1. For the electron
density, since the density-diagnostic [Sii]��6716,31 line doublet
is not detected in our observation, we have assumed the fiducial
value of 1000 cm�3 (Förster Schreiber et al. 2019; Perna et al.
2023; Übler et al. 2023) and the uncertainties are computed as-
suming a range of densities between 200 and 2000 cm�3, based
on the outflow densities of densities measured in high-redshift
galaxies (Isobe et al. 2023). We thus obtain a mass of the ionized
outflow of Mout = 3+11

�1.5 ⇥ 106M�.
The ionized outflow rate is calculated as follows assuming

time-averaged thin expelled shells (Lutz et al. 2020)

Ṁout =
voutMout

Rout
(4)

where vout and Rout are the outflow velocity and radius, respec-
tively. We adopt the prescription by Genzel et al. (2011) to esti-
mate the velocity of the outflowing gas that takes into consid-
eration that the emission line from the outflowing outflow is
spectrally broadened due to projection e↵ects and the velocity
of the line wing traces the velocity component of the outflow di-
rected along the line of sight, hence tracing the outflow intrinsic
velocity. Thus, we obtain: vout = |�vhost galaxy,outflow| + 2�out =

1710 km s�1 where for the values of the velocity shift and the
outflow velocity dispersion we use the values obtained from the
fit of the spatially integrated spectrum in Sec 3.1. For the outflow
extent, we use the half width at half maximum (HWHM) of the
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Figure 7. Examples of SED fits to the NIRCam photometry of the Furtak et al. (2022a) triply-lensed AGN-candidate.
Composite stellar population fits and composite broad-line AGN fits can both explain the NIRCam photometry well. For the
stellar population-only fit a combination of a low-mass AV = 0 component and a high-mass reddened component is needed.
Similarly, for a composite Type-1 AGN a combination of a luminous Lbol = 1046 erg/s reddened component is needed, in
combination with an Lbol = 1043.3 ( 0.2%) AV = 0 component emerging as scattered AGN light.

Figure 8. Three examples of SED fits to the NIRCam + ALMA SEDs. In each case three types of models are fit: a) stellar
population only, without the ALMA constraints (light blue), b) stellar population only with ALMA (blue), 3) AGN only with
hot dust (red). The stellar population-only model is composed of three elements: 1) unreddened star forming component, 2)
reddened star forming component, and 3) quiescent component, each with independent ages. The best fit overshoots the ALMA
measurements by orders of magnitude. The fits including ALMA are poor despite the large amount of freedom and can not
simultaneously fit the red NIRCam and faint ALMA photometry. The AGN-only fits, including a hot dust component of the
reddened Type-1 AGN is fully consistent with the faint ALMA fluxes, providing a satisfactory explanation of the full SED.
The middle source is the brightest of the triply-lensed source presented in (Furtak et al. 2022a) (see also Figure 7). Note the
extremely blue UV slope of 23778 (� = �4.0 ± 0.X), much bluer than expected for normal stellar population models. An
additional powerlaw of slope � = �4 was included for clarity for 23778. XXX add zoom-in panel on NIRCam showing poor fit
of stellar model?
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Figure 1. Schematic model (right) and photometric fit (left) for compact red sources like CEERS 3210. The model consists
of a reddened, but not completely obscured, broad-line AGN template (red) representing a direct view of the accretion disk
and Broad Line Region, a small contribution from the same AGN template without reddening (blue) that we posit represents
scattered light, and (3) an unreddened Narrow Line Region with emission line strengths coupled to the broad H↵ of the red
component following typical correlations for broad-line AGN (Stern & Laor 2012a,b). This fit not only provides a decent fit to
the photometry, but predicts both broad and narrow line strengths very similar to those observed with NIRSpec.

moto et al. 2022; Endsley et al. 2023). NIRCam imaging
has already revealed a number of intriguing photometric
prospects for low luminosity accreting BHs (e.g., Onoue
et al. 2023; Ono et al. 2022; Furtak et al. 2022a; Endsley
et al. 2022; Larson et al. 2023).

Stunning spectroscopic confirmation of the AGN na-
ture of these sources is now also becoming available (Ko-
cevski et al. 2023; Harikane et al. 2023; Oesch et al.
2023; Übler et al. 2023; Barro et al. 2023). Onoue
et al. (2023) identified a point-like source as a likely
z = 5.2 AGN from early Cosmic Evolution Early Re-
lease Science (CEERS) Survey data, subsequently found
to be a MBH⇠ 107 M� black hole radiating at ⇠ 10%
of its Eddington luminosity at z > 5 from NIRSpec
follow-up (Kocevski et al. 2023). Even more intrigu-
ing is the source CEERS 3210. Like CEERS 1670, it
has a very compact morphology. However, the spectral
energy distribution (SED) changes from blue in NIR-
Cam short-wavelength (SW), with F115W-F200W⇠ 0,
to red in NIRCam long-wavelength (LW), with F277W-
F444W⇠ 2.0. The object is so red that the rise re-
sembles a Balmer break at z > 7 (Labbé et al. 2023).
NIRSpec observations also revealed the source to be
a broad-line AGN at z = 5.6 (Kocevski et al. 2023).
Harikane et al. (2023) and Barro et al. (2023) present an
even larger sample of compact red sources in CEERS,
although not all show concrete evidence for broad H↵
and the nature of these is not always clear. Finally,
Matthee et al. (2023, submitted) have identified a sam-
ple of “Little Red Dots” with broad H↵ in JWST grism
data (Oesch et al. 2023).

The central goal of this paper is to photo-
metrically identify more compact red sources with

JWST/NIRCam imaging, and then use spectral synthe-
sis models to examine the source of the red continuum
and UV excess, be it dusty star formation or reddened
light from an AGN 1. We will propose that the red rest-
frame optical continuum likely arises from a reddened
broad-line AGN, while the flat blue continuum comes
either from an additional scattered component, or some
star formation in the host galaxy. Objects like this have
been seen very locally (e.g., Mrk 231, Veilleux et al.
2016), and at a range of redshifts z < 3 (e.g., Assef et al.
2020; Pan et al. 2021; Noboriguchi et al. 2022; Glikman
et al. 2023), but it is hard to construct complete samples
of reddened broad-line AGN (e.g., Glikman et al. 2012).
We should note that there are many possible origins for
the UV light, including star-formation in the host galaxy
or emission from an outflow (Veilleux et al. 2016), but
what matters most for our discussion is the origin of the
red rest-frame optical continuum.

If we could systematically identify this low-luminosity
population from deep NIRCam imaging, it would pro-
vide critical new insight into an important population
of partially obscured AGN that may constitute a signifi-
cant fraction of high-redshift AGN. We present a prelim-
inary sample of 26 candidates in the ⇠ 45 arcmin2 Abell
2744 field. Thanks to the large lensing area a↵orded by
Abell 2744, the observations can reach up several mag-
nitudes deeper than in blank fields.

Throughout, we assume a concordance cosmology
with H0=70, ⌦⇤ = 0.7, ⌦M = 0.3 (Hinshaw et al. 2013).

2. SEARCH FOR RED COMPACT SOURCES

The UNCOVER data are very well-suited to a search
for more compact red sources. We have nearly complete



luminous quasars on the IGM at lower redshifts (Eilers et al.
2018; Schmidt et al. 2019; Davies 2019; Khrykin et al. 2019),
will thus greatly improve our understanding of how
SMBHs grew.
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Appendix A
Jointly Constraining the IGM H I Fraction and Nion

Here we summarize our methods for determining the
intrinsic quasar continuum (Davies et al. 2018a) and Bayesian
statistical analysis of reionization-epoch quasar transmission

spectra (Davies et al. 2018b). We refer the reader to Davies
et al. (2018a, 2018b) for further details on the methods
employed.

A.1. PCA Continuum Model

We predict the Mortlock et al. (2011) Gemini/GNIRS
spectrum of J1120+0641 and the Bañados et al. (2018)
Magellan/FIRE+Gemini/GNIRS spectrum of J1342+0928
identically to Davies et al. (2018a). The intrinsic quasar
continuum in the Lyα region (the “blue side” of the spectrum,
λrest=1180–1280Å) was estimated via a PCA method built
from a training set of 12764 quasar spectra from SDSS/BOSS
(Pâris et al. 2017) queried from the IGMSpec spectral database
(Prochaska 2017). The red side of the quasar spectrum
(λrest=1280–2850Å) was fit to a linear combination of red-
side basis spectra, and the best-fit coefficients were “projected”

Figure 5. Possible solutions to the measured ionizing photon deficiency. The first two columns show schematic representations of the immediate environment of the
z>7 quasars suggested by the measured deficit of ionizing photons. The blue regions are illuminated by the quasar while the black regions are not. The line of sight
toward Earth is in the negative vertical direction as indicated by the orange dashed line. The leftmost column shows the quasar environment as it was 10 Myr ago,
while the next column shows the quasar as it is observed today. The third column shows the UV (blue) and bolometric (red) luminosity history of the quasar, where we
assume that the bolometric luminosity is proportional to the Eddington luminosity and thus its evolution indicates the growth of the black hole. The rightmost column
shows the integrated number of ionizing photons that escaped into the IGM along our line of sight. The top and middle rows show two possible obscuration scenarios
—time-variable obscuration with a large covering fraction (top), or full obscuration followed by blowout (middle). The bottom row shows the case where the radiative
efficiency is low, leading to rapid black hole growth and a much less luminous quasar 10 Myr ago.
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luminous quasars on the IGM at lower redshifts (Eilers et al.
2018; Schmidt et al. 2019; Davies 2019; Khrykin et al. 2019),
will thus greatly improve our understanding of how
SMBHs grew.

We thank Matthew McQuinn and Steven Furlanetto for
comments on an early draft of this manuscript. F.B.D.
acknowledges support from the Space Telescope Science
Institute, which is operated by AURA for NASA, through the
grant HST-AR-15014.

Appendix A
Jointly Constraining the IGM H I Fraction and Nion

Here we summarize our methods for determining the
intrinsic quasar continuum (Davies et al. 2018a) and Bayesian
statistical analysis of reionization-epoch quasar transmission

spectra (Davies et al. 2018b). We refer the reader to Davies
et al. (2018a, 2018b) for further details on the methods
employed.

A.1. PCA Continuum Model

We predict the Mortlock et al. (2011) Gemini/GNIRS
spectrum of J1120+0641 and the Bañados et al. (2018)
Magellan/FIRE+Gemini/GNIRS spectrum of J1342+0928
identically to Davies et al. (2018a). The intrinsic quasar
continuum in the Lyα region (the “blue side” of the spectrum,
λrest=1180–1280Å) was estimated via a PCA method built
from a training set of 12764 quasar spectra from SDSS/BOSS
(Pâris et al. 2017) queried from the IGMSpec spectral database
(Prochaska 2017). The red side of the quasar spectrum
(λrest=1280–2850Å) was fit to a linear combination of red-
side basis spectra, and the best-fit coefficients were “projected”

Figure 5. Possible solutions to the measured ionizing photon deficiency. The first two columns show schematic representations of the immediate environment of the
z>7 quasars suggested by the measured deficit of ionizing photons. The blue regions are illuminated by the quasar while the black regions are not. The line of sight
toward Earth is in the negative vertical direction as indicated by the orange dashed line. The leftmost column shows the quasar environment as it was 10 Myr ago,
while the next column shows the quasar as it is observed today. The third column shows the UV (blue) and bolometric (red) luminosity history of the quasar, where we
assume that the bolometric luminosity is proportional to the Eddington luminosity and thus its evolution indicates the growth of the black hole. The rightmost column
shows the integrated number of ionizing photons that escaped into the IGM along our line of sight. The top and middle rows show two possible obscuration scenarios
—time-variable obscuration with a large covering fraction (top), or full obscuration followed by blowout (middle). The bottom row shows the case where the radiative
efficiency is low, leading to rapid black hole growth and a much less luminous quasar 10 Myr ago.
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SPT0311-58 at z=6.9
(Marrone+18)

HFLS3 at z=6.3
(Riechers+13)

G09-83808 at z=6.0
(Zavala+18)

S870,obs=35 mJy S870,obs=33 mJy S870,obs=36 mJy
S870,int=16 mJy, LIR,int=33×1012 Lsun S870,int=33 mJy, LIR,int=42×1012 Lsun S870,int=4 mJy, LIR,int=4×1012 Lsun

conditions in the ISM of HFLS 3 thus are comparable to those in the
nuclei of the most extreme nearby starbursts, consistent with the finding
that it follows the radio–FIR correlation for star-forming galaxies.

HFLS 3 is rapidly assembling its stellar bulge through star formation
at surface densities close to the theoretically predicted limit for ‘max-
imum starbursts’23. At a rest-frame wavelength of 158mm, the FIR
emission is distributed over a relatively compact area with 2.6 kpc
3 2.4 kpc physical diameter along its major and minor axes respec-
tively (Fig. 3; as determined by elliptical Gaussian fitting). This sug-
gests an extreme SFR surface density of SSFR < 600 Msun yr21 kpc22

over a 1.3-kpc-radius region, and is consistent with near-Eddington-
limited star formation if the starburst disk is supported by radiation
pressure24. This suggests the presence of a kiloparsec-scale hyper-
starburst similar to that found in the z 5 6.42 quasar J114815251
(ref. 25). Such high SSFR are also observed in the nuclei of local
ULIRGs such as Arp 220, albeit on scales two orders of magnitude
smaller. A starburst at such high SSFR may produce strong winds.
Indeed, the relative strength and broad, asymmetric profile of the
OH 2P1/2(3/2–1/2) doublet detected in HFLS 3 may indicate a molecu-
lar outflow, reminiscent of the OH outflow in Arp 22021.

The identification of HFLS 3 alone is still consistent with the model-
predicted space density of massive starburst galaxies at z . 6 with
S500mm . 30 mJy of 0.014 deg22 (ref. 7). This corresponds to only
1023–1024 times the space density of Lyman-break galaxies at the
same redshift, but is comparable to the space density of the most
luminous quasars hosting supermassive black holes (that is, a different
population of massive galaxies) at such early cosmic times26. The host
galaxies around these very distant supermassive black holes are com-
monly FIR-luminous, but less intensely star-forming, with typically a
few times lower LFIR than ultra-red sources25. This highlights the dif-
ference between selecting massive z . 6 galaxies at the peak of their
star formation activity through LFIR, and at the peak of their black-hole
activity through luminous AGN. The substantial population of ultra-
red sources discovered with Herschel will be an ideal probe of early
galaxy evolution and heavy element enrichment within the first billion
years of cosmic time. These galaxies are unlikely to dominate the star
formation history of the Universe at z . 6 (ref. 5), but they trace the
highest peaks in SFR at early epochs. A detailed study of this galaxy
population will reveal the mass and redshift distribution, number
density and likely environments of such objects, which if confirmed

in larger numbers may present a stern challenge to current models of
early cosmic structure formation.
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Figure 3 | Gas dynamics, dust obscuration, and distribution of gas and star
formation in HFLS 3. a, b, High-resolution (FWHM 0.350 3 0.230) maps of
the 158-mm continuum (a) and [C II] line emission (b) obtained at 1.16 mm
with the PdBI in A-configuration, overlaid on a Keck/NIRC2 2.2-mm adaptive
optics image (rest-frame ultraviolet/optical light). The r.m.s. uncertainty in the
continuum (a) and line (b) maps is 180 and 400mJy per beam, and contours are
shown in steps of 3s and 1s, starting at 5s and 3s, respectively. A z 5 2.092
galaxy (labelled G1B) identified through Keck/LRIS spectroscopy is detected
,0.650 north of HFLS 3, but is not massive enough to cause significant
gravitational lensing at the position of HFLS 3. Faint infrared emission is
detected towards a region with lower dust obscuration in the northeastern part
of HFLS 3 (not detected at ,1mm). The Gaussian diameters of the resolved
[C II] and continuum emission are 3.4 kpc 3 2.9 kpc and 2.6 kpc 3 2.4 kpc,

suggesting gas and SFR surface densities of Sgas 5 1.4 3 104 Msun pc22 and
SSFR 5 600 Msun yr21 kpc22 (,0.6 3 1013 Lsun kpc22). The high SSFR is
consistent with a maximum starburst at near-Eddington-limited intensity.
Given the moderate optical depth of td , ,1 at 158mm, this estimate is
somewhat conservative. c, d, Peak velocity (c) and FWHM velocity dispersion
(d) maps of the [C II] emission are obtained by Gaussian fitting to the line
emission in each spatial point of the map. Velocity contours are shown in steps
of 100 km s21. High-resolution CO J 5 7–6 and 10–9 and H2O 321–312

observations show consistent velocity profiles and velocity structure
(Supplementary Figs 5–7). The large velocity dispersion suggests that the gas
dynamics in this system are dispersion-dominated. See Supplementary
Information sections 3 and 5 for more details.
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source plane. SPT0311−58 E has an effective radius of 1.1 kpc, whereas 
SPT0311−58 W has a clumpy, elongated structure that is 7.5 kpc across. 
The (flux-weighted) source-averaged magnifications of each galaxy and 
of the system as a whole are quite low (µE = 1.3, µW = 2.2, µtot = 2.0) 
because SPT0311−58 W is extended relative to the lensing caustic and 
SPT0311−58 E is far from the region of high magnification. The same 
lensing model applied to the channelized [C ii] data reveals a clear 
velocity gradient across SPT0311−58 W, which could be due to either 
rotational motions or a more complicated source structure coalescing 
at the end of a merger.

Having characterized the lensing geometry, it is clear that the two  
galaxies that comprise SPT0311−58 are extremely luminous. Their 
intrinsic infrared (8–1,000 µm) luminosities have been determined from 
observations of rest-frame ultraviolet-to-submillimetre emission (see 
Methods section ‘Modelling the SED’) to be LIR = (4.6 ± 1.2) × 1012L! 
and LIR = (33 ± 7) × 1012L! for SPT0311−58 E and SPT0311−58 W, 
respectively, where L! is the luminosity of the Sun. Assuming that 
these sources are powered by star formation, as suggested by their 
extended far-infrared emission, these luminosities are unprecedented 
at z > 6. The implied (magnification-corrected) star-formation  
rates are correspondingly enormous—(540 ± 175)M! yr−1 and 

(2,900 ± 1,800)M! yr−1, where M! is the mass of the Sun—probably  
owing to the increased instability associated with the tidal forces 
experienced by merging galaxies13. The components of SPT0311−58 
have luminosities and star-formation rates similar to the other mas-
sive, z > 6 galaxies identified by their dust emission, including HFLS3 
(z = 6.34), which has a star-formation rate of 1,300M! yr−1 after  
correcting for a magnification factor14 of 2.2, and a close quasar– 
galaxy pair15 at z = 6.59, the components of which are forming stars at 
rates of 1,900M! yr−1 and 800M! yr−1, respectively. However, unlike 
the latter case, there is no evidence of a black hole in either source in 
SPT0311−58.

Unlike any other massive dusty source at z > 6, the rest-frame ultra-
violet emission of SPT0311−58 E is clearly detectable with modest 
integration by the Hubble Space Telescope. The detected ultraviolet 
luminosity (LUV = (7.4 ± 0.7) × 1010L!) suggests a star-formation rate 
of only 13M! yr−1, 2% of the rate derived from the far-infrared emis-
sion, consistent with SPT0311−58 E forming most of its stars behind 
an obscuring veil of dust. The inferred stellar mass for this galaxy (see 
Methods section ‘Modelling the SED’) is (3.5 ± 1.5) × 1010M!. Although 
no stellar light is convincingly seen from SPT0311−58 W, the absence 
of rest-frame ultraviolet emission is probably explained by heavy dust 
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Figure 1 | Continuum, [C ii] and [O iii] emission from SPT0311−58 
and the inferred source-plane structure. a, Emission in the 157.74-µm 
fine-structure line of ionized carbon ([C ii]) as measured at 240.57 GHz 
with ALMA, integrated over 1,500 km s−1 of velocity, is shown with the 
colour scale. The range in flux per synthesized beam (the 0.25″ × 0.30″ 
beam is shown in the lower left) is provided at right. The rest-frame 160-µm  
continuum emission that was measured simultaneously is overlaid, with 
contours at 8, 16, 32 and 64 times the noise level of 34 µJy per beam. 
SPT0311−58 E and SPT0311−58 W are labelled. b, The continuum-
subtracted, source-integrated [C ii] (red) and [O iii] (blue) spectra. The 
upper spectra are as observed (‘apparent’) with no correction for lensing, 
whereas the lensing-corrected (‘intrinsic’) [C ii] spectrum is shown at the 
bottom. SPT0311−58 E and SPT0311−58 W separate almost completely 
at a velocity of 500 km s−1. c, The source-plane structure after removing 
the effect of gravitational lensing. The image is coloured according 
to the flux-weighted mean velocity, showing that the two objects are 

physically associated but separated by roughly 700 km s−1 in velocity 
and 8 kpc (projected) in space. The reconstructed 160-µm continuum 
emission is shown as contours. The scale bar represents the angular 
size of 5 kpc in the source plane. d, The line-to-continuum ratio at the 
158-µm wavelength of [C ii], normalized to the map peak. The [C ii] 
emission from SPT0311−58 E is much brighter relative to its continuum 
than for SPT0311−58 W. e, Velocity-integrated emission in the 88.36-µm 
fine-structure line of doubly ionized oxygen ([O iii]) as measured at 
429.49 GHz with ALMA (colour scale). The data have an intrinsic angular 
resolution of 0.2″ × 0.3″, but have been tapered to 0.5″ owing to the lower 
signal-to-noise ratio of these data. f, The luminosity ratio between the 
[O iii] and [C ii] lines. As for the [C ii] line-to-continuum ratio, a large 
disparity is seen between SPT0311−58 E and SPT0311−58 W. The sky 
coordinates and contours for rest-frame 160-µm continuum emission in 
d–f are the same as in a.
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< ≤z5 6 (that is, in the range probed by our galaxy). With a duty-
cycle correction of ≈  40 Myr, as the gas depletion time scale measured 
for G09 83808 (see below) and other galaxies11,20, we estimated the 
corrected comoving space density of this population of galaxies to be 
≈  2 ×  10−5 Mpc−3, which perfectly matches that of massive quiescent 
galaxies at z ≈  3− 4 (refs 21,22). This suggests that these ULIRG-type 
galaxies at ≤ ≤z5 6 are the progenitors of these quiescent galaxies, 
which cannot be explained only by the rare extreme starburst (like 
HFLS3), since they are an order of magnitude less abundant14.

Based on the CO lines detected in the LMT/RSR spectrum, we 
derived a molecular gas mass of M(H2) =  1.6 ±  0.6 ×  1010 M⊙ (see 
Methods for details). This implies a gas depletion timescale of 
M(H2)/SFR ≈  40 Myr, consistent with the value found for other 
SMGs at lower redshifts with ULIRG luminosity23. G09 83808 shows 
a remarkable large gas mass fraction of = ∼f M M/ 60gas H dyn2

% (see 
Methods), which is among the largest measured for star forming 
galaxies at z ≈  2− 3 (ref. 24). The CO(6–5)/CO(5–4) line luminos-
ity ratio of 0.4 ±  0.1 is in agreement with local ULIRGs (although 
lower than the average25) and implies a CO ladder peaking at J ≤  5 
(that is, less excited than active galactic nucleus-dominated galax-
ies26). These two CO transitions, as well as the H2O line, lie (within 
the error bars) on their respective FIR/infrared line luminosity rela-
tions ( ∝ −

.L LFIR CO(6 5)
0 93 , ∝ −

.L LFIR CO(5 4)
0 97  and ∝ .L LH O IR

1 16
2 ) found for 

local ULIRGs and lower redshifts SMGs25,27. The star-formation 
efficiency of our galaxy, estimated through the L′ CO− LIR relation 
(which describes the relationship between the luminosity due to 
star formation and the gas content), is similar to local (U)LIRGs 
(see Fig. 4). The same star-formation efficiency can be found across 
several decades of molecular gas masses from z =  6 to z ~ 0 (that is, 
during the past 12.8 Gyr of the Universe). In addition, the estimated 
dust mass of Md =  1.9 ±  0.4 ×  108 M⊙ results in a gas-to-dust ratio, 
δGDR, of 80 ±  30. This is in agreement with the value estimated for 
HFLS311 and also with local (U)LIRGs28 (δGDR =  120 ±  28).

The luminosity of the [CII] ionized carbon line detected with the 
SMA is 1.3 ±  0.4 ×  109 L⊙, which corresponds to a [CII]/FIR ratio of 
3.4 ±  1.1 ×  10−4, a value that is among the lowest measured for local 
(U)LIRGs and SMGs. As shown in Fig.  4, our source follows the 
same [CII] deficiency trend measured for local LIRGs29 extending 
it to LFIR ~1012 L⊙ and up to z =  6. The [CII]/FIR ratio of G09 83808 
is also consistent with the lowest values measured for lower-redshift 

SMGs and lies on a region where SMGs and active galactic nucleus 
host galaxies converge (Fig. 4). It may be the case that other SMGs 
suffer from gravitiational amplification, which could help reduce 
the large scatter since many of these galaxies should fall along the 
LIRG relation when corrected for magnification. However, the 
intrinsic scatter in the relation is high29, even for the local sample, 
and therefore, larger samples of SMGs are required to derive conclu-
sions about the origin of the [CII] deficiency.
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Fig. 3 | Photometry and SED. De-magnified (with μ!= !9.3!± !1.0) flux 
densities at 250, 350, 500, 850 and 1,100!μ m from Herschel/Spectral and 
Photometric Imaging Receiver, James Clerk Maxwell Telescope/SCUBA-2 
and LMT/AzTEC are indicated by the blue circles, with bars representing 
the photometric 1σ errors including calibration and lensing modelling 
uncertainties. These flux densities were fitted with different SED templates, 
including: Arp220, Cosmic Eyelash, two average SMG templates, an average 
24!μ m selected star-forming galaxy template and a modified black body (see 
Methods for details). We achieved the lowest χ2 with the Arp220 template, 
from which we derived an infrared luminosity of 3.8!± !0.5!× !1012L⊙ (corrected 
for magnification). From the best-fit modified black body distribution, we 
derived a dust temperature of 49!± !3 K. As discussed in the Methods, the 
CMB effects were not significant. SFG, star-forming galaxy.
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Fig. 1. Source reconstruction for the CO(12–11) integrated intensity map. Panels, from left to right, show the observed data (cleaned image), obtained
best-fitting model image, residuals, and reconstructed source model of CO(12–11). The black contours in the cleaned image and model image panel
are drawn at [3, 4, 6, 8] × σ , where σ = 0.02 Jy beam−1 km s−1. Black contours in the residual panel are drawn at [−3, −2, 2, 3] × σ . In the right-most
panel, the reconstructed sources of the other emissions are also shown for comparison. The white solid line in the data panel indicates the mask
region (the same as the clean mask) where the lens modeling is performed. The synthesized beam size is displayed in the lower left-hand corner
of each panel. The filled squares and encircling ellipses in the right-most panel indicate the positions and sizes of the sources. The gray solid line
represents the caustics of our lens model.

The CO(12–11) line is integrated over a velocity range
of −250 to +250 km s−1. The velocity offset is calculated
relative to the systemic redshift of z = 6.0244 ± 0.0003
(see subsection 3.2). We resolve the lensed arcs of CO(12–
11) emission in the integrated intensity map, where the peak
line fluxes and noise levels are 0.19 ± 0.02 Jy beam−1 km s−1

(7.8σ ) and 0.15 ± 0.02 Jy beam−1 km s−1 (6.0σ ) in the
northwest and southeast arcs, respectively (the cleaned
image panel of figure 1). We also show the channel
maps of [O III] 88 µm and [N II] 205 µm emissions with
peak signal-to-noise ratios (SNR) of larger than 4 in the
cleaned image panels of figures 2 and 3. The noise level is
1σ = 0.45 mJy beam−1 per 100 km s−1 in the [O III] 88 µm
cube and 1σ = 0.13 mJy beam−1 per 100 km s−1 in the
[N II] 205 µm cube.

3 Lens modeling
We use the open-source code GLAFIC (Oguri 2010) to quan-
tify the gravitational lensing effect and to reconstruct the
source spatial structure with a parametric approach in the
cleaned image plane. We assume that the mass distribution
of the foreground lens galaxy, which is situated at z = 0.776
(Fudamoto et al. 2017), follows a singular isothermal ellip-
soid with external shear and that the brightness distribution
of the background source galaxy at z = 6.02 has a Sérsic
profile. We first determine the lens parameters by modeling
the 1.5 mm continuum map, which has the highest SNR
among our ALMA data. We perform all lens modeling in
the clean mask region (white solid line in the cleaned image
panel of figures 1, 2, and 3) to focus on the emitting region
and reduce the amount of calculation. Then, we reconstruct

the background source, where all parameters of the fore-
ground source are fixed. The details of the method for deter-
mining the lens parameters and for the source reconstruc-
tions in the continuum maps and integrated intensity maps
of the [O III] 88 µm and the [N II] 205 µm lines are described
in Paper I. In this paper, we focus on source reconstruc-
tion in the integrated intensity map of the CO(12–11) line
and the channel maps of the [O III] 88 µm and [N II] 205 µm
lines.

3.1 Integrated intensity map of the CO(12–11)
emission

Since the SNR and angular resolution of the integrated
intensity map of the CO(12–11) emission are worse than
those of the 1.5 mm continuum map (75σ detection and
0.′′48 × 0.′′41), it is not straightforward to determine all
the parameters of the background source [spatial position
(x, y), total flux Sdv, effective radius Re, major-to-minor
axis ratio q, position angle θq, and Sérsic index n]. Thus,
we made some assumptions in our modeling. Given that the
surface brightness profile of 1.5 mm continuum emission is
well approximated by a Sérsic profile of n = 1.06–1.30
(Paper I), we adopt an exponential disk profile with n = 1.
We fix the axis ratio and position angle to q = 0.◦93 and
θq = 108◦, respectively, the values of which are derived
from the 1.5 mm continuum data. Then, we fit the inte-
grated intensity map of the CO(12–11) emission with the
remaining free parameters of xy-position, Sdv, and Re.

Figure 1 shows the cleaned image, the obtained best-
fitting model image, the residual, and the reconstructed
source model of the CO(12–11) integrated intensity map.
In the source panel, we also show the source models of
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shapes as shown in figure 4. These results could be inter-
preted as a signature of a rotating disk, but it is difficult to
reject the other possibilities such as mergers and outflows
with the current data alone due to the limited angular reso-
lution and SNR (e.g., Simons et al. 2019; Rizzo et al. 2022).

Figure 7 also shows the two reconstructed sources, des-
ignated as sources a and b, where we employ two Sérsic
sources, at 100 km s−1 in the [O III] 88 µm source map.
Sources a and b are located along the direction perpen-
dicular to the major axis of disk rotation. These compo-
nents are not detected in the 0.6 mm, 1.5 mm continuum
map or the [N II] 205 µm map. Paper I reported that the
0.6 mm, 1.5 mm continuum map and the integrated inten-
sity map of [N II] 205 µm in G09-83808 is well modeled
by a single exponential disk source model, whereas for
the integrated intensity map of [O III] 88 µm some residuals
remain in the edges of the two arcs just like in the mod-
eling of the [O III] 88 µm100 km s−1 channel map with a
single Gaussian source [100 km s−1 (one source) row panels
in figure 2]. Given these facts, these two sources seem to
deviate from the primary disk, so we refer to them here as
“sub-components.”

The a and b sub-components account for 13 ± 2 % and
12 ± 2 % of the total [O III] 88 µm luminosity, respectively.
From the non-detection (<3σ ) of the sub-components in
the dust continuum, the lower limits of the L[O III]/LIR ratios
are derived to be 6.4 × 10−3 and 4.9 × 10−3 for sub-
components a and b, respectively, under the assumption of
the same SED as in Paper I. Oxygen is doubly excited only
by hard radiation from the hottest stars (or AGN). Paper I
showed that the L[O III]/LIR ratio is very sensitive to a vari-
ation in the age of star formation, which alters the energy
distribution of incident radiation from the photoionization
model. The derived high ratio of L[O III]/LIR indicates that
star formation is going on in these sub-components (see
figure 3 of Paper I). In fact, the high ratio is consistent
with those of local dwarf galaxies (10−3–10−2; Cormier
et al. 2015). In massive star-forming galaxies at z = 2–4,
kpc-scale clumps are gravitationally bounded and are con-
sidered to form bulges through some internal process in
extended rotating disks (e.g., Genzel et al. 2011; Tadaki
et al. 2017). Also, the presence of star-forming clumps can
be explained in the major merger scenario (e.g., Calabrò
et al. 2019). It is difficult to determine from the current
data alone whether the [O III] 88 µm sub-components are
gravitationally bound clumps or have an external origin,
such as clumpy gas accretion.

Future observations of bright emissions such as the
[C II] 158 µm line with a higher angular resolution will
enable us to quantitatively investigate the kinematics of
the multiple phases of the ISM and nature of the sub-
components.

Fig. 8. CO(6–5) normalized CO SLED of G09-83808 and other sys-
tems (local starburst galaxies, local AGNs, and 6 < z < 7 quasars)
for comparison. The data points of the local starburst galaxies and
local AGNs are shown with shaded regions in sky-blue and orange,
respectively (Rosenberg et al. 2015; Mashian et al. 2015). That of the
6 < z < 7 quasars is also shown in orange (Carniani et al. 2019;
Li et al. 2020).

5.2 Heating source of CO(12–11) emission

Detection of high-J CO lines suggests the existence of
high-energy heating sources. The CO lines from Jup = 5 to
Jup = 13 in the nearest AGN, Mrk 231, were studied with
Herschel observations (van der Werf et al. 2010). They
argued that the measured CO(J > 10) luminosities could
not be explained with dense photodissociation-region
models and that X-rays from the accreting supermassive
black hole (SMBH) dominantly caused the excitation of the
CO(J > 10) emission. Furthermore, CO(J > 10) emission
has been detected in quasars at z = 6–7 (Gallerani et al.
2014; Wang et al. 2019; Li et al. 2020) and is considered
to be radiated from X-ray-dominated regions around
AGNs. Figure 8 shows CO(6–5)-normalized CO SLEDs of
G09-83808, local starburst galaxies, local AGNs (Mashian
et al. 2015; Rosenberg et al. 2015), and an average of
four quasars at 6 < z < 7 (Carniani et al. 2019; Li et al.
2020). The high ratio of LCO(12-11)/LCO(6-5) = 1.1 ± 0.2 in
G09-83808 agrees better with those in local AGNs and 6
< z < 7 quasars than those in local starburst galaxies. This
comparison suggests that G09-83808 hosts a dust-obscured
AGN in the center although we cannot exclude other pos-
sibilities, such as shock (e.g., Meijerink et al. 2013; Saito
et al. 2017) and extreme starburst (e.g., Riechers et al.
2013), with the current data alone. One powerful tool to
explore the dust-obscured AGNs is polycyclic aromatic
hydrocarbon (PAH) emission features in the rest-frame
mid-infrared spectrum because small PAHs would be
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P. P. van der Werf et al.: Seperation of AGN and starburst in Mrk 231

Fig. 1. SPIRE FTS spectrum of Mrk 231. Line identifications are given in red for CO lines, in blue for H2O, in magenta for OH+, in cyan for H2O+,
and in green for the remaining lines.

can be produced by the AGN in Mrk 231 (Braito et al. 2004), out
to a distance of 160 pc from the nucleus, ignoring absorption.
The ratio of radiating surfaces in the model shown in Fig. 2 im-
plies an extended low excitation PDR component (green curve),
with a less extended and denser central XDR region (blue curve).
Dense clouds with a smaller surface, close to massive stars and
probably embedded in the more diffuse component, account for
the medium excitation component (red curve).

Alternatively, a very dense, high illumination PDR can ac-
count for the highest CO lines. A good fit is found with n =
106.5 cm−3 and G0 = 105 and a surface ratio from medium to
high excitation of 1.0 : 0.03. Here the small surface area for
the high excitation PDR indicates a number of small high den-
sity clumps in a very strong UV field. Since the radiating sur-
face of the high excitation PDR is about 30× smaller than that
of the medium excitation PDR, but its density about 30× larger,
the H2 masses in these two components must be comparable.
For an O5 star, the required G0 = 105 is reached at a radius of
0.3 pc. For a star formation rate of 100 M# yr−1 and a power law

initial mass function with slope −2.35 between masses of 0.3
and 120 M#, there are 7.6 × 105 stars of spectral type O5 or
earlier in Mrk 231. The total volume with G0 > 105 is then
8.6 × 104 pc3, while (for a 520 pc radius disk with 15 pc thick-
ness, following Davies et al. 2004) the total volume of the gas
disk is 1.3 × 107 pc3. In other words, in this scenario approxi-
mately half of the molecular mass would have to be contained in
0.7% of the total volume, and located within 0.3 pc from an O5
(or hotter) star. Efficient UV heating by the G0 = 105 radiation
field would heat the dust in these clumps (in total ∼50% of the
total dust mass in Mrk 231) to a temperature of about 170 K. In
contrast, in the XDR model, where dust heating would be less
efficient, the dust temperature would only be ∼70 K (Meijerink
& Spaans 2005).

These predictions can be tested by analysing the infrared
SED of Mrk 231. González-Alfonso et al. (2010), found that the
hot (T = 150−400 K) component in the SED of Mrk 231 ac-
counts for about ∼20% of the total infrared luminosity, but is
produced by only 0.02% of the total dust mass. This result limits

Page 3 of 5
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XDR in high-z galaxies 4509

Table 1. Parameters of the high-z galaxy fiducial model, for spherical and
disc model cases. From left to right: MH2 in M!, radius of the molecular
disc rg in pc, height of the molecular disc H in pc. We report also the fiducial
properties of each GMC: mean density (in cm−3), mach number M.

MH2 rg H log n0 M

Disc model 1.7 × 108 504 194 2.5 10
Spherical model 1.7 × 108 504 – 2.5 10

would affect the CO emission, and the line ratios. To do that we
have to assume a fiducial LX luminosity for the AGN. The procedure
adopted is the following:

(i) Starting from the stellar mass of the fiducial galaxy, M! =
2.6 × 1010 M! (Pallottini et al. 2017b), we set the BH mass to
MBH ≈ 2.6 × 107 M!, assuming the typical MBH/M! ≈ 10−3 ratio
observed in the local Universe (e.g. Marconi & Hunt 2003; Häring &
Rix 2004; Reines & Volonteri 2015). As a caveat, we note that
whether this ratio increases (>10×) with redshift is still a matter
of debate both observationally (e.g. Decarli et al. 2018; Izumi et al.
2019), and theoretically (e.g. Barai et al. 2018; Lupi et al. 2019).

(ii) From MBH, assuming Eddington accretion, we compute

the bolometric luminosity
(

Lbol
erg s−1

)
= 1.26 × 1038

(
MBH
M!

)
≈ 3 ×

1045
(

M!

2.6×1010 M!

)
.

(iii) By adopting the 2–10 keV LX − Lbol bolometric correction
from Hopkins, Richards & Hernquist (2007, see their equation 2),
we infer the fiducial X-ray luminosity LX ≈ 1044 erg s−1.

In what follows, we will isolate, one by one, the effects of: (1)
the increasing X-ray luminosity, (2) the compactness of the galaxy,
(3) the relative angle between the torus and the galactic plane (4)
the variation of the mean density of GMCs, and (5) the geometry of
the molecular cloud distribution within the galaxy.

4.1 X-ray luminosity from the central engine

Let us assume the fiducial disc model model (see Table 1) and
compute the resulting CO SLED normalized to the CO(3–2)
transition, as shown in the top left panel of Fig. 4. The fiducial model
assumes the worse case scenario in which the tilt angle " = 0◦. In
this case the maximum obscuration of the torus is in the direction of
the molecular disc. We can notice that, as expected, with increasing

Figure 4. Top-left: The CO SLED luminosities normalized to the CO(3–2) line, for the fiducial disc model (see Table 1) when varying the X-ray luminosity
of the central AGN. Top-right: Impact on the CO SLED of different sizes of the molecular disc rg, keeping the X-ray luminosity fixed to the fiducial value,
LX = 1044 erg s−1. Bottom-left: Impact of different inclination angles of the obscuring torus for LX fiducial. Bottom-right: Impact of different GMC mean
densities keeping all the other parameters fixed to the fiducial ones. In all the plots, the black lines with stars and crosses represent the CO SLED resulting for
the fiducial PDR calculation, and that resulting from the CRIR model calculation considering a CRIR 10 times greater than the fiducial one.

MNRAS 490, 4502–4514 (2019)
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The galaxy–halo assembly correlation 3155

Figure 12. Left-hand panel: best-fitting scatter in stellar mass at fixed Mpeak, split for central and satellite galaxies at z = 0, compared with the results for
central galaxies in Reddick et al. (2013). Right-hand panel: best-fitting scatter in stellar mass at fixed peak halo mass (Mpeak) for central galaxies as a function
of Mpeak and z. Error bars and shaded regions in both panels show the 68 per cent confidence interval for the model posterior distribution.

Figure 13. Left-hand panel: average star formation rates in galaxies as a function of halo mass and redshift. Right-hand panel: average star-forming fractions
as a function of halo mass and redshift. The purple line marks the predicted transition in Dekel & Birnboim (2006) between cold flows reaching the central
galaxy (below the line) and not reaching it due to shock heating (above the line). In both panels, white lines mark median halo growth trajectories, and the
grey region marks where no haloes are expected to exist in the observable Universe. A robust upturn in the star-forming fraction to higher redshifts is visible
(Section 4.3).

Figure 14. Left-hand panel: formal model uncertainty (half of the 16th−84th percentile range) in average galaxy SFRs (Fig. 13, left-hand panel). Right-hand
panel: formal model uncertainty (half of the 16th−84th percentile range) in average galaxy star-forming fractions (Fig. 13, right-hand panel).

MNRAS 488, 3143–3194 (2019)
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Springer Nature 2021 LATEX template

2 A massive quiescent galaxy at redshift 4.658

Figure 1: JWST NIRSpec observations of GS-9209. Data were taken
on 16th November 2022, using the G235M and G395M gratings (R = 1000)
with integration times of 3 hours and 2 hours respectively, providing wave-
length coverage from � = 1.7 � 5.1µm. The galaxy is at a redshift of
z = 4.6582 ± 0.0002, and exhibits extremely deep Balmer absorption lines.
The spectrum strongly resembles that of an A-type star, and is reminiscent
of lower-redshift post-starburst galaxies [40–42], clearly indicating this galaxy
experienced a significant, rapid drop in star-formation rate (SFR) within the
past few hundred million years. The spectral region from � = 2.6 � 4.0µm,
containing H� and H↵, is shown at a larger scale in Figure 2.

During the past 5 years, several studies have identified GS-9209 as a candi-
date high-redshift massive quiescent galaxy [11, 12], based on its blue colours
at wavelengths, � = 2 � 8 µm and non-detection at millimetre wavelengths
[13]. GS-9209 is also not detected in X-rays [14], at radio wavelengths [15],
or at � = 24 µm [16]. The faint, red nature of the source (with magnitudes
HAB = 24.7 and KAB = 23.6) means that near-infrared spectroscopy with
ground-based instrumentation is prohibitively expensive. The JWST NIRSpec
data, shown in Figure 1, reveal a full suite of extremely deep Balmer absorp-
tion features, with a H� equivalent width (EW), as measured by the H�A Lick
index, of 7.9± 0.3 Å, comparable to the most extreme values observed in the
local Universe [17]. These spectral features strongly indicate this galaxy has
undergone a sharp decline in star-formation rate (SFR) during the preceding
few hundred Myr.

The spectrum exhibits only the merest suspicion of [O ii] 3727 Å and [O iii]
4959Å, 5007 Å emission, and no apparent infilling of H� or any of the higher-
order Balmer absorption lines. However, as can be seen in Figure 2, both H↵
and [Nii] 6584 Å are clearly albeit weakly detected in emission, with H↵ also
exhibiting an obvious broad component. This broad component, along with

Springer Nature 2021 LATEX template

4 A massive quiescent galaxy at redshift 4.658

Figure 3: The star-formation rate and stellar mass of GS-9209 as a

function of time. Panel a shows the star-formation rate (SFR) as a func-
tion of time (the star-formation history). Panel b shows the stellar mass as a
function of time. The blue lines show the posterior medians, with the darker
and lighter shaded regions showing the 1� and 2� confidence intervals respec-
tively. We find a formation redshift, zform = 6.9±0.2 and a quenching redshift,
zquench = 6.5+0.2

�0.5. The sample of massive z ' 8 galaxy candidates from
JWST CEERS reported by [6] is also shown in the right panel, demonstrating
that these candidates are plausible progenitors for GS-9209. The uncertainties
shown on the red points are 1� standard deviation values.

The SFH we recover is shown in Figure 3. We find that GS-9209 formed
its stellar population largely during a ' 200 Myr period, from around
600 � 800 Myr after the Big Bang (z ' 7 � 8). We recover a mass-weighted
mean formation time, tform = 0.76 ± 0.03 Gyr after the Big Bang, corre-
sponding to a formation redshift, zform = 6.9 ± 0.2. This is the redshift at
which GS-9209 would have had half its current stellar mass, approximately
log10(M⇤/M�) = 10.3. We find that GS-9209 quenched (which we define as
the time at which its sSFR fell below 0.2 divided by the Hubble time, e.g.,
[23]) at time tquench = 0.83+0.08

�0.06 Gyr after the Big Bang, corresponding to a

quenching redshift, zquench = 6.5+0.2
�0.5.

Our model predicts that the peak historical SFR for GS-9209 (at approx-
imately zform) was within the range SFRpeak = 490+680

�300
M� yr�1. This is

similar to the SFRs of bright submillimetre galaxies (SMGs). The number den-
sity of SMGs with SFR > 300 M� yr�1 at 5 < z < 6 has been estimated to
be ' 3⇥10�6 Mpc�3 [24]. Extrapolation then suggests that the SMG number
density at z ' 7 is ' 1 ⇥ 10�6 Mpc�3, which equates to ' 1 SMG at z ' 7
over the ' 400 square arcmin area from which GS-9209 and one other z > 4
quiescent galaxy were selected [12]. This broadly consistent number density
suggests it is entirely plausible that GS-9209 went through a SMG phase at
z ' 7, shortly before quenching.

Casey al. (2023)
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22 z ⇠ 3� 4 Quiescent galaxies with JWST

Fig. 2 The top and bottom panels present JWST/NIRSpec spectra of two quiescent
galaxy candidates, ZF-7329 and ZF-8197 respectively, observed over the ZFOURGE-UDS
field. ZF-7329 is one of the oldest known quiescent galaxies in the z > 3 Universe [11].
ZF-8197 is a quiescent galaxy in our sample that exhibits strong [O iii]�5007 and H↵ EWs,
possibly driven by an AGN. The spectra were optimally extracted [48] and flux-calibrated
using PRIMER photometry. Grey bands highlight the KECK/MOSFIRE Y , J , H, K bands
(from left to right). To improve clarity, spectra are trimmed at < 1.1µm. For each galaxy,
we also display the PRIMER total photometry in two bins based on the S/N. The best-fit
FAST++ template and the best-fit model photometry for the observed filters used in FAST++
are shown in the panels. Commonly observed rest-frame emission and absorption features
are marked in the spectra. Insets in each panel display the ground-based K-band MOSFIRE
spectra presented in S18. The thin cyan lines represent the MOSFIRE spectra at its native
resolution of R ⇠ 3000, while the thick blue lines correspond to the MOSFIRE spectra at
a resolution similar to that of the JWST/NIRSpec PRISM observations at �obs ⇠ 2µm
(R ⇠ 100). In S18, we managed to achieve spectroscopic confirmation for ZF-8197, thanks
to its strong [O iii]�5007 emission line falling within the K band. However, due to the
absence of prominent emission/absorption lines and limited wavelength coverage on the
ground for capturing the spectral shape at ⇠ 4000Å, we were unable to confirm ZF-7329
spectroscopically, even with ⇠ 10h of Keck/MOSFIRE exposure time.
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Fig. 2 The top and bottom panels present JWST/NIRSpec spectra of two quiescent
galaxy candidates, ZF-7329 and ZF-8197 respectively, observed over the ZFOURGE-UDS
field. ZF-7329 is one of the oldest known quiescent galaxies in the z > 3 Universe [11].
ZF-8197 is a quiescent galaxy in our sample that exhibits strong [O iii]�5007 and H↵ EWs,
possibly driven by an AGN. The spectra were optimally extracted [48] and flux-calibrated
using PRIMER photometry. Grey bands highlight the KECK/MOSFIRE Y , J , H, K bands
(from left to right). To improve clarity, spectra are trimmed at < 1.1µm. For each galaxy,
we also display the PRIMER total photometry in two bins based on the S/N. The best-fit
FAST++ template and the best-fit model photometry for the observed filters used in FAST++
are shown in the panels. Commonly observed rest-frame emission and absorption features
are marked in the spectra. Insets in each panel display the ground-based K-band MOSFIRE
spectra presented in S18. The thin cyan lines represent the MOSFIRE spectra at its native
resolution of R ⇠ 3000, while the thick blue lines correspond to the MOSFIRE spectra at
a resolution similar to that of the JWST/NIRSpec PRISM observations at �obs ⇠ 2µm
(R ⇠ 100). In S18, we managed to achieve spectroscopic confirmation for ZF-8197, thanks
to its strong [O iii]�5007 emission line falling within the K band. However, due to the
absence of prominent emission/absorption lines and limited wavelength coverage on the
ground for capturing the spectral shape at ⇠ 4000Å, we were unable to confirm ZF-7329
spectroscopically, even with ⇠ 10h of Keck/MOSFIRE exposure time.

Nanayakkara al. 2023, submitted
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24 z ⇠ 3� 4 Quiescent galaxies with JWST

Fig. 4 The best-fit SFHs of our galaxies. The blue vertical lines indicate the time at which
each galaxy formed 50% of its stellar mass, with the associated 3� error parameterized by
100 MCMC iterations is depicted by the blue shaded region. We show the quenching time,
as defined by S18 (the time at which the galaxy’s Star Formation Rate (SFR) falls below
10% of its primary SFR episode, as detailed in Section 4.1 of S18), by orange vertical lines.
The associated error is shaded in orange. The black vertical line represents the age of the
Universe when the galaxy is being observed. For each galaxy, the top panels depict the
improved constraints acquired through our JWST/NIRSpec observations. The lower panels
(below the dotted lines) present constraints reported in S18. For clarity, we use vertical
dashed lines to represent the best-fit S18 values.
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Fig. 4 The best-fit SFHs of our galaxies. The blue vertical lines indicate the time at which
each galaxy formed 50% of its stellar mass, with the associated 3� error parameterized by
100 MCMC iterations is depicted by the blue shaded region. We show the quenching time,
as defined by S18 (the time at which the galaxy’s Star Formation Rate (SFR) falls below
10% of its primary SFR episode, as detailed in Section 4.1 of S18), by orange vertical lines.
The associated error is shaded in orange. The black vertical line represents the age of the
Universe when the galaxy is being observed. For each galaxy, the top panels depict the
improved constraints acquired through our JWST/NIRSpec observations. The lower panels
(below the dotted lines) present constraints reported in S18. For clarity, we use vertical
dashed lines to represent the best-fit S18 values.

星質量の50%が形成した時期
 (z~10, logM*~10.7)

観測した時期
（z=3.21）

星形成活動を止めた時期
 (z~7)



van Dokkum et al. 2023, Nature Astronomy

Nature Astronomy

Article https://doi.org/10.1038/s41550-023-02103-9

surface density is Σ ≈ 14 M⊙ yr−1 kpc−2. The total star formation rate  
within the ring would be ~2,000 M⊙ yr−1, which is three orders of  
magnitude higher than derived from the Prospector fits and 30 times 
higher than an upper limit derived from Spitzer/MIPS 24 µm data 
(Methods). This is a rough estimate, with the actual star formation 
rate depending on the distribution and temperature of the gas, but 
the point is that JWST-ER1g would not be quiescent but rather a strong 
starburst galaxy.

There is of course dark matter within the Einstein ring, and  
with standard assumptions this explains about half of the difference 
between the lensing mass and the stellar mass. Assuming a  
Navarro–Frenk–White (NFW) profile21 and the stellar mass–halo mass 
relation22 for z = 2, the dark matter mass within the Einstein radius  
is M

dm

= 2.6

+1.6

−0.7

× 10

11  M⊙ (Methods). As shown in Fig. 3, this leaves  

2.8

+3.4

−2.1

× 10

11  M⊙ unaccounted for. An explanation for this mild  

discre pancy is that the dark matter density within the Einstein radius 
is a factor of ~2 higher than expected from scaling relations. The ‘extra’ 
dark matter can come in two forms. First, the total halo mass could be  
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a b c1''

Fig. 1 | A complete Einstein ring identified in JWST images. a, Colour image of JWST-ER1, created from the NIRCam F115W, F150W and F277W data. b, Model of the 
galaxy, with an effective radius of re = 1.9 kpc. c, Residual of the fit. Each panel spans 4.1″ × 4.1″. The coordinates of the lens are RA = 10 h 00 min 24.11 s, 
dec. = 1

∘

53

′

34.9

′′ ( J2000).

Table 1 | Structural parameters of the lens

Filter re (pixels) n b/a PA

F115W 7.9 ± 0.7 4.1 ± 0.3 0.94 77

F150W 9.9 ± 0.5 4.9 ± 0.2 0.96 −15

F277W 8.8 ± 0.4 5.3 ± 0.2 0.98 −16

F444W 8.6 ± 0.4 5.6 ± 0.2 0.99 −23
n is the Sersic index. PA is the position angle.
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An intriguing alternative is that the missing mass is in the form of 
low mass stars, and that the stellar IMF needs to be adjusted: stars with 
masses M ≈ 0.5 M⊙ and below dominate the total mass but contribute 
less than 5% to the light26. Rather than simply scaling the mass, we  
refit the photometry in Prospector with two bottom-heavy IMFs:  
the Salpeter form27, with a slope of −2.3 and no turnover, and a 
‘super-Salpeter’ IMF with a slope of −2.7. These IMFs are illustrated in 
Fig. 3a. We note that these parameterizations are not unique, as the low 
mass slope is degenerate with the low mass cut-off. Furthermore, 
top-heavy IMFs can lead to high M/L ratios too if the mass is dominated 

by stellar remnants, although even for very flat IMFs this only occurs 
at ages greater than 3 × 109 Gyr (ref. 28). With these caveats in mind, we 
find that the stellar mass within the Einstein radius is 2.0+0.5

−0.5

× 10

11 M⊙ 
for a Salpeter IMF and 4.0+0.6

−0.8

× 10

11  M⊙ for the super-Salpeter IMF.  
As shown in Fig. 3b a model that combines a super-Salpeter IMF with  
a standard dark matter halo matches the lensing mass exactly, with a 
Salpeter IMF also providing a good fit.

The probable descendants of compact quiescent galaxies at z ≈ 2 
are massive early-type galaxies29–32, and the central regions of these 
galaxies may indeed have IMFs that are more bottom heavy than the 
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Fig. 2 | Photometry of the lens and source. Top panels: images in the HST/ACS 
F814W band and the JWST/NIRCam F115W, F150W, F277W and F444W bands. They 
are shown at a common Fλ scale. a, SED of the lens galaxy, determined from forced 
GALFIT fits. The galaxy is well fit by a quiescent stellar population at z = 1.94
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and a total stellar mass of 1.1+0.3
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11 M⊙ (for a Chabrier IMF). b, SED of the  
lens galaxy, with the summed flux of the two red knots shown in black circles and 
the blue ring in grey circles. The red knots provide a reasonably well-constrained 
redshift of z
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= 2.97

+0.44
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. Data are presented as measurements ± s.d.
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stars above the turn-off mass. b, Comparison of the stellar mass to the lensing 

mass (open symbols) and the lensing mass minus the fiducial amount of dark 
matter (solid symbols), for the three IMFs. The dashed line indicates a one-to-one 
relation. Data points are measurements ± s.d. rE, Einstein radius; xi, number of 
stars; m, mass of stars; Mtot, total mass.
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A massive compact quiescent galaxy at  
z = 2 with a complete Einstein ring in  
JWST imaging

Pieter van Dokkum    1  , Gabriel Brammer    2,3, Bingjie Wang    4, Joel Leja4,5 & 
Charlie Conroy    6

One of the surprising results from the Hubble Space Telescope was the 
discovery that many of the most massive galaxies at redshift z ≈ 2 are very 
compact, having a half-light radius of only 1−2 kpc. The interpretation is that 
massive galaxies formed inside out, with their cores largely in place by z ≈ 2 
and approximately half of their present-day mass added later through  
minor mergers. Here we present a compact, massive, quiescent galaxy  
at a photometric redshift of 

z

phot

= 1.94

+0.13

−0.17

 with a complete Einstein ring. 
The ring was found in the James Webb Space Telescope COSMOS-Web survey 
and is produced by a background galaxy at 

z

phot

= 2.98

+0.42

−0.47

. Its 1.54″ 
diameter provides a direct measurement of the mass of the ‘pristine’ core  
of a massive galaxy, observed before the mixing and dilution of its stellar 
population during the 10 Gyr of galaxy evolution between z = 2 and z = 0. We 
$nd a mass for the lens M

lens

= 6.5

+3.7

−1.5

× 10

11 M⊙ within a radius of 6.6 kpc. The 
stellar mass within the same radius is 

M

stars

= 1.1

+0.2

−0.3

× 10

11 M⊙ for a Chabrier 
initial mass function and the $ducial dark matter mass is M

dm

= 2.6

+1.6

−0.7

× 10

11 M⊙. 
Additional mass appears to be needed to explain the lensing results, either  
in the form of a higher-than-expected dark matter density or a bottom-heavy 
initial mass function.

The galaxy and its ring were identified in James Webb Space Telescope 
( JWST) NIRCam observations in the context of the COSMOS-Web  
project1, a public wide-area survey using the F115W, F150W, F277W 
and F444W filters. A visual inspection of a mosaic generated from  
the F115W, F277W and F444W data available as of 15 April 2023, cover-
ing a total area of 0.35 deg2, readily revealed the object (Methods). The 
NIRCam images containing the galaxy were resampled2 to a common 
0.025″ per pixel grid for analysis.

The object, dubbed JWST-ER1, is shown in Fig. 1a. It consists of a 
compact early-type galaxy ( JWST-ER1g) and a complete Einstein ring 
( JWST-ER1r) with two conspicuous red concentrations. The lensed 

galaxy probably has a red centre and a blue disk, with parts of the disk 
producing the ring. The diameter of the centre of the ring is 1.54″ ± 0.02″. 
JWST-ER1 joins a large number of known Einstein rings3,4, although most 
are not complete. Like other strong lensing configurations, Einstein rings 
can be used to reconstruct high-resolution images of lensed background 
galaxies, using ray-tracing techniques5. However, the unique value of 
Einstein rings is what they tell us about the lenses themselves: given 
the redshifts of the lens and source, they provide a model-independent 
measurement of the enclosed mass within the radius of the ring6.

We obtained five-band photometry of the lens by fitting it with a 
Sèrsic model7, masking the ring and keeping the structural parameters 
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surface density is Σ ≈ 14 M⊙ yr−1 kpc−2. The total star formation rate  
within the ring would be ~2,000 M⊙ yr−1, which is three orders of  
magnitude higher than derived from the Prospector fits and 30 times 
higher than an upper limit derived from Spitzer/MIPS 24 µm data 
(Methods). This is a rough estimate, with the actual star formation 
rate depending on the distribution and temperature of the gas, but 
the point is that JWST-ER1g would not be quiescent but rather a strong 
starburst galaxy.

There is of course dark matter within the Einstein ring, and  
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a b c1''

Fig. 1 | A complete Einstein ring identified in JWST images. a, Colour image of JWST-ER1, created from the NIRCam F115W, F150W and F277W data. b, Model of the 
galaxy, with an effective radius of re = 1.9 kpc. c, Residual of the fit. Each panel spans 4.1″ × 4.1″. The coordinates of the lens are RA = 10 h 00 min 24.11 s, 
dec. = 1

∘

53

′

34.9

′′ ( J2000).

Table 1 | Structural parameters of the lens

Filter re (pixels) n b/a PA

F115W 7.9 ± 0.7 4.1 ± 0.3 0.94 77

F150W 9.9 ± 0.5 4.9 ± 0.2 0.96 −15

F277W 8.8 ± 0.4 5.3 ± 0.2 0.98 −16

F444W 8.6 ± 0.4 5.6 ± 0.2 0.99 −23
n is the Sersic index. PA is the position angle.
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One of the surprising results from the Hubble Space Telescope was the 
discovery that many of the most massive galaxies at redshift z ≈ 2 are very 
compact, having a half-light radius of only 1−2 kpc. The interpretation is that 
massive galaxies formed inside out, with their cores largely in place by z ≈ 2 
and approximately half of their present-day mass added later through  
minor mergers. Here we present a compact, massive, quiescent galaxy  
at a photometric redshift of 

z

phot

= 1.94

+0.13

−0.17

 with a complete Einstein ring. 
The ring was found in the James Webb Space Telescope COSMOS-Web survey 
and is produced by a background galaxy at 

z

phot

= 2.98

+0.42

−0.47

. Its 1.54″ 
diameter provides a direct measurement of the mass of the ‘pristine’ core  
of a massive galaxy, observed before the mixing and dilution of its stellar 
population during the 10 Gyr of galaxy evolution between z = 2 and z = 0. We 
$nd a mass for the lens M

lens

= 6.5

+3.7

−1.5

× 10

11 M⊙ within a radius of 6.6 kpc. The 
stellar mass within the same radius is 

M

stars

= 1.1

+0.2

−0.3

× 10

11 M⊙ for a Chabrier 
initial mass function and the $ducial dark matter mass is M

dm

= 2.6

+1.6

−0.7

× 10

11 M⊙. 
Additional mass appears to be needed to explain the lensing results, either  
in the form of a higher-than-expected dark matter density or a bottom-heavy 
initial mass function.

The galaxy and its ring were identified in James Webb Space Telescope 
( JWST) NIRCam observations in the context of the COSMOS-Web  
project1, a public wide-area survey using the F115W, F150W, F277W 
and F444W filters. A visual inspection of a mosaic generated from  
the F115W, F277W and F444W data available as of 15 April 2023, cover-
ing a total area of 0.35 deg2, readily revealed the object (Methods). The 
NIRCam images containing the galaxy were resampled2 to a common 
0.025″ per pixel grid for analysis.

The object, dubbed JWST-ER1, is shown in Fig. 1a. It consists of a 
compact early-type galaxy ( JWST-ER1g) and a complete Einstein ring 
( JWST-ER1r) with two conspicuous red concentrations. The lensed 

galaxy probably has a red centre and a blue disk, with parts of the disk 
producing the ring. The diameter of the centre of the ring is 1.54″ ± 0.02″. 
JWST-ER1 joins a large number of known Einstein rings3,4, although most 
are not complete. Like other strong lensing configurations, Einstein rings 
can be used to reconstruct high-resolution images of lensed background 
galaxies, using ray-tracing techniques5. However, the unique value of 
Einstein rings is what they tell us about the lenses themselves: given 
the redshifts of the lens and source, they provide a model-independent 
measurement of the enclosed mass within the radius of the ring6.

We obtained five-band photometry of the lens by fitting it with a 
Sèrsic model7, masking the ring and keeping the structural parameters 
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Fig. 3: Left: SED fitting results from LePhare for the lens (red) and the source (blue) using the photometry extracted from the
lens modeling with sl_fit (see Sect. 2.3 and 4). Right: redshift PDF for the lens and the source (same colors) when using LePhare
(continuous lines), Cigale (dashed lines), and EAZY (dotted lines). We note that the detections in the u, g, and r bands for the source
are likely contaminated by a nearby UV-bright foreground galaxy located West of the ring (see Fig. A.1.)

Table 2: Photometric redshift estimates and physical properties
of the source. For SE++, we quote the results on CW.

Code zphot M? SFR
⇥1010 M� M� yr�1

(1) (2) (3) (4)
LePhare (SE++) 5.27+0.02

�0.02 0.74+0.08
�0.06 25.0+6.00

�3.00
Cigale (SE++) 4.78+0.10

�0.15 1.05+0.56
�0.66 17.0+6.00

�5.00
EAZY (SE++) 5.12+0.01

�0.01 1.58+0.11
�0.13 83.0+5.00

�6.00
LePhare (sl_fit) 5.48+0.06

�0.06 1.26+0.17
�0.16 77.6+15.4

�11.0
Cigale (sl_fit) 5.27+0.01

�0.03 2.87+0.50
�0.50 78.4+5.58

�5.58
EAZY (sl_fit) 5.08+0.06

�0.04 5.75+0.39
�0.48 24.7+2.52

�2.28

Notes: Legend is similar to that of Table 1. Physical parameters from
SE++ photometry correspond to the clump CW only and are corrected
from magnification assuming a magnification factor of µ = 11.6.
Values from sl_fit photometry correspond to the whole ring and are
intrinsic by construction. Text in boldface represents values used as
reference in the analysis.

consistent results with sl_fit photometry, but also when using
SE++ photometry (i.e. when estimating the SFR of CW only)
with 25.0+6.0

�3.0, and 17.0+6.0
�5.0 M� yr�1, respectively. Only EAZY

finds opposite trends with SFR = 83.0+5.00
�6.00 M� yr�1 for SE++

photometry and 24.7+5.52
�2.28 M� yr�1 for sl_fit photometry. In other

terms, EAZY finds a higher SFR in CW alone than in the entire
Einstein ring. This inconsistency might be the e↵ect of di↵erent
stellar populations and dust attenuation between the red clumps
and the blue part of the ring that EAZY has trouble accounting
for (see Sects. 5.3 and 5.4).

In what follows, we will use the solution from LePhare with
sl_fit photometry at zsource = 5.48 as a reference and we will
discuss how using a di↵erent solution might impact our results.

4. Lens modeling

Lens modeling is an important aspect because (i) it is the only
technique that e↵ectively allows us to recover the intrinsic flux
of the whole ring in multiple bands while directly taking into ac-
count magnification and distortion from the lens, (ii) it allows
us to reconstruct the intrinsic morphology of the background
source, and (iii) it gives access to the total mass distribution of
the lens. In this paper, we have applied two di↵erent techniques
to model the lens and the deflection of the source. Because they
rely on di↵erent methodologies and assumptions, we have used
them independently and then compared them to assess the re-
liability of our results. The main di↵erence between these two
methods is that the first one fits the source with analytical light
profiles (see Sect. 4.1), whereas the second one reconstructs the
morphology of the source using pixelization (see Sect. 4.2).

4.1. Forward light profile fitting with sl_fit

4.1.1. Method

We model the whole system using the forward light profile lens-
ing fitting code sl_fit. This code has been extensively used in the
literature (e.g. Gavazzi et al. 2008, 2011, 2012; Brault & Gavazzi
2015; Yang et al. 2019) and allows one to fit multiple analytical
profiles to the source and the lens. We readily assume the total
mass distribution to be described as a singular isothermal ellip-
soid (SIE), arguably the simplest possible mass distribution able
to give reliable estimates of the Einstein radius and source in-
trinsic flux. Its three free parameters are its velocity dispersion,
ellipticity, and position angle on the plane of the sky. The Ein-
stein radius ✓Ein and velocity dispersion �SIE are related through
the relation

✓Ein = 4⇡
✓�SIE

c

◆2 dls

ds
, (1)

with ✓Ein in radian, c the speed of light, and ds and dls the an-
gular diameter distances between the observer and the source
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One of the surprising results from the Hubble Space Telescope was the 
discovery that many of the most massive galaxies at redshift z ≈ 2 are very 
compact, having a half-light radius of only 1−2 kpc. The interpretation is that 
massive galaxies formed inside out, with their cores largely in place by z ≈ 2 
and approximately half of their present-day mass added later through  
minor mergers. Here we present a compact, massive, quiescent galaxy  
at a photometric redshift of 

z

phot

= 1.94

+0.13

−0.17

 with a complete Einstein ring. 
The ring was found in the James Webb Space Telescope COSMOS-Web survey 
and is produced by a background galaxy at 

z

phot

= 2.98

+0.42

−0.47

. Its 1.54″ 
diameter provides a direct measurement of the mass of the ‘pristine’ core  
of a massive galaxy, observed before the mixing and dilution of its stellar 
population during the 10 Gyr of galaxy evolution between z = 2 and z = 0. We 
$nd a mass for the lens M

lens

= 6.5

+3.7

−1.5

× 10

11 M⊙ within a radius of 6.6 kpc. The 
stellar mass within the same radius is 
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11 M⊙ for a Chabrier 
initial mass function and the $ducial dark matter mass is M
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−0.7

× 10

11 M⊙. 
Additional mass appears to be needed to explain the lensing results, either  
in the form of a higher-than-expected dark matter density or a bottom-heavy 
initial mass function.

The galaxy and its ring were identified in James Webb Space Telescope 
( JWST) NIRCam observations in the context of the COSMOS-Web  
project1, a public wide-area survey using the F115W, F150W, F277W 
and F444W filters. A visual inspection of a mosaic generated from  
the F115W, F277W and F444W data available as of 15 April 2023, cover-
ing a total area of 0.35 deg2, readily revealed the object (Methods). The 
NIRCam images containing the galaxy were resampled2 to a common 
0.025″ per pixel grid for analysis.

The object, dubbed JWST-ER1, is shown in Fig. 1a. It consists of a 
compact early-type galaxy ( JWST-ER1g) and a complete Einstein ring 
( JWST-ER1r) with two conspicuous red concentrations. The lensed 

galaxy probably has a red centre and a blue disk, with parts of the disk 
producing the ring. The diameter of the centre of the ring is 1.54″ ± 0.02″. 
JWST-ER1 joins a large number of known Einstein rings3,4, although most 
are not complete. Like other strong lensing configurations, Einstein rings 
can be used to reconstruct high-resolution images of lensed background 
galaxies, using ray-tracing techniques5. However, the unique value of 
Einstein rings is what they tell us about the lenses themselves: given 
the redshifts of the lens and source, they provide a model-independent 
measurement of the enclosed mass within the radius of the ring6.

We obtained five-band photometry of the lens by fitting it with a 
Sèrsic model7, masking the ring and keeping the structural parameters 
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Fig. 3: Left: SED fitting results from LePhare for the lens (red) and the source (blue) using the photometry extracted from the
lens modeling with sl_fit (see Sect. 2.3 and 4). Right: redshift PDF for the lens and the source (same colors) when using LePhare
(continuous lines), Cigale (dashed lines), and EAZY (dotted lines). We note that the detections in the u, g, and r bands for the source
are likely contaminated by a nearby UV-bright foreground galaxy located West of the ring (see Fig. A.1.)

Table 2: Photometric redshift estimates and physical properties
of the source. For SE++, we quote the results on CW.

Code zphot M? SFR
⇥1010 M� M� yr�1

(1) (2) (3) (4)
LePhare (SE++) 5.27+0.02

�0.02 0.74+0.08
�0.06 25.0+6.00

�3.00
Cigale (SE++) 4.78+0.10

�0.15 1.05+0.56
�0.66 17.0+6.00

�5.00
EAZY (SE++) 5.12+0.01

�0.01 1.58+0.11
�0.13 83.0+5.00

�6.00
LePhare (sl_fit) 5.48+0.06

�0.06 1.26+0.17
�0.16 77.6+15.4

�11.0
Cigale (sl_fit) 5.27+0.01

�0.03 2.87+0.50
�0.50 78.4+5.58

�5.58
EAZY (sl_fit) 5.08+0.06

�0.04 5.75+0.39
�0.48 24.7+2.52

�2.28

Notes: Legend is similar to that of Table 1. Physical parameters from
SE++ photometry correspond to the clump CW only and are corrected
from magnification assuming a magnification factor of µ = 11.6.
Values from sl_fit photometry correspond to the whole ring and are
intrinsic by construction. Text in boldface represents values used as
reference in the analysis.

consistent results with sl_fit photometry, but also when using
SE++ photometry (i.e. when estimating the SFR of CW only)
with 25.0+6.0

�3.0, and 17.0+6.0
�5.0 M� yr�1, respectively. Only EAZY

finds opposite trends with SFR = 83.0+5.00
�6.00 M� yr�1 for SE++

photometry and 24.7+5.52
�2.28 M� yr�1 for sl_fit photometry. In other

terms, EAZY finds a higher SFR in CW alone than in the entire
Einstein ring. This inconsistency might be the e↵ect of di↵erent
stellar populations and dust attenuation between the red clumps
and the blue part of the ring that EAZY has trouble accounting
for (see Sects. 5.3 and 5.4).

In what follows, we will use the solution from LePhare with
sl_fit photometry at zsource = 5.48 as a reference and we will
discuss how using a di↵erent solution might impact our results.

4. Lens modeling

Lens modeling is an important aspect because (i) it is the only
technique that e↵ectively allows us to recover the intrinsic flux
of the whole ring in multiple bands while directly taking into ac-
count magnification and distortion from the lens, (ii) it allows
us to reconstruct the intrinsic morphology of the background
source, and (iii) it gives access to the total mass distribution of
the lens. In this paper, we have applied two di↵erent techniques
to model the lens and the deflection of the source. Because they
rely on di↵erent methodologies and assumptions, we have used
them independently and then compared them to assess the re-
liability of our results. The main di↵erence between these two
methods is that the first one fits the source with analytical light
profiles (see Sect. 4.1), whereas the second one reconstructs the
morphology of the source using pixelization (see Sect. 4.2).

4.1. Forward light profile fitting with sl_fit

4.1.1. Method

We model the whole system using the forward light profile lens-
ing fitting code sl_fit. This code has been extensively used in the
literature (e.g. Gavazzi et al. 2008, 2011, 2012; Brault & Gavazzi
2015; Yang et al. 2019) and allows one to fit multiple analytical
profiles to the source and the lens. We readily assume the total
mass distribution to be described as a singular isothermal ellip-
soid (SIE), arguably the simplest possible mass distribution able
to give reliable estimates of the Einstein radius and source in-
trinsic flux. Its three free parameters are its velocity dispersion,
ellipticity, and position angle on the plane of the sky. The Ein-
stein radius ✓Ein and velocity dispersion �SIE are related through
the relation

✓Ein = 4⇡
✓�SIE

c

◆2 dls

ds
, (1)

with ✓Ein in radian, c the speed of light, and ds and dls the an-
gular diameter distances between the observer and the source
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An intriguing alternative is that the missing mass is in the form of 
low mass stars, and that the stellar IMF needs to be adjusted: stars with 
masses M ≈ 0.5 M⊙ and below dominate the total mass but contribute 
less than 5% to the light26. Rather than simply scaling the mass, we  
refit the photometry in Prospector with two bottom-heavy IMFs:  
the Salpeter form27, with a slope of −2.3 and no turnover, and a 
‘super-Salpeter’ IMF with a slope of −2.7. These IMFs are illustrated in 
Fig. 3a. We note that these parameterizations are not unique, as the low 
mass slope is degenerate with the low mass cut-off. Furthermore, 
top-heavy IMFs can lead to high M/L ratios too if the mass is dominated 

by stellar remnants, although even for very flat IMFs this only occurs 
at ages greater than 3 × 109 Gyr (ref. 28). With these caveats in mind, we 
find that the stellar mass within the Einstein radius is 2.0+0.5

−0.5

× 10

11 M⊙ 
for a Salpeter IMF and 4.0+0.6

−0.8

× 10

11  M⊙ for the super-Salpeter IMF.  
As shown in Fig. 3b a model that combines a super-Salpeter IMF with  
a standard dark matter halo matches the lensing mass exactly, with a 
Salpeter IMF also providing a good fit.

The probable descendants of compact quiescent galaxies at z ≈ 2 
are massive early-type galaxies29–32, and the central regions of these 
galaxies may indeed have IMFs that are more bottom heavy than the 
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re,1.5μm：HST size at the rest-0.5μm 
re,4.4μm：JWST size at the rest-1.5μm

HST sizes are overestimated due to radial gradients in 
stellar age, metal, dust attenuation

allow us to understand how galaxies assemble their stellar
mass. Differences in morphology at different rest-frame
wavelengths can be mapped back to physical quantities—
primarily radial variations in age and dust, but also of stellar
metallicities. This means that the size differences seen in
Figures 3 and 4 can be used to understand variations in stellar
population properties of galaxies. Smaller 4.4 μm sizes than
1.5 μm sizes imply that stellar mass profiles are more compact
than light profiles, indicating redder centers. These redder
centers may be due to dust—previous work at cosmic noon has
showed that galaxy centers tend to be more dust-obscured than
their outskirts (e.g., Nelson et al. 2016), that more massive
galaxies tend to be dustier (e.g., Whitaker et al. 2017), and that
galaxies with redder V− J colors are more likely to be edge-on
disks with very obscured centers (e.g., Patel et al. 2012). Or,
these redder centers may be due to older stellar ages—e.g.,
these massive disk galaxies may be in the process of
assembling the bulge components that we see in massive
galaxies in the local universe (e.g., Bezanson et al. 2009, 2011;
Nelson et al. 2019; Tadaki et al. 2020). Our finding that even
half-light radii, one of the most basic measures we have of
galaxy morphologies, differ by up to ∼30% between 4.4 and

1.5 μm in massive galaxies indicates that our previous
understanding of the true structures of massive galaxies at
cosmic noon was incomplete. Although these differences may
seem subtle, they could prove fundamental to our under-
standing of how galaxies quench and structurally transform. If
light-weighted size estimates are indeed systematically biased
and star-forming galaxies are closer in size to their quiescent
counterparts at cosmic noon, this could alleviate the need for
dramatic structural transformation (e.g., Zolotov et al. 2015) or
careful progenitor and descendant matching (e.g., van Dokkum
et al. 2015).
Moving forward, the remarkable public data sets gathered

with JWST can be used to study why we see these differences
in galaxy sizes across wavelengths. To date, quantitative
measurements of age, dust, and metallicity gradients in galaxies
have primarily been restricted to the local universe (e.g.,
Greene et al. 2012, 2015; Woo & Ellison 2019). New JWST
multiband infrared imaging, along with a legacy of UV-optical
imaging from HST, will allow us to extend spatially resolved
stellar population fitting methodologies to quantify age and
dust gradients in galaxies at cosmic noon, and to place strong
constraints on their underlying stellar mass distributions.

Figure 4. Estimate of color gradient strength as probed by the ratio of 4.4–1.5 μm sizes as a function of both stellar mass and rest-frame V − J color in three redshift
bins. Marker color indicates UVJ-selected star-forming and quiescent galaxies. We find significant trends with both mass and color, such that redder, more massive
galaxies have larger differences between their 4.4 and 4.4 μm sizes. These color gradients indicate that more massive galaxies have increasingly redder centers
compared to their outskirts.
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Figure 7. Poststamps of the observed-frame 1.6 `m emission of the example galaxies at I = 2 displayed in Figure 1. The top row corresponds to a SKIRT run
including the e�ects of dust attenuation, whereas the middle row corresponds to the scenario where no dust attenuation is applied. White circles correspond to
the respective half-light radii. For individual galaxies, the top and middle row have the same color scaling. Especially for the more massive galaxies it becomes
clear that dust obscures the central bright component of the stellar emission. The bottom row shows the 1.6 `m light profile of the same galaxies when including
(red) and not including (green) dust absorption. The radial profiles are normalized to the peak flux density of the profile without dust attenuation. The shape of
the profiles is flatter when including dust attenuation, naturally extending the half-light radius.

Figure 8. Left: The ratio between observed-frame 1.6 `m half-light radius of the modeled galaxies and their stellar half-mass radius as a function of stellar
mass and redshift, including the e�ects of dust attenuation as in Figure 7. Center: The ratio between 1.6 `m half-light radius of the modeled galaxies and their
stellar half-mass radius as a function of stellar mass and redshift, not including the e�ects of dust attenuation. Right: The ratio between the 1.6 `m half-light
radius of galaxies with and without including dust attenuation plotted as a function of stellar mass and redshift. The solid curves correspond to the median of
the distribution, whereas the color-shaded regions mark the one-sigma scatter of the distribution. The black dashed horizontal line corresponds to a ratio of
unity.
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Figure 7. Poststamps of the observed-frame 1.6 `m emission of the example galaxies at I = 2 displayed in Figure 1. The top row corresponds to a SKIRT run
including the e�ects of dust attenuation, whereas the middle row corresponds to the scenario where no dust attenuation is applied. White circles correspond to
the respective half-light radii. For individual galaxies, the top and middle row have the same color scaling. Especially for the more massive galaxies it becomes
clear that dust obscures the central bright component of the stellar emission. The bottom row shows the 1.6 `m light profile of the same galaxies when including
(red) and not including (green) dust absorption. The radial profiles are normalized to the peak flux density of the profile without dust attenuation. The shape of
the profiles is flatter when including dust attenuation, naturally extending the half-light radius.

Figure 8. Left: The ratio between observed-frame 1.6 `m half-light radius of the modeled galaxies and their stellar half-mass radius as a function of stellar
mass and redshift, including the e�ects of dust attenuation as in Figure 7. Center: The ratio between 1.6 `m half-light radius of the modeled galaxies and their
stellar half-mass radius as a function of stellar mass and redshift, not including the e�ects of dust attenuation. Right: The ratio between the 1.6 `m half-light
radius of galaxies with and without including dust attenuation plotted as a function of stellar mass and redshift. The solid curves correspond to the median of
the distribution, whereas the color-shaded regions mark the one-sigma scatter of the distribution. The black dashed horizontal line corresponds to a ratio of
unity.
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Figure 2. The JWST 4.4 µm images (400⇥400) for our sample of 10 massive SFGs (left and center columns in each panel).
Magenta contours display the 870 µm flux densities in the ALMA 0.002-resolution images, plotted for every 4�. Cyan contours
do the velocity-integrated flux of CO J = 3 � 2 emission in the same image, plotted for every 4�. The right columns in each
panel show the residual 4.4 µm images after the best-fit model is subtracted. Magenta, cyan, and black filled ellipses at the
bottom-left corner correspond to the FWHM of PSF in the 870 µm, CO, and 4.4 µm images, respectively. Green lines show the
regions masked in measuring the e↵ective radii of the 4.4 µm emission. White crosses show the central position of the best-fit
model in the JWST 4.4 µm image.

0.14 mJy beam�1. The data quality is similar to that in
T17. When the line emission is integrated over a velocity
range of 200–750 km s�1, the CO emission is detected
at more than 8� for all the targets (Figure 2). In ad-
dition, two massive SFGs (U4-17519 and U4-28156) of
the T20 sample are serendipitously detected in CO in
the same ALMA observations. Adding two from T17,
we have obtained a sample of 10 massive SFGs in total
(Table 1). We extract the CO spectra in an aperture of
100diameter and fit them to Gaussian profiles to deter-
mine the spectroscopic redshift (Table 1). Our sample
is the largest sample of massive SFGs at z ⇠ 2.2 � 2.5
with spatially-resolved data of both 870 µm continuum
and CO J = 3� 2 line emission.

3. SIZE MEASUREMENTS

3.1. ALMA data of 870 µm and CO emissions

CO and 870 µm continuum emissions were observed
with an interferometer; then, we model the visibility
data, not the images (Figure 2). This approach has ad-
vantages of not being a↵ected by uncertainties in Fourier
transforms and deconvolution of a dirty beam. For the
870 µm continuum emission, T20 have measured the
flux density, e↵ective radius, major-to-minor axis ratio,
and position angle of each galaxy, assuming an elliptical
exponential disk model, and characterized its spatial ex-
tent (Table 1). For U4-34138 and U4-34617, the best-fit
models account for only 50%–70% of the total flux den-
sities directly measured from the short-baseline data,
suggesting that a single component model is not su�-
cient for characterizing the spatial distribution of the
870 µm continuum emission. We do not use these two
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Figure 4. Best-fit model radial profiles of sSFR, gas depletion timescale, and gas mass fraction. Solid red lines and shaded
region show the average and standard deviation in eight massive SFGs, respectively. Black dashed lines show the individual
models.

extinction. Nevertheless, Zhang et al. (2023) show, us-
ing radiative transfer models, that even 4.4 µm sizes
are about 75 percent overestimated than the half mass
radii in massive SFGs. If this e↵ect is significant in our
sample, the true spatial extent of stars is more compact
than that of the SFR, indicating a suppressed sSFR in
the center. Also, a radial gradient of dust temperature
a↵ects the conversion of the 870 µm flux density to the
total infrared luminosity or SFR. When a dust temper-
ature is higher at the center, SFR profiles could be more
centrally concentrated than the 870 µm ones. A devia-
tion from parametric models is another problem to accu-
rately characterize the spatial distribution of emissions.
Unlike the JWST 4.4 µm images, sub-structures are not
visible in the ALMA 870 µm images. This may simply
be due to the low signal-to-noise ratio (⇠10–30) in the
ALMA observations. The peak flux density in the resid-
ual images of JWST 4.4 µm emission is less than 15%
of the peak in the original image (Figure 2). To capture
the sub-structures of dust emission, it is necessary to
have deeper 870 µm images than used in this work, as
demonstrated in previous studies of bright galaxies (e.g.,
Iono et al. 2016; Hodge et al. 2019). Although these un-
certainties are desired to be addressed in the future, we
are beginning to see with excellent data from the JWST
and ALMA how massive galaxies form a core.
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APPENDIX

SIZE MEASUREMENTS THROUGH VISIBILITY
FITTING

We extract the spatial frequency (u,v) and the
real/imaginary part of individual visibility by using
CASA toolkit/table.getcol to derive the uv distance
and the amplitudes. We show in Figure 5 the amplitudes
of the visibilities as a function of the uv distance along
the minor axis for 870 µm and CO data. For nine of
10 massive SFGs, the amplitudes of the CO data more
rapidly decline as uv distance compared to the 870 µm
data, indicating that the CO emission is more compact.
We note that UVMULTIFIT fits individual visibility data,
not the averaged one shown in Figure 5.
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