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A B S T R A C T 

Despite the implied presence of dust through reddened UV emission in high-redshift galaxies, no dust emission has been detected 

in the (sub)millimetre re gime be yond z > 8 . 3. This study combines around 200 h of Atacama Large Millimetre/submillimetre 
Array (ALMA) and Northern Extended Millimetre Array (NOEMA) observations on 10 z > 8 galaxies, revealing no significant 
dust emission down to a 1 σ depth of 2.0, 2.0, and 1 . 5 μJy at rest-frame 158, 88 μm, and across all the data, respectively. This 
constrains average dust masses to be below < 10 

5 M � at 3 σ and dust-to-stellar mass ratios to be below 3 . 7 × 10 

−4 (assuming 

T dust = 50 K and βdust = 2 . 0). Binning by redshift (8 < z < 9 . 5 and 9 . 5 < z < 15), UV-continuum slope ( βUV 

≶ −2), and 

stellar mass ( log 10 M ∗/ M � ≶ 9) yields similarly stringent constraints. Combined with other studies, these results are consistent 
with inefficient dust build-up in the z > 8 Universe, likely due to inefficient supernova production, limited interstellar grain 

growth and/or ejection by outflows. We provide data and tools online to facilitate community-wide high-redshift dust searches. 
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1

D
a
w  

f
a
a
g
o
e
w  

t  

t
S  

A
2  

s
o  

b  

T  

K  

d  

�

s  

u  

t

t
1  

e  

k  

A  

(  

t  

r
U  

c
i
e  

c
w  

a
s  

2  

s
 

©
P
C
p

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/546/2/staf2284/8407241 by Luisa Ferrini user on 31 M
arch 2026
 I N T RO D U C T I O N  

espite containing only 0.1–0.5 per cent of all baryons, dust plays 
 disproportionately important role in our Universe and the galaxies 
ithin it (C. P ́eroux & J. C. Howk 2020 ). The bulk of gas available

or star formation (i.e. molecular gas) forms on the chemically 
ctive surfaces of dust grains, and its thermal radiation provides 
n efficient cooling method to facilitate the gravitational collapse of 
as into stars. Observationally, dust is seen through the reddening 
f stellar emission at optical wavelengths, as well as the subsequent 
mission from these heated dust grains through radiation in (sub-)mm 

avelengths (e.g. E. da Cunha et al. 2015 ). As dust studies extend
o higher redshifts, the time since the big bang starts to approach the
ypical time-scales of the dust production mechanisms themselves. 
tars with ∼ 8 M � require at least 30–100 million years to reach the
symptotic Giant Branch (AGB) phase (E. Dwek & I. Cherchneff 
011 ; M. Lugaro et al. 2012 ; M. L. Boyer et al. 2025 ), and while
upernovae can occur on faster time-scales, the destructive effect 
f the reverse shock on the total dust yield is expected to only leave
etween 10 and 30 per cent intact (R. Schneider & R. Maiolino 2024 ).
he surprising disco v ery of dust at z > 7 (D. Watson et al. 2015 ;
. K. Knudsen et al. 2017 ) has created optimism towards a direct
etection of dust emission in the high- z Universe, and the subsequent
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everal hundred hours of interferometric observ ations no w provide a
nique opportunity to test the dust formation mechanisms as well as
he effect of dust on galaxy evolution. 

Even the most distant galaxy candidates show indications of dust 
hrough their reddened UV-continuum emission out to redshifts z ∼
4 (e.g. K. E. Heintz et al. 2023 ; S. Carniani et al. 2024 ; V. Kokorev
t al. 2025 ). While spectroscopic confirmation of these sources is
ey to rule out low-redshift interlopers (S. Fujimoto et al. 2023 ; J.
. Zavala et al. 2023 ), the first 3 yr of James Webb Space Telescope

 JWST ) operation have already confirmed many of these systems as
rue high- z galaxies (e.g. Y. Harikane et al. 2024 ). Beyond the direct
eddening of the UV-continuum slope (i.e. the βUV ), the rest-frame 
V emission of galaxies can also provide further insight into dust

omposition, including a characteristic 2175 Å absorption feature 
ndicating the presence of carbonaceous dust specifically (V. Markov 
t al. 2023 ; J. Witstok et al. 2023b ). Using rest-frame UV emission to
haracterize dust properties requires resolved observations combined 
ith radiative transfer models (C. M. Casey et al. 2014 ), which

re beyond even the capabilities of the JWST . Model dependencies 
ignificantly affect results (N. S. Martis et al. 2019 ; V. Markov et al.
023 ), and rest-frame UV observations are sensitive to the assumed
tellar population age and metallicity (I. Barisic et al. 2017 ). 

Despite the clear evidence for dust in the z > 8 Universe through
he UV-continuum slope (e.g. C. M. Casey et al. 2024 ) and the
uggested presence of carbonaceous dust grains at z > 7, direct
etections of dust emission from individual galaxies at these extreme 
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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M

Table 1. Properties of z > 8 galaxies. 

Source RA Dec Redshift M UV βUV log 10 M ∗ Size μ

(hms) (dms) (M �) (pc) 

REBELS-24 10:00:31.89 + 01:57:50.20 8.21 −22.0 −1 . 5 + 0 . 5 −1 . 1 8.89 ± 0.68 – –
GS-z9 −3 03:32:34.99 −27:49:21.60 8.228 −19.8 – 9.19 ± 0.07 – –
ID4590 07:23:26.26 −73:26:57.04 8.496 −19.6 −1 . 70 ± 0 . 07 8 . 82 ± 0 . 31 280 ± 50 8.69 
MACS1149-JD1 11:49:33.58 + 22:24:45.70 9.110 −19.6 −2 . 20 ± 0 . 01 8 . 20 ± 0 . 05 332 ± 54 10.5 
GS-z9 −0 03:32:26.94 −27:46:28.72 9.433 −20 . 4 −2 . 54 ± 0 . 02 8 . 17 ± 0 . 05 110 ± 9 –
GHZ-1 00:14:02.86 −30:22:18.69 9.875 −20.0 −1 . 79 ± 0 . 05 9 . 20 ± 0 . 30 500 ± 20 –
GN-z11 12:36:25.46 + 62:14:31.40 10.603 −21 . 5 −2.36 ± 0.10 8.73 ± 0.06 64 ± 20 –
GS-z11 −0 03:32:39.54 −27:46:28.67 11.58 −19 . 3 −2 . 18 ± 0 . 09 8 . 67 ± 0 . 13 80 ± 20 –
GHZ-2 00:13:59.76 −30:19:29.22 12.333 −20.5 −2 . 46 ± 0 . 08 9 . 05 ± 0 . 18 105 ± 9 1.3 
GS-z14 −0 03:32:19.90 −27:51:20.27 14.178 −20.8 −2 . 20 ± 0 . 07 8 . 70 ± 0 . 50 260 ± 20 < 1 . 2 

Not stacked 
MACS0416-Y1 04:16:09.40 −24:05:35.47 8.312 −20.8 −1 . 72 ± 0 . 50 8 . 60 ± 0 . 10 390 ± 50 1.5 
SPT-0615-JD 06:15:55.10 −57:46:20.19 9.625 −17.8 −2 . 70 ± 0 . 10 7 . 47 ± 0 . 18 – 120 
COS-z −0/COS-z12 −1 09:58:55.23 + 02:07:16.82 12 . 25 ± 0 . 25 −22.2 −1.78 ± 0.23 9 . 60 ± 0 . 11 420 ± 70 –

Note. Column 1: Source name. Column 2: Right Ascension in [hms] units. Column 3: Declination in [dms] units. Column 4: Redshift, if errors are listed, 
the redshift is derived from photometric observations. Note that the redshifts of REBELS-24 and GS-z11 −0 are based on the modest resolution of JWST 

spectroscopy, and are thus accurate to two digits. Column 5: M UV corrected for lensing. Column 6: The slope of the UV continuum. For GS-z9 −3, the βUV is 
not a vailable, b ut the DAWN JWST Archive (DJA) and its subsequent analysis provide physical estimates of A V = 0 . 29 and L IR = 6 . 9 × 10 10 L �. Column 
7: The stellar mass estimate, corrected for lensing. The references can be found in the Appendix Section A . Column 8: The rest-frame UV/optical size of the 
source corrected for lensing. Column 9: Lensing magnification. 
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edshifts remain scarce (T. Tokuoka et al. 2022 ; T. J. L. C. Bakx et al.
023 ; I. Yoon et al. 2023 ; S. Schouws et al. 2025 ; S. Carniani et al.
024 ; I. Mitsuhashi et al. 2025 ). Only one source, MACS0416 Y1,
as evidence of dust emission seen in the sub-mm regime at z = 8 . 3
Y. Tamura et al. 2019 ; T. J. L. C. Bakx et al. 2020 ; A. Harshan
t al. 2024 ). Since the identification of z > 8 objects with the Hubble
pace Telescope ( HST ), the Atacama Large Millimetre/submillimetre
rray (ALMA) has been used for several tens to hundreds of hours

o characterize the dust emission of distant galaxies (e.g. Y. Tamura
t al. 2019 ; T. J. L. C. Bakx et al. 2020 ; H. Inami et al. 2022 ; T. J. L.
. Bakx et al. 2023 ; Y. Tamura et al. 2023 ; Y. Fudamoto et al. 2024 ;
. Fujimoto et al. 2024 ). With dust readily detected at z = 6 − 8
D. A. Riechers et al. 2013 ; D. Watson et al. 2015 ; M. B ́ethermin
t al. 2020 ; O. Le F ̀evre et al. 2020 ; H. Inami et al. 2022 ), the
carcity in sub-mm detections becomes an intriguing question with
osmological implications (A. Le ́sniewska & M. J. Michałowski
019 ). Building upon the advances of composite images of galaxies
t cosmic noon ( z = 1 − 5; R. J. Bouwens et al. 2016 ; J. S. Dunlop
t al. 2017 ; R. J. McLure et al. 2018 ; R. Bouwens et al. 2020 ; J.-
. Jolly et al. 2025 ), innov ati ve stacking analyses of far-infrared
ata hav e rev ealed ele v ated infrared luminosity density extending to
 ∼ 8–10 (M. P. Viero et al. 2022 ; H. S. B. Algera et al. 2023 ; L.
iesla et al. 2025 ), and can provide an additional avenue to test the
omprehensive picture of dust properties at high redshifts. At higher
edshifts, e ven ground-based observ ations are able to probe closer
o the peak of the dusty spectrum, which are expected to be warmer
han in the z = 0 Universe (D. Schaerer et al. 2015 ; A. L. Faisst et al.
017 ; L. Liang et al. 2019 ; T. J. L. C. Bakx et al. 2020 ; L. Sommovigo
t al. 2020 , 2021 ). The (sub-)mm K-correction furthermore increases
he sensitivity of observations by roughly 1.5- to 5-fold, depending
n the dust temperature (A. W. Blain 1999 ; A. W. Blain et al. 2002 ;
. A. Hodge & E. da Cunha 2020 ). Ho we v er, stacking e x ercises are
ensitive to interlopers, and it is important to have high confidence
n the true high-redshift nature of distant galaxies (c.f., J. A. Zavala
t al. 2023 ). 

In this study, we examine the constraints on dust physics provided
y existing deep ( t int > 1 h) (sub)mm observations of galaxies with
obust redshifts in the z > 8 Universe. Through a comprehensive
NRAS 546, 1–20 (2026) 
rame work, publicly av ailable at http:// github.com/ tjlcbakx/ high-z- 
ust-stack, a stacking e x ercise in flux, dust mass, and dust-to-stellar
ass ratio explores our best view yet on obscured star formation

n the z > 8 Universe through both rest-frame UV and optical
bservations, and those at (sub)mm wavelengths. The data consists
f a combination of previously published results and unpublished
esults for ten galaxies. Throughout this paper, we assume a flat � -
DM cosmology with the best-fitting parameters derived from

he Planck results (Planck Collaboration et al. 2020 ), which are
m 

= 0 . 315, �� 

= 0 . 685, and h = 0 . 674. 

 SAMPLE  A N D  OBSERVATI ONS  

his study focuses on a sample of galaxies (Table 1 ) beyond
 > 8 with substantial observing time ( � 1 h) with a sensitive
nterferometer, in particular Northern Extended Millimeter Array
NOEMA) and ALMA. These objects are selected from deep rest-
rame UV and optical observations using the HST and JWST , which
earch for the characteristic Lyman-break feature and/or emission
ines that reveal the high-redshift nature of these objects. 

These distant objects are often found at the edge of the detection
imits of HST and JWST , which increase the risk of including
nterlopers such as local brown dwarfs, z ≈ 1 quiescent galaxies
Y. Harikane et al. 2025 ), and z ≈ 4 dusty Balmer-break galaxies
R. P. Naidu et al. 2022a ; J. A. Zavala et al. 2023 ). To a v oid the
onfusing effect of interlopers in this stacking experiment, this study
s limited to all objects that are robustly confirmed to lie at z > 8.
or completeness, we include (but do not stack) the singular source
t z > 8 that to date has been detected in dust, MACS0416 Y1 (Y.
amura et al. 2019 ). 
In Appendix A , we discuss the notable properties of each object

n order of increasing redshift, including the existing rest-frame UV,
ptical, and far-infrared observations. All data except those for GN-
11, which was taken with NOEMA, have been re-calibrated and
e-imaged for consistency. These are calibrated using the provided
cripts with the suggested CASA pipeline version. The subsequent
ata reduction steps use TCLEAN (T. CASA-Team 2022 ) with a
ogbom deconvolver and a natural ( robust = 2) weighting. In the

http://github.com/tjlcbakx/high-z-dust-stack


Dust stack at z > 8 3 

Table 2. Description of the available ALMA and NOEMA data. 

Source f obs S ν t obs Beam size Proposal ID 

(GHz) ( μ Jy) (h) ( arcsec × arcsec ) 

REBELS-24 202 −3 . 3 ± 9 . 3 2.2 1.26 × 1.06 2018.1.00236.S, 2019.1.01634.L 

GS-z9 −3 349 12 . 2 ± 16 . 1 2.2 1.00 × 0.74 2017.1.00486.S 
ID4590 200 −7 . 6 ± 11 . 8 1.7 1.35 × 1.25 2021.A.00022.S 

360 −17 . 8 ± 22 . 0 1.4 0.73 × 0.59 2021.A.00022.S 
MACS1149-JD1 188 4 . 1 ± 5 . 8 4.6 0.77 × 0.66 2017.A.00026.S 

335 13 . 9 ± 8 . 1 14.2 0.37 × 0.31 2015.1.00428.S, 2018.1.00616.S 
GS-z9 −0 307 −4 . 5 ± 6 . 9 4.6 0.90 × 0.64 2022.1.01401.S 
GHZ-1 248 12 . 2 ± 5 . 7 7.0 0.80 × 0.60 2021.A.00023.S 
GN-z11 161 4 . 0 ± 12 . 9 80.6 0.41 × 0.38 XACE, XBCE, XCCE, XDCE, S16CQ, W17FD, W18FD 

GS-z11 −0 281 7 . 1 ± 4 . 2 19.2 0.88 × 0.69 2023.1.00336.S 
GHZ-2 248 1 . 5 ± 3 . 4 12.2 0.51 × 0.43 2021.A.00020.S, 2023.A.00017.S 

413 15 . 8 ± 16 . 6 8.2 0.71 × 0.62 2023.A.00017.S, 2024.1.01645.S, 2024.1.01771.S 
GS-z14 −0 125 −2 . 3 ± 3 . 0 5.6 1.27 × 0.93 2024.A.00007.S 

224 0 . 4 ± 5 . 0 8.2 0.82 × 0.66 2023.A.00037.S 
Not stacked 

MACS0416-Y1 a 204 12 ± 6 6.5 0.44 × 0.31 2017.1.00225.S, 2019.1.01350.S 
364 137 ± 26 21.5 0.14 × 0.11 2016.1.00117.S, 2017.1.00225.S, 2017.1.00486.S, 2018.1.01241.S 
465 207 ± 65 1.6 0.84 × 0.63 2019.1.00343.S 

SPT-0615-JD 

a 307 < 15.2 10.0 0.48 × 0.45 2018.1.00295.S, 2019.1.00327.S 
COS-z −0 a /COS-z12 −1 258 < 15.4 5.4 0.51 × 0.42 2023.A.00003.S 

Note. Column 1: Source name. Column 2: The frequency of the sub-mm observations. Column 3: The observed flux density at the source position, given as 
the observed flux and error for all sources but SPT-0615-JD and COS-z −0/COS-z12 −1, where the flux is likely too extended and confused by a nearby bright 
galaxy , respectively . Column 4: The total on-source time of the observations as listed on the ALMA Science Archive, not including o v erheads. F or NOEMA 

data, the on-source time is taken from Y. Fudamoto et al. ( 2024 ). Column 5: ALMA/NOEMA Proposal IDs. a These sources are not included in the stacking 
analysis. 
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Figure 1. UV Magnitude of our stacking sample of spectroscopically 
confirmed z > 8 galaxies ( red squares ) as a function of their redshift and 
age of the Universe. Galaxies with deep observations that are not stacked are 
shown in blue stars (Y1; Y. Tamura et al. 2019 ) and grey squares (COS-z- 
0 and SPT-0615-JD), and compared to galaxy candidates with photometric 
redshift estimates from the GOODS-N and GOODS-S fields shown in blue 
points (K. N. Hainline et al. 2024 ). 
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ase when the archi v al data are not yet published previously, we
rovide additional details on the observational set-up in the same 
ppendix. 
The source details are shown in Table 1 , with their sub-mm

bservations detailed in Table 2 . The sources that will be stacked
re typically observed for an on-source time between 1.4 and 80.6 
 for a total of ∼ 175 h of on-source time, with the total necessary
bserving time roughly 30–50 per cent higher due to calibration and 
 v erheads. The beam sizes of the observations are larger than the
eported physical sizes of the sources, ranging between 0.37 and 
.35 arcsec. Fig. 1 shows the UV absolute magnitude of these sources
elative to other UV-detected z > 8 galaxies. Individual poststamps 
f the (sub)mm emission of each of the sources can be seen in Fig.
1 . 

 STAC KIN G  ANALYSIS  

tacking is a method that can increase the fidelity of existing 
bservations. The underlying assumption is that the composite 
mages are representative of the same population (J. S. Spilker et al.
014 ; M. Hagimoto et al. 2023 ; C. Reuter et al. 2023 ). The galaxies
n this sample span a large range in redshift ( z = 8 - 14 . 5), stellar

ass ( log 10 M ∗/ M � = 7.4–9.2), and a βUV between −2 . 7 and −1 . 5.
ach of these parameters are likely correlated with the total amount 
f dust present in these galaxies. In an effort to test the effects of this
otential variation, this study attempts different weighting schemes 
n the stacking across the complete sample, as well as in redshift,
tellar mass, and UV-continuum slope bins. 

Throughout this study, we use the LINESTACKER tool to perform 

he stacking (J.-B. Jolly, K. K. Knudsen & F. Stanle y 2020 ). Giv en
he large variation in observations from different observation cycles 
nd necessary weighting schemes, the stacking is performed in the 
mage plane (L. Lindroos et al. 2015 ). This furthermore facilitates 
he combination of NOEMA and ALMA data, as well as making
he tool readily available for the public. To this end, all images
re produced with the same pixel size. A smoothing to a common
eam larger than the largest individual beam was attempted, but 
MNRAS 546, 1–20 (2026) 
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Table 3. Dust limits of individual sources assuming T dust = 50 K. 

Source M dust M dust / M ∗ M dust, opt 

(10 6 M �) ×10 −3 (10 6 M �) 

REBELS-24 < 7.9 < 10 1.38 
GS-z9 −3 < 2.8 < 1.8 0.18 
ID4590 < 0.39 < 6.7 1.03 
MACS1149-JD1 < 0.09 < 0.60 0.50 
GS-z9 −0 < 1.55 < 11 0.13 
GHZ-1 < 2.13 < 1.3 25.68 
SPT-0615-JD < 0.0094 < 0.32 –
GN-z11 < 19.2 < 36 0.14 
GS-z11 −0 < 1.13 < 2.4 0.35 
COS-z −0/COS-z12 −1 < 1.68 < 0.42 18.33 
GHZ-2 < 0.94 < 0.83 0.18 
GS-z14 −0 < 2.42 < 4.7 3.55 

Note. Column 1: Source name. Column 2: The 3 σ dust mass limit through 
the combined infrared fits, corrected for gravitational lensing, assuming a 
50 K dust temperature and a βdust = 2. Column 3: The 3 σ dust-to-stellar 
mass ratio, where stellar masses are publically available (see Table 1 and 
the individual discussion of sources in the Appendix Section A . Column 
4: The optically derived dust masses predicted from βUV and optical sizes. 
The mass for REBELS-24 and GS-z9 −3 are derived with an ad hoc 100 
pc size based on typical REBELS-sizes from A. Ferrara et al. ( 2022 ), and 
τ1500 = 0 . 29 / 1 . 086 for GS-z9 −3, while for SPT-0615-JD no representative 
radius is available. 
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esulted in strong ( σsmoothed > 3 × σunsmoothed ) increases in the per-
eam noise of the sources with the highest-resolution observations.
ince the sources are expected to be unresolved on the scale of even

he smallest beams, which still extend over more than a kiloparsec
t z = 9 (T. Morishita et al. 2024a ), we focus solely on the pixels
entred on the source position to achieve the highest fidelity stack.
he flux-based stacks are not corrected for magnification, while the
ust mass stacks directly measure a physical quantity, and thus are
orrected for magnification. The stacks of the dust-to-stellar mass
atio assume the same magnification factor for both the stellar as the
ust mass, and thus are ‘unaffected’ by the magnification correction.
he individually estimated dust masses, derived as discussed below,
re given in Table 3 , and the results of the complete stacking study
re given in Table 4 . 

.1 Flux-weighted stacking 

he most common approach at stacking to detect dust emission
s through the combination of observations at the same rest-frame
av elength. Although the observ ed frequencies might differ, these

hould still probe a similar part of the dusty spectrum, and can be
ombined directly. The stack is created using the equation 

 ν = 

∑ 

i S ν,i × σ−2 
i ∑ 

i σ
−2 
i 

(1) 

or each pixel. Here, S ν,i is the flux density at rest-frame frequency
for observation i, and σi the estimated noise around the position

f the source. The σi for each band is given as the uncertainty in the
ux estimates in Table 2 . 
Fig. 2 shows the stacked emission from the individual sources at

8 and 158 μm rest-frame emissions, providing deep upper limits on
he total dust emission seen in the data. For completeness, a stack of
he dust continuum observations across all frequencies is also shown
n the right-hand side panel, where fluxes are directly stacked without
ny subsequent conversion to a common rest-frame wavelength. 
NRAS 546, 1–20 (2026) 
No emission is seen at > 2 σ in any of the flux-density stacked maps
f the sources. Several noise peaks are seen at several arcseconds
emo v ed from the centre of the stack. To confirm these as random
oise fluctuations, visual inspection of the distribution of fluxes
cross the source (i.e. flux density histograms) suggest that it is
aussian without emission seen at high or low signal-to-noise ratio.
his assuages any concerns regarding the combination of multiple
aps with different beam sizes, which are not convolved to the same

eam size to conserve the observational depth. This is in line with
he algebraic expectation, as the stacking procedure in this paper
s a linear combination of maps with Gaussian noise profiles, which
hould conserve the Gaussian noise properties regardless of the final,
uch more complicated beam shape. 

.2 Stacking to a single dust mass 

n order to combine observations at different rest-frame frequencies
nto a single representative image, we can use a single-temperature
ptically thin modified blackbody template to scale the observations
o a single dust mass. To this end, we convert the individual images
rom Jy/beam to M dust /beam. Subsequently, the images are stacked
sing the same stacking method as detailed in Section 3.1 , providing
he highest-fidelity measure of the dust mass of an archetypal galaxy
n the z > 8 Universe. 

Fig. 3 shows the relative contribution of each of the sources to a
ombined dust mass estimate through stacking. The observed fluxes
f each source (shown as 3 σ limits for all sources but Y1; see Table 2 )
s shown against an ad-hoc redshift z = 9 modified blackbody with
 10 6 M � dust reservoir at 30, 50, and 70 K. Belo w, we sho w the
teps to calculate the dust mass estimate from each observation, with
he results displayed in Table 3 , accounting for gravitational lensing
here appropriate. Furthermore, an additional measure of the dust
ass is provided through the UV attenuation, which is used for

omparison against direct stacking measurements. 

.2.1 Infrared-based dust mass estimates 

n this study, we presume the dust to be optically thin in the infrared-
bserv ed wav elengths. The deep upper limits from e ven indi vidual
bservations imply low dust masses, in line with the optically thin
cenario. As a sanity check, we ensure that the optically thick
avelength implied by the dust masses and (optical) sizes is well
elow the rest-frame wavelength using equation ( 3 ) in H. S. B. Algera
t al. ( 2024b ). As such, the following equation is used to calculate
he per-beam dust mass, 

 ν = 

(
1 + z 

d 2 L 

)
M dust κ0 

(
ν

ν0 

)βdust [
B ν( T dust ,z ) − B ν( T CMB ,z ) 

]
. (2) 

n this equation, d L is the luminosity distance, κ0 is the dust mass
bsorption coefficient at ν0 = 1900 GHz, which in our case is
ssumed to be 10.41 cm 

2 g −1 based on J. C. Weingartner & B.
. Draine ( 2001 ). The dust at redshift z is heated by the CMB.
hroughout this work, we assume the dust temperature to be 50 K at
 = 0, and use equation 12 from E. da Cunha et al. ( 2013 ) to account
or the additional dust warming of the CMB. This temperature is
epresentative of galaxies in the z > 7 Universe (L. Liang et al. 2019 ;
. J. L. C. Bakx et al. 2021 ; R. J. Bouwens et al. 2022 ), although it
an vary by up to ∼ 30 K from source-to-source. Additionally, we
nclude the contrast to the CMB against which we observe the dust
mission at redshift z through the B ν( T CMB ,z ) term. In line with lower-
edshift detected objects up to z = 8, we assume a dust emissivity
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Table 4. Stacking results for the complete sample and in separate bins. 

S ν M dust M dust / M ∗ M dust, opt M dust, flux 

( μJy) (10 4 M �) ×10 −4 (10 4 M �) (10 4 M �) 

r.f. 88 μm (8) < 6 . 1 < 31 . 0 < 6 . 7 – 61 per cent 125
r.f. 158 μm (5) < 6 . 1 < 8 . 6 < 5 . 5 – 61 per cent 621 
All (14) < 4 . 6 < 9 . 1 < 3 . 7 57 46 
z > 9 . 5 (7) < 5 . 3 < 66 . 1 < 6 . 5 292 53 
z < 9 . 5 (7) < 10 . 0 < 9 . 1 < 4 . 6 52 99 
M ∗ > 10 9 M � (4) < 9 . 2 < 88 . 5 < 7 . 3 433 91 
M ∗ < 10 9 M � (10) < 5 . 5 < 9 . 1 < 4 . 5 53 55 
βUV > −2 (6) < 9 . 8 < 42 . 7 < 5 . 9 50 97 
βUV < −2 (8) < 5 . 4 < 9 . 1 < 4 . 8 183 54 

Note. Column 1: Stacking classification followed by the number of stacked sources in brackets. Column 2: The 3 σ flux density limit through the combined 
infrared fits. Column 3: The 3 σ dust mass limit through the combined infrared fits assuming a 50 K dust temperature and a βdust = 2. Column 4: The 3 σ
dust-to-stellar mass ratio, where stellar masses are publicly available as mentioned in Table 1 . Column 5: The weighted-sum of the optically derived dust masses 
predicted from βUV and optical sizes. The optical dust mass estimates for the rest-frame 88 and 158 μm are not listed, as it double-counts sources that both have 
88 and 158 μm observations. Column 6: The flux density-based dust masses estimated from the average observing frequency and redshift of our sources, which 
provides a sample-based estimate on the dust mass that is less sensitive to individual outlier sources. 

Figure 2. The left-hand side and middle panels show the stacks of the rest-frame 88 and 158 μm emissions of eight and five observ ations, respecti vely. The 
right-hand side panel shows the combined stacked emission across all fourteen observations. The continuum weighting is based on the standard deviation of the 
continuum maps, with dashed and solid contours indicating 2, 3, 4... σ in 8 by 8 arcsec poststamps. The 3 σ depths of the maps are detailed in Table 4 . The black 
indicators guide the eye to the central region where the rest-frame UV/optical emission of the sources is detected. 
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ndex of βdust = 2 (T. J. L. C. Bakx et al. 2021 ; J. Witstok et al.
023a ; H. S. B. Algera et al. 2024b ). 

.2.2 UV-based dust mass estimates 

he rest-frame UV emission is affected by the dust. In an effort to
nderstand the infrared-based dust mass limits, we also e v aluate the
ust masses implied by the galaxies’ UV emission. Although a full
haracterization of the dust emission requires radiative modelling, 
ssuming a dust geometry, preliminary estimations to the total dust 
ass can be made. Following the formalism in A. Ferrara et al.

 2022 ), we estimate the total dust masses using UV-based sizes and
 Meurer-based dust attenuation law using their equation 11, 

 dust, opt = f μ
τ1500 

τ0 

(
r d 

kpc 

)2 

M �. (3) 

n this equation, f μ is a geometrical correction assumed to be 4/3
the value for a homogeneous dusty sphere), where it is presumed 
hat the emitting sources (i.e. stars) lie behind a foreground dust
hield. τ1500 is the optical depth at 1500 Å, with τ0 being set to the
mall Magellanic Cloud value of 2 . 17 × 10 −8 , with an alternative
ptical depth of the Milky Way at 1 . 09 × 10 −8 (J. C. Weingartner &
. T. Draine 2001 ), and r d is the radius of the dust-emitting region
here presumed to be equal to the optical size of the source,
lthough see L. Sommovigo et al. 2025 ). The τ1500 is calculated 
rom the attenuation curve found by G. R. Meurer et al. ( 1999 ),
hich correlates the UV-continuum slope βUV against the attenua- 

ion, finding τ1500 = 1 . 99( βUV − βUV , intrinsic ). The unattenuated UV- 
ontinuum slope, βUV , intrinsic , is found to be βUV , intrinsic = −2 . 23 (G.
. Meurer et al. 1999 ). 
These attenuation curves appear to hold for REBELS galaxies 

S. Schouws et al. 2022 ), with a slightly lower unattenuated UV-
ontinuum slope of βUV , intrinsic = −2 . 63 providing a better quality of
t on Hubble data. Ho we ver, a more recent NIRSpec Integral Field
nit (IFU) suggests higher unattenuated UV-continuum slopes of 
UV , intrinsic = −2 . 4 to −2 . 0 (R. Fisher et al. 2025 ), with their shape
ore in line with a more shallow, Calzetti-like dust-attenuation curve. 

n our study, we adopt the value derived for higher-redshift galaxies
rom Hubble observations ( βUV , intrinsic = −2 . 63) for an estimate of
he dust mass, especially since four sources have a βUV below −2 . 23.
ach of these parameters, as well as the co-spatial assumption of
ust and stellar emission, come with large intrinsic uncertainties. 
his dust mass should thus instead be seen as an order-of-magnitude
stimate, where large discrepancies between this UV-attenuation dust 
MNRAS 546, 1–20 (2026) 
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M

Figure 3. The observations of z > 8 galaxies typically target the expected 
wavelengths of bright sub-mm spectral lines ([O III ] 52 μm, [N III ] 57 μm, 
[O III ] 88 μm, and [C II ] 158 μm), and subsequently probe different parts of the 
dust spectrum. The observational limits and detections of 19 dust continuum 

observations across thirteen z > 8 sources are shown against the expected 
dust emission of a z = 9 galaxy with a dust mass of 10 6 M � with a βdust = 2 
at three different dust temperatures of T z= 0 = 30, 50, and 70 K assuming 
a modified black-body. The single source with dust continuum detections at 
z > 8, Y1, is shown in blue . The stacks at rest-frame 88 and 158 μm are 
shown as red arrows. 
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easurement and the far-infrared emission can indicate unusual dust
eometries and/or dust composition properties. 
Neither REBELS-24, GS-z9-3 nor SPT-0615-JD have a measure

or their optical size. For GS-z9-3, the βUV is not a vailable, b ut the
AWN JWST Archive (DJA) and its subsequent analysis provide
hysical estimates of A V = 0 . 29 and L IR = 6 . 9 × 10 10 L � (K. E.
eintz et al. 2025 ). The strong lensing of SPT-0615-JD also prohibits
 single size, particularly since it is revealed to contain several stellar
lusters (A. Adamo et al. 2024 ; L. D. Bradley et al. 2025 ). For
EBELS-24 and GS-z9-3, we adopt an ad-hoc size of 100 pc, in line
ith other sizes used for optical dust analysis in the REBELS sample

A. Ferrara et al. 2022 ), as well as other JWST -observed galaxies at
 > 8. Similar to the combined limit on the sub-mm dust mass stack,
e estimate the average optically derived dust mass using the sub-
m derived dust mass limits as a weighting for the optical dust
asses. This way, the sub-mm derived dust mass limits combine into

n average optically derived dust mass for a typical galaxy across the
ample. 

.3 Stacking to a single dust-to-stellar mass ratio 

ince more massive galaxies likely also have larger dust masses,
e also perform a stack to test the limits in dust-to-stellar mass

atios from recent observations. Using the published stellar masses
erived from the integrated rest-frame UV- and optical photometry,
e calculate the dust-to-stellar mass ratio in a per-pixel fashion prior

o stacking. Here, we note the important caveat that the diversity
n spectral fitting approaches can result in systematically different
tellar masses across the sample. The effect of gravitational lensing is
resumed to affect the stellar and dust components equally, ignoring
ny effects of differential lensing (S. Serjeant 2012 ), and is thus
f fecti v ely ne gated in the per-pixel measure of the dust-to-stellar
NRAS 546, 1–20 (2026) 
ass ratio. The stacking weight of each image is based on the
tandard deviation in dust-to-stellar mass ratio. 

.4 Binning by redshift, β and stellar mass 

lthough this sample of ten galaxies is modest, it allows us to test
ifferent subsets of populations against each other. In total, we chose
riteria to separate the population of galaxies, namely redshift, stellar
ass and UV spectral slope ( βUV ). Although more binning options

re imaginable, these result in a higher chance of false positives
hrough p-hacking , and the scientific moti v ation behind these three
ins appears most robust. 
Firstly, dust formation likely occurs on time-scales similar to or

n excess of the age of the Universe at z ∼ 8 - 14. In an effort to see
he effect of additional available time on the formation of dust, we
est the binning on a low- and high-redshift bin, roughly taking the
edian redshift of the sample at z = 9 . 5 to classify these bins. 
Secondly, galaxies with larger stellar masses are expected to have

oth larger total gas masses, and higher gas-phase metallicities (e.g.
. Nakajima et al. 2023 ), both of which result in higher dust masses

t constant dust-to-metal ratio. As well, models (e.g. R. Feldmann
015 ; C. J. Esmerian & N. Y. Gnedin 2022 , 2024 ) predict that for
he most plausible dust physics parameters, the dust-to-metal ratio
epends positively on metallicity (H. Hirashita 2012 ; P. Dayal et al.
022 ), which is also observed in galaxies in the local Universe (A.
 ́emy-Ruyer et al. 2014 ; P. De Vis et al. 2019 ; F. Galliano et al. 2021 )
lbeit with substantial scatter. In an effort to see the effect of stellar
ass on the formation of dust, we test the binning on a low- and

igh-stellar mass bin, taking roughly the median mass of the sample
t > 10 9 M � to classify these bins. 

Finally, the dust attenuation of a system is reflected directly in
he UV-continuum slope βUV . While a βUV below −2 indicates a
elatively dust-poor system, obscured – and thus dust-rich – systems
ypically have higher βUV (e.g. > −2 I. Mitsuhashi et al. 2024 ),
lthough spatial offsets between dust and UV emitting regions
ignificantly complicate this interpretation (L. Sommovigo et al.
022b ). Subsequently, we test the binning on a low- and a high-
UV bin, where we note that higher (less ne gativ e) βUV are typically
xpected to be dustier (Y. Fudamoto et al. 2020 ; R. A. A. Bowler
t al. 2024 ). 

.5 Choice of stacking method for reporting results 

hroughout this study, we employ three stacking approaches: flux-
eighted (Section 3.1 ), dust-mass-weighted (Section 3.2 ), and
ust-to-stellar-mass-ratio-weighted (Section 3.3 ). Each method has
istinct advantages. The dust-mass-weighted approach achieves
he deepest individual limits by optimally weighting strongly
ensed sources, but risks being dominated by a single object (e.g.

A CS1149-JD1 with μ = 10.5). Con versely, the dust-to-stellar-
ass ratio approach weights all sources more equally since lensing

ffects both components similarly, although it introduces additional
ncertainty from stellar mass measurements. 
For our dust mass results (Figs 4 , the left-hand side; Figs 7 and

1 , the left-hand side), we adopt the conserv ati ve flux-weighted
pproach, converting flux limits to dust masses at the average
bserving frequency and redshift, which are listed in the final column
n Table 4 . The flux-based dust mass estimate is about a factor five
imes more conserv ati ve than the dust-stacked mass estimate, but
etter samples our full galaxy population, a v oiding o v erweighting of
ndividual lensed systems while still benefiting from the impro v ed
ensitivity of stacking (see e.g. Fig. 3 ). Meanwhile, the dust-to-stellar
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Figure 4. The dust mass and dust-to-stellar mass ratio of the individual galaxies (black circles) and of the stack at two different stellar mass bins ( log 10 M ∗/ M � ≶ 

9; red upper limits) as a function of stellar mass in the left and right panel, respectively. The upper limits are drawn at 3 σ and the dust and stellar masses are 
corrected for lensing. These results are compared against individually detected galaxies at 4 . 4 < z < 6 indicated with grey circles (L. Sommovigo et al. 2022b ) 
and 6 < z < 8 galaxies indicated with grey squares (T. J. L. C. Bakx et al. 2021 ; Y. Fudamoto, A. K. Inoue & Y. Sugahara 2023 ; J. Witstok et al. 2022 ; L. 
Sommovigo et al. 2022a ; F. Valentino et al. 2024 ; H. S. B. Algera et al. 2024a , b ). The sole source with a dust detection at z = 8 . 3 is shown as a blue star (Y. 
Tamura et al. 2019 ; T. J. L. C. Bakx et al. 2020 ; Y. Tamura et al. 2023 ). Dust estimates from stacking experiments are shown as thin blue upper limits (L. Ciesla 
et al. 2025 ), and scaling relations from semi-analytical and hydrodynamical models that account for dust production are shown as trend lines between z = 7 to 
9.5 (G. Popping, R. S. Somerville & M. Galametz 2017 ; N. Imara et al. 2018 ; A. P. Vijayan et al. 2019 ; D. P. Triani et al. 2021 ; P. Dayal et al. 2022 ; C. Di Cesare 
et al. 2023 ; C. J. Esmerian & N. Y. Gnedin 2024 ). For two dust production models (G. Popping et al. 2017 ; A. P. Vijayan et al. 2019 ), we show the maximum 

and average dust production scenarios in solid and dash–dotted lines, respectively. 
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ass estimates do not strongly fa v our lensed sources, and we believe
t is best to report these results directly from the dust-to-stellar mass
tacks in Figs 4 (the right-hand side) and Figs 6 and E1 (the right-hand
ide). 

 IMP LIC ATIONS  

.1 Dust mass limits at z > 8 

able 4 shows the results of the dust mass stacking experiments, 
ogether with the binning in different redshift, stellar mass and βUV . 
he images of the stacks in sub-mm flux (Fig. B1 ), dust mass

Fig. C1 ), and dust-to-stellar mass ratio (Fig. D1 ) are shown in
heir respective Appendices. None of the stacks have led to a > 3 σ
etection, although the βUV > −2 (i.e. dustier UV-continuum slope) 
ndicate a 2 σ feature in the flux and dust-to-stellar mass ratio stack.
ince these are drawn from a total of 21 tests, this cannot be classed
s a significant result. Throughout this section, we report dust masses
erived from flux-weighted stacks (Section 3.1 ) to ensure our limits
epresent the broader galaxy population rather than being dominated 
y individual strongly lensed sources. 
These dust non-detections beyond z > 8 are in stark contrast 

o the detections in the 5 < z < 8 Universe. Fig. 4 compares the
tacked and individual dust masses and dust-to-stellar mass ratios 
ssuming a 50 K modified black-body with a βdust = 2 against 
he stellar masses. The stacks are divided in a lower- and higher
tellar mass bin at log 10 M ∗/ M � ≶ 9. These are compared against
ower redshift galaxies at 4 . 4 < z < 6 from the ALPINE sample
L. Sommovigo et al. 2022b ) and from REBELS and individual 
bservations at 6 < z < 8 (T. J. L. C. Bakx et al. 2021 ; Y. Fudamoto
t al. 2023 ; J. Witstok et al. 2022 ; L. Sommovigo et al. 2022a ; F.
alentino et al. 2024 ; H. S. B. Algera et al. 2024a , b ). Note that

hese measurements mostly come from a single dust continuum data 
oint. The single source with dust detections abo v e z > 8, Y1, is
lso shown for comparison. The stacking experiment from L. Ciesla 
t al. ( 2025 ) is converted to a dust mass and dust-to-stellar mass
atio estimate assuming the same 50 K and βdust = 2. The data points
re compared to scaling relations from semi-analytical models and 
ydrodynamical simulations that account for dust production (G. 
opping et al. 2017 ; N. Imara et al. 2018 ; A. P. Vijayan et al. 2019 ;
. Di Cesare et al. 2023 ; C. J. Esmerian & N. Y. Gnedin 2024 ). These

caling relations are taken at the redshift range similar to our stacked
ample, namely at z = 7, 9.5, 7, 9.5 and 8.5, respectiv ely. F or the G.
opping et al. ( 2017 ) and A. P. Vijayan et al. ( 2019 ) dust production
imulations, we show the maximum and average dust production 
cenarios that assume differences in supernova dust production rates 
nd dust condensation efficiencies. 

The dust masses and dust-to-stellar mass ratios of individual 
alaxies and the stacks lie below the more prolific dust productions,
roviding a constraint on the dust production physics included in 
odels. Importantly, many of the galaxy samples do not include the

pper limits, and the build-up represented by the detections shown 
n grey could be biased high in Fig. 4 . Regardless, at z > 8 only one
ource (Y1; Y. Tamura et al. 2019 ) provides a dust detection. We
ote that its relatively low dust mass (and dust-to-stellar mass ratio)
s due to a high dust temperature (91 K; T. J. L. C. Bakx et al. 2020 ,
. J. L. C. Bakx et al. 2025 ), which only recently has been confirmed
y short-wavelength observations. 
MNRAS 546, 1–20 (2026) 
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The dust masses inferred from the individual observations and
tacks in this study presume constant dust properties, including a
xed dust temperature ( T z= 0 = 50 K) and βdust ( = 2). If the assumed
ust temperature is changed by ±10 K, the predicted dust masses
cross the entire sample changes roughly by a factor of 2, with the
older dust temperature predicting higher dust masses and vice versa.
f the assumed dust emissivity index βdust is changed by ±0 . 5, the
redicted dust masses across the entire sample changes by roughly
5 per cent, with lower βdust predicting higher dust masses and vice
ersa. These results are in line with the analytical analysis presented
n H. S. B. Algera et al. ( 2024b ). Similarly, in the fitting the dust is
resumed to be optically thin. This effect is thought to be minor, as
ust masses are necessarily low – since we are turning to stacking –
nd the effect of the optical depth will likely not play a significant
ole in our dust mass estimates. The dust temperature distribution,
s well as diverse between sources, is likely also diverse within
hese galaxies. Recent analytical modelling (L. Sommovigo & H.
lgera 2025 ) predicts under-estimation of the dust mass up to 0.25
ex at T z= 0 = 50 K for realistic internal dust temperature variations
T / ̄T < 0 . 3, in line with resolved observations of dust temperature
ariations in z = 7 galaxies (H. B. Akins et al. 2022 ). 

Fig. 3 shows the relative contribution of the rest-frame 52, 88,
nd 158 μm to the deep dust mass limits. Observations at rest-frame
8 and 158 μm are equally sensitive to a cold dust temperature
30 K), but the primary measure of the dust mass of a 50 K body
ccurs at rest-frame 88 μm and shorter. Counter-intuitively, we find
 deeper limit for the 158 μm than 88 μm, which is due to more
ensed targets in the 158 μm sample compared to the 88 μm sample.
n evolution of the dust temperature with redshift (e.g. L. Liang

t al. 2019 ; L. Sommovigo et al. 2021 ) would mean that shorter
avelength observations ( ≤ 88 μm in rest-frame wavelength) are

a v oured more in dust mass estimates. Without direct observational
rguments towards a dust temperature evolution beyond z > 8,
he most conserv ati ve estimate is a constant dust temperature of
 z= 0 = 50 K, although it is important to note that any evolution
ushing for much higher dust temperatures would provide even
eeper constraints on the dust production physics at z > 8. 

Meanwhile, βdust can vary between sources (e.g. J. Witstok et al.
023a ). A lower βdust would imply a less steep Rayleigh-Jeans long-
avelength tail, which would increase the relati ve sensiti vity of the

onger -wa velength data points on the total dust mass. Conversely, a
igher βdust – as indicated in several high-redshift galaxies (H. S.
. Algera et al. 2024b ) – would have a similar effect as a warmer
ust temperature. This βdust and dust temperature de generac y can
omplicate studies with multiple data points (e.g. T. J. L. C. Bakx
t al. 2020 ), although the lack of sample-wide variation in the z > 7
niverse suggests this is only a modest effect ( ∼ 25 per cent) within
ur study. 
The upper limits on the dust mass are determined mostly by the

ources with deep intrinsic observations. In particular, ID4590 and
ACS1149-JD1 are both lensed by μ ≈ 10, resulting in strong

stimates of the total dust mass. Since galaxies with lower stellar
asses are predicted to have significantly smaller dust masses due to

nefficiencies in the interstellar grain growth, the higher stellar mass
ins provide a substantially improved constraint on the measure of
ust production when compared to dust models (C. Di Cesare et al.
023 ). 
Our work is a natural continuation of stacking e x ercises at cosmic

oon pushed out to higher redshifts. Although a direct comparison
f galaxies at cosmic noon and at z > 8 is complicated by the
ifferent metallicities, dust composition and production/destruction
athways (M. Boquien et al. 2022 ; V. Markov et al. 2023 ; J. Witstok
NRAS 546, 1–20 (2026) 
t al. 2023b ; L. Sommovigo et al. 2025 ), the much larger spectro-
hotometric catalogues also provide deep measures and limits on the
ust-to-stellar mass ratio at z = 1 . 5 − 5 (R. J. Bouwens et al. 2016 ;
. S. Dunlop et al. 2017 ; R. J. McLure et al. 2018 ; R. Bouwens et al.
020 ) as well as at z = 6 − 8, where sample-wide estimates exist
rom surv e ys such as from REBELS (H. S. B. Algera et al. 2023 ; R. A.
. Bowler et al. 2024 ). Furthermore, samples with robust metallicity

stimates now offer a chance to investigate the effect of metallicity on
he dust production (I. Shi v aei et al. 2022 ). In Appendix Fig. E1 , we
ompare these reference samples against the deep upper limits from
his study, as well as against the z = 6 - 8 scaling relations detailed
n Fig. 4 . For all cosmic noon studies where dust masses were not
 xplicitly giv en, we assume a 35 K dust temperature and a dust-
missivity index βdust of 2. Even though some studies at cosmic noon
nly find upper limits after combining hundreds or even thousands
f galaxies, these values are in line with the dust scaling relations
t z = 6 - 8, similar to the z ∼ 2 solar- and lower-metallicity galaxies
tudied in I. Shi v aei et al. ( 2022 ). The deep limits on the dust-to-
tellar mass ratio from our z > 8 study still stand out relative to the
ndividual and composite data at z < 8, as well as the dust scaling
elations, due to the combined effect of K-correction and the likely
igher dust temperatures at z > 5. 
The UV-continuum slope provides indications of dust-obscuration

n the z > 8 Universe, with an average of βUV = −2 . 1 across the
ources that are stacked in line with the average of the REBELS
ample ( βUV = −2 . 0; R. J. Bouwens et al. 2022 ). Although full
adiative transfer modelling, including accurate estimates of the
ttenuation curves (c.f., V. Markov et al. 2023 ), the geometry (C.
. Casey et al. 2014 ; L. Dunne et al. 2018 ; A. P. Vijayan et al. 2025 ),

nd the unattenuated stellar emission ( βUV , 0 ; see e.g. R. Fisher et al.
025 ), is necessary to provide an estimate of the total dust mass from
his observed quantity, we provide a rough estimate of the total dust

ass through equation ( 3 ). 
Fig. 5 compares the estimates of the total dust mass through UV

nd infrared measures, for both individual sources and the (binned)
tacks. The UV-based dust mass estimates in the stacks are calculated
sing the same weighting as the infrared-based dust mass estimates,
o ensure a fair comparison. Se veral indi vidually observed sources
nd, more importantly all of the stacks find higher optical dust
asses than the sub-mm dust mass limits. While the assumption

n the intrinsic βUV or the sub-mm emitting size (as compared to
he rest-frame UV sizes used in this study) can significantly reduce
he total presumed dust mass (A. Ferrara 2024 ), it appears that the
V sizes and continuum slope do not provide an accurate measure
f the dust masses in the early Universe with the assumptions used
n this work, in line with previous sources with dust continuum
etected sources (A. Ferrara et al. 2022 ) and Y1 (Y. Tamura et al.
019 ). This could point to spatial offsets between the dust-emitting
egions and the UV-emitting regions (L. Sommovigo et al. 2022c ).
lthough several sources have confirmed high (i.e. dusty) βUV from
IRSpec observations, nebular lines can affect the slopes in the broad

ontinuum photometry (H. Katz et al. 2025 ; A. Saxena et al. 2024 ).
lternativ ely, theories re garding dust destruction or dusty outflows

A. Ferrara et al. 2025 ) could affect the geometric arguments.
imilarly, our assumption on the dust properties, in particular the
ust temperature of T dust = 50 K, affects the total dust mass present
n galaxies in the early Universe. 

As seen in Fig. 1 , many of the galaxies in this surv e y are the
V-brightest objects. This UV-preselection can result in missing

he most dust-obscured systems at a given redshift, as exemplified
y so-called optically dark galaxies seen out to z > 7 (Y. Fudamoto
t al. 2021 ). Attempts to circumvent these pre-selections are possible
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Figure 5. The UV-derived dust mass against the infrared to UV-derived dust 
masses for our sample and stack. The difference between the UV- and infrared- 
derived dust masses indicate the limitations of the UV-based perspective 
on dust production and obscured star formation. The dark circles indicate 
the optically derived upper limits based on βUV , intrinsic = −2 . 63, while the 
connected grey points indicate the βUV , intrinsic = −2 . 23 scenario as suggested 
for lower-redshift galaxies (G. R. Meurer, T. M. Heckman & D. Calzetti 1999 ). 
Note that these are unavailable for sources with βUV < −2 . 23. Individual 
sources, as well as all the stacks (dark red for the complete stack, with orange 
colours indicating the binned stacks) lie on the side where the UV-derived 
dust masses are ∼ 1 dex in excess of infrared-derived optically thin dust 
masses with T dust = 50 K and βdust = 2. The UV-estimated dust mass for Y1 
(in light blue) is also larger than the measured value (Y. Tamura et al. 2019 ). 
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Figure 6. The dust-to-stellar mass ratio as a function of redshift and cosmic 
time. All z > 8 individual sources ( black points ; except Y1 in blue ) remain 
undetected, as are the stacked images ( red squares ). Blank-field stacking 
experiments ( dark-blue downward triangles with the darkest-to-lightest hue 
corresponding to M ∗ > 10 10 M �, > 10 9 M �, and > 10 8 M �, respectively; L. 
Ciesla et al. 2025 ). Individual dust detections (grey squares; T. J. L. C. Bakx 
et al. 2021 ; Y. Fudamoto et al. 2023 ; J. Witstok et al. 2022 ; L. Sommovigo et al. 
2022a , b ; F. Valentino et al. 2024 ) suggest rapid and efficient dust growth in the 
z < 8 Universe. The solid and dashed lines indicate efficient and inefficient 
grain growth time-scales ( τISM growth = 5 and 50 Myr, resp.) for different 
dark-matter halos with z = 5 masses of log 10 M halo / M � of 10, 11, 12, and 
13 with increasing hue (D. Toyouchi et al. 2025 ). The filled regions indicate 
the dust-to-stellar mass ratio evolution from a hydrodynamical model (C. J. 
Esmerian & N. Y. Gnedin 2024 ) across different dust prescriptions, including 
(very) enhanced dust accretion and destruction. 
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hrough emission-line galaxy studies (B. P. Venemans et al. 2020 ; 
. J. L. C. Bakx et al. 2024 ; I. F. Leeuwen et al. 2024 ), which find
uch higher dust masses in the z > 6 Universe. In particular given

he small optical sizes of these galaxies where little dust is needed
o redden their UV-colours to below detection limits (see equation 
 ), the dustiest galaxies at a given epoch could be missed by JWST-
elected samples. Fully excluding large dust reservoirs in the z > 8
niverse thus also requires future updates to the mapping speed of
LMA (e.g. J. Carpenter et al. 2022 ) and the advent of future sub-mm

ingle-dish institutes (E. Kampen et al. 2024 ) to test dust production
cross cosmic time. 

.2 Dust build-up in the early Uni v erse 

ig. 6 shows the dust-to-stellar mass ratio for our galaxies and 
tacks as a function of redshift. The expected dust-to-stellar mass 
atio is compared to other stacks (L. Ciesla et al. 2025 ), detected
alaxies (T. J. L. C. Bakx et al. 2021 ; Y. Fudamoto et al. 2023 ; J.
itstok et al. 2022 ; L. Sommovigo et al. 2022a , b ), an analytical

ne-dimensional dust evolution study (D. Toyouchi et al. 2025 ) 
nd the redshift evolution of the dust-to-stellar mass ratio seen in a
ydrodynamical model (C. J. Esmerian & N. Y. Gnedin 2024 ). As in
he dust mass and dust-to-stellar mass ratio study, we convert the flux
ensity upper limits of L. Ciesla et al. ( 2025 ) to a dust mass using a 50
 optically thin dusty body with βdust = 2. The dust evolution study
rovides estimates of metal build-up in a self-consistent, radially 
esolved galaxy evolution model for galaxies hosted in different 
ark-matter halos with z = 5 masses of log 10 M halo / M � of 10, 11,
2, and 13. Subsequent dust production is then predicted through a 
etal accretion time-scale, i.e. interstellar grain growth time-scale 
 τISM growth ), which is varied between accretion time-scales of 5 and
0 Myr. Similarly, the fluid-dynamical model of C. J. Esmerian & N.
. Gnedin ( 2024 ) demonstrates the effect of different dust accretion
nd destruction prescriptions. 

The dust-to-stellar mass ratio measures of individual sources 
nd stacks lie below typically observed values in the more nearby
niverse at z < 8 of log 10 M dust /M ∗ > −3, with the only source at
 > 8 in line with log 10 M dust /M ∗ = −3. Likely, the low efficiency
f growing interstellar dust or the late AGB phase in the interstellar
edium might result in low dust-to-stellar mass ratios, and require a

ransition in dust formation efficiency to predict the dust masses seen
n the z < 8 Universe. A first-order comparison between galaxies at
 > 8 and those at z ≈ 7 appears justified based on similar number
ensities. The bright end of the UV luminosity function shows weak
edshift evolution (R. J. Bouwens et al. 2021 ), and recent results
uggest that galaxies at z > 8 with comparable UV magnitudes
 M UV ≈ 20) exhibit similar number densities per magnitude and 
olume (C. T. Donnan et al. 2024 ). The dust-to-stellar mass ratio
odel by D. Toyouchi et al. ( 2025 ) finds higher dust-to-stellar mass

atios for more massive dark matter halos, suggesting the average 
 > 8 galaxy with deep ALMA observations is not hosted in a halo
ith a higher z = 5 mass than log 10 M halo / M � > 12 in the efficient
ust production model that assumes a shorter ISM dust growth time-
cale ( τISM growth = 5 Myr). 

Alternatively, non-detections may not solely reflect inefficient dust 
roduction, but could instead indicate rapid dust removal through 
MNRAS 546, 1–20 (2026) 
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M

Figure 7. The dust masses from our deep sub-mm observations ( black circles ), stacks ( red limits ), and MACS0416 Y1 (T. J. L. C. Bakx et al. 2025 ; light blue 
star ) are compared against the literature assuming T dust = 50 K. Lower-redshift Lyman-break galaxies at z = 5 - 8 ( yellow squares N. Laporte et al. 2019 ; A. L. 
Faisst et al. 2020 ; Y. Harikane et al. 2020 ; Y. Sugahara et al. 2022 ; I. Mitsuhashi et al. 2024 ), and UV-detected galaxies targeted in the ALMA Large Programmes 
ALPINE and REBELS ( blue squares M. B ́ethermin et al. 2020 ; O. Le F ̀evre et al. 2020 ; R. J. Bouwens et al. 2022 ; H. Inami et al. 2022 ), including the upper 
limits identified from ALMA non-detections. Quasar-companion galaxies (QCGs) are identified from the large-area surv e ys ( purple squares B. P. Venemans 
et al. 2020 ; T. J. L. C. Bakx et al. 2024 ). The deep stack of sixty ‘Little Red Dots’ is shown in orange (C. M. Casey et al. 2025 ). The lower-redshift infrared 
sources are identified from large-area surv e ys at sub-mm ( Herschel Space Observatory and JCMT/SCUBA-2) and mm ( South Pole Telescope ) wavelengths (S. 
Berta et al. 2011 ; C. Gruppioni et al. 2013 ; D. A. Riechers et al. 2013 ; J. A. Zavala et al. 2018 ; C. Reuter et al. 2020 ; D. Ismail et al. 2023 ). Stacking studies 
(L. Ciesla et al. 2025 ; J.-B. Jolly et al. 2025 ) measure of the dust masses of galaxies with across a spectrum of stellar masses ( M ∗ > 10 11 M �, M ∗ > 10 10 M �, 
M ∗ > 10 9 M �, M ∗ > 10 8 M � in dotted, dashed, dash–dotted , and solid lines ). Most tests result in an upper limit in the dust mass, and associated infrared 
luminosity assuming T dust = 50 K. A comparison to the galaxy evolution model of P. Behroozi & J. Silk ( 2018 ) provides a conserv ati ve estimate of the maximum 

infrared luminosity for a galaxy detected in a field observed by deep optical observations ( A surv e y = 0 . 2 sq. deg.), assuming a complete conversion of a high 
baryonic-to-dark matter ( M baryon /M halo = 0 . 1) to stars. The predicted limits are estimated using conserv ati ve dust-to-stellar mass ratios of 0.01 (disfa v oured by 
� -CDM; solid grey region ) and of 0.001 (efficient dust growth/warm dust; hatched grey region ), as well as a realistic stellar-to-dark matter halo mass ratio (P. 
Behroozi et al. 2020 ) with an assumed stellar-to-halo mass of 0.01 ( solid blue line ). 
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alactic outflows (S. Carniani et al. 2025 ; A. Ferrara et al. 2025 ).
trong feedback mechanisms, such as fast winds ( > 200 km s −1 ),
an clear dust from these distant, sub-kpc galaxies within a few Myr.
his dust clearing effect may be particularly pronounced at high

edshift, where galaxies are more compact and exhibit higher specific
tar formation rates, potentially making them more susceptible to
fficient dust ejection or redistribution through outflows. Another
eason for the deep dust-to-stellar mass limits could be related to
ust grain growth pathways available in the early Univ erse. Sev eral
ecent studies (D. Narayanan et al. 2025 ; I. Shi v aei et al. 2025 )
ndicate shallower attenuation curves, potentially indicative of an
bundance of large dust grains produced by supernovae (J. McKinney
t al. 2025b ). Because larger grains are less efficient at absorbing
tellar light, they also produce weaker emission in the ALMA
ontinuum bands per unit of dust mass, although detailed studies
re necessary to explore the extent of this effect on high-redshift dust
tudies. 

Models and observations of bright z > 8 galaxies predict that they
eside in massive cosmic overdensities (Y.-K. Chiang, R. Overzier &
. Gebhardt 2013 ; Y.-K. Chiang et al. 2015 ; R. A. Overzier 2016 ;

. M. Helton et al. 2024 ; J. Witstok et al. 2025b ), where the
nhanced galaxy merger rates play an important role in the necessary
nrichment of the inter-stellar medium (ISM) to the rapid build-up
NRAS 546, 1–20 (2026) 
f dust. In a similar fashion, only the very enhanced dust destruction
rescription in the fluid-dynamical model of C. J. Esmerian & N.
. Gnedin ( 2024 ) predicts similar dust-to-stellar mass ratios to those
bserved in most individual and stacked ratios in this study. Dust
roduction thus appears to be inefficient in the z > 8 Universe, and
eeds to rapidly become more efficient in the z < 8 Universe to
atch the dust masses observed at z < 8 (c.f. H. Algera et al. 2026 ).

.3 The present and future of dust studies in the z > 8 Uni v erse

ince the launch of JWST and the subsequent rapid follow-up with
nstitutes such as ALMA, the observational frontier of dust studies
s rapidly evolving in the z > 8 Universe. In this subsection, we
 v aluate the present and future scope of dust mass measurements
cross the redshift 0 to 15 Universe based on the results from targeted
bservations, surv e ys, stacks and simulations. 
Fig. 7 compares the z > 8 dust limits against estimated dust masses

f galaxies, stacks and models in the z = 0 to z = 15 Universe
ssuming 50 K and βdust = 2. Lyman-break galaxies at z = 5 − 8
ave been detected (N. Laporte et al. 2019 ; A. L. Faisst et al. 2020 ;
. Harikane et al. 2020 ; Y. Sugahara et al. 2022 ; I. Mitsuhashi et al.
024 ), starting with the stunning disco v ery of dust at z = 7 . 13 in
1689-zD1 in 2015 (D. Watson et al. 2015 ; K. K. Knudsen et al.
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017 ; T. J. L. C. Bakx et al. 2021 ; H. B. Akins et al. 2022 ). Since
017, the ALPINE and REBELS ALMA large programmes have 
imed to characterize the dust emission of UV-detected galaxies, 
ith success rates between 30 and 50 per cent (M. B ́ethermin et

l. 2020 ; O. Le F ̀evre et al. 2020 ; R. J. Bouwens et al. 2022 ; H.
nami et al. 2022 ). These UV-identified objects studied by these 
arge programmes appear to have massive dust reservoirs (H. S. B.
lgera et al. 2024a ), and perhaps as a consequence of this, much

ower dust temperatures (L. Sommovigo et al. 2022a ). 
At redshifts below 7, galaxies have been identified through their 

ust emission directly. Infrared surv e ys, starting with the mapping 
f the Hubble Deep Field in 1997 (I. Smail, R. J. Ivison & A. W.
lain 1997 ; D. H. Hughes et al. 1998 ), have identified over a million
bjects across fields with tens of square degrees to the entire sky in
he sub-mm (e.g. Herschel Space Observatory and JCMT/SCUBA- 
) and mm (e.g. Planck , South Pole Telescope, Atacama Cosmology
elescope). Consequently, these surv e ys readily detect sources with 
apparent) luminosities beyond > 10 12 . 5 L �, particularly in the z =
 - 5 region, with a steep drop-off at redshifts approaching zero (S.
erta et al. 2010 , 2011 ; C. Gruppioni et al. 2013 ; D. A. Riechers et al.
013 ; J. A. Zavala et al. 2018 ; B. Magnelli et al. 2020 ; C. Reuter
t al. 2020 ). The dust temperatures of these objects are low ( ∼ 30
), but the vast dust reservoirs ( ∼ 10 9 −10 M �) of these systems (G.

. Bendo et al. 2023 ; D. Ismail et al. 2023 ) dominate the extragalactic
nfrared emission. 

Quasar-companion galaxies (QCGs), detected through line and/or 
ontinuum emission, provide an important third probe between the 
V- and sub-mm selection of galaxies in the early Universe (B. P.
enemans et al. 2020 ; T. J. L. C. Bakx et al. 2024 ; I. F. Leeuwen et al.
024 ). Identified using their [C II ] emission from large-area surv e ys,
he y pro vide a roughly star-formation rate selected sample (I. De
ooze et al. 2014 ). They appear to have low dust temperatures, large
ust masses ( ∼ 10 8 M � T. J. L. C. Bakx et al. 2024 ), and high UV dust
ttenuations (I. F. Leeuwen et al. 2024 ), with infrared luminosities
n line with the LBG population. The near-infrared capabilities of 
WST have enabled the identification of numerous compact (i.e. 
ostly unresolved) objects with red rest-frame optical colours. A 

eep stacking study on these ‘Little Red Dots’ indicate small dust
asses (C. M. Casey et al. 2025 ). 
Stacking studies at cosmic noon (using the ALMA Lensing Cluster 

urv e y – ALCS; J.-B. Jolly et al. 2025 ) and dawn (L. Ciesla et
l. 2025 ) provide a measure of the dust masses of galaxies across a
pectrum of stellar masses from M ∗ > 10 11 to M ∗ > 10 8 M �. As can
e seen in the limits from Appendix Fig. E1 , these and other cosmic
oon (R. J. Bouwens et al. 2016 ; J. S. Dunlop et al. 2017 ; R. J. McLure
t al. 2018 ; R. Bouwens et al. 2020 ; I. Shi v aei et al. 2022 ) and dawn
H. S. B. Algera et al. 2023 ; R. A. A. Bowler et al. 2024 ) stacking
xperiments offer deep measures and limits on the dust mass. As
hese studies mo v e towards higher redshifts, the combined effect of
-correction and the likely higher dust temperatures at z > 5 result

n deeper dust mass limits at the higher redshift regime. 
In an effort to show the maximum expected dust masses as

 function of redshift, we use the galaxy evolution model of P.
ehroozi & J. Silk ( 2018 ). This simulation provides the maximum
xpected galaxy mass for a field of 0.2 square degrees, comparable to
he deep surv e ys done with HST and JWST . This limiting dust mass
hould be comparable to the surv e y sizes for most LBGs, ALPINE,
EBELS, and the z > 8 LBGs, selected from fields smaller than 10
egrees, but not for DSFGs and QCGs identified from much larger 
rea surv e ys. We assume a complete conversion of a high baryonic-
o-dark matter ( M baryon /M halo = 0 . 1) to stars. The region excluded
y � -CDM is defined by sources with high dust-to-stellar mass ratios
f 0.01, and of 0.001 (efficient dust growth/warm dust; hatched grey
egion in Fig. 7 ). The solid blue line in Fig. 7 indicates the highest
tellar masses actually expected using realistic stellar-to-dark matter 
alo mass ratios (P. Behroozi et al. 2020 ), with an assumed stellar-
o-halo mass ratio of 0.01. 

The deep dust mass limits of individual z > 8 galaxies span a broad
ange of dust masses, from close to the theoretical maximum dust
asses to about one or two orders of magnitude below those. The

apid increase in individual dust investigations at high redshift thus 
ffer a good opportunity to detect dust in the z > 8 . 32 Universe.
he deep stacks also probe the regime where dust detections can
e expected, and the continued improvement of these stacks in 
he near future will likely reveal dust and its build-up in the early
niverse. 
Future observations of dust can both use large-area maps and 

argeted indi vidual observ ations. Since the launch of the JWST in late
021, it has revealed eight of the twelve sources in this paper, and
he number of robust z > 8 galaxies with deep dust observations is
ncreasing rapidly. Comparisons of large catalogues of z > 8 galaxies
o sub-mm data with ALMA (L. Ciesla et al. 2025 ), NOEMA (R.
. Meyer et al. 2024 ), James Clerk Maxwell Telescope/SCUBA-2 

J. McKinney et al. 2025a ), and Herschel data (M. P. Viero et al.
022 ) have already identified likely lower-redshift interlopers (J. A. 
avala et al. 2023 ; R. A. Meyer et al. 2024 ) and provide an important

esource for future stacking e x ercises. 
Although bootstrapping can mitigate the effects of low-redshift 

nterlopers across large surv e ys that include photometric redshift 
andidates, it is important to combine such large-area studies with 
argeted indi vidual observ ations and combined stacks of well-studied 
bjects. The use of multiple frequencies, in particular at the shorter
avelengths such as the 52 and 57 μm observations reported in this

tudy, can be helpful to test the variation of the internal properties
f galaxies. Systematically high dust temperatures might be one 
f the reasons for the many non-detections at the relatively long
avelengths reported in this study, and these can be mitigated by
eep surv e ys at shorter wav elengths. 

One exciting opportunity for stacking studies is the COSMOS 

igh- z ALMA-MIRI Population Surv e y (CHAMPS) ALMA Large 
rogramme (PID: 2023.1.00180.L; PI: A. Faisst). It will combine 
eep MIRI imaging of the COSMOS-Web with the stacking abilities 
cross thousands of galaxies. Likely, this project will increase 
he total stacking area relative to L. Ciesla et al. ( 2025 ) by
ne order of magnitude, probing a larger population of massive 
alaxies and improving the observational depths by 0.5 dex. With 
he increased capabilities of ALMA in the Wideband Sensitivity 
pgrade (J. Carpenter et al. 2022 ) era, targeted observations will
ush our observational frontiers on the dust-obscured Universe, 
nd be able to test our picture of dust formation and galaxy
volution. 

To facilitate these stacking efforts on sources with robust red- 
hifts, the (sub)mm data on z > 8 galaxies with robust spec-
roscopic redshifts has been made publically available at http: 
/ github.com/ tjlcbakx/ high- z- dust- stack. This analysis has been
ade possible using a public framework using the Python-based 
ineStacker (L. Lindroos et al. 2015 ; J.-B. Jolly et al. 2020 )
ode. Using robust candidates, this resource can provide a no v el
athw ay tow ards the study of dust within the first 600 million
ears of the Universe. As more (sub)mm observations of high- 
edshift galaxies inevitably come in, this tool can be used for a
ommunity-wide search for direct dust emission, probe deeper dust- 
o-stellar mass ratios, and test dust formation pathways in the early
niverse. 
MNRAS 546, 1–20 (2026) 

http://github.com/tjlcbakx/high-z-dust-stack
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 C O N C L U S I O N S  

his paper reports a deep stacking study that combines roughly one
undred hours of ALMA and 84 h of NOEMA on-source time across
ourteen different wavelengths observed in 22 separate projects
or ten spectroscopically confirmed galaxies at z > 8. This study
evealed: 

(i) a deep upper limit on the dust mass, with a typically observed
alaxy containing dust reservoir smaller than 9 . 1 × 10 4 M �, assum-
ng a dust temperature of T z= 0 = 50 K and βdust = 2. Furthermore,
inning the observations by redshift, UV continuum slope ( βUV ) and
tellar mass does not reveal any sub-population with dust emission. 

(ii) the low estimated dust-to-stellar mass ratios of
og 10 M dust /M ∗ < −3 . 5 to −3 support inefficient dust production
n the early Universe, and are in line with a rapid transition in dust
roduction efficiencies or time-scales between z > 8 and z < 8. The
hort cosmological time-scales available limit the contributions of
raditional dust production pathways, including contributions from
GB stars and interstellar grain growth, that likely generate the

arger dust reservoirs observed in the z < 8 Universe. Non-detections
ight also indicate rapid dust removal through galactic outflows (A.
errara et al. 2025 ). 
(iii) that the optical measures of dust masses are unreliable, both

or individual sources and for the stacks, in line with previous studies
f detected z < 8 galaxies (L. Sommovigo et al. 2022b ). The large
ncertainties in the dust geometry and UV attenuation laws imply that
sub)mm observations are key to test dust production mechanisms in
he early Universe (A. P. Vijayan et al. 2025 ). 

(iv) that the low dust mass limits are not in conflict with cosmo-
ogical simulations, which similarly predict a rapid build-up of stars
nd therefore dust in the z > 8 Universe. These results encourage
uture stacking experiments to search for dust emission in the z > 8
niverse, including through the publicly available code producing

his paper http:// github.com/ tjlcbakx/ high- z- dust- stack. 
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he data in this paper are available at the GitHub page http://github
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ommunity to work towards deep stacks of galaxies in the distant
niverse, and enable the first direct detection of dust beyond z >
 . 32. 
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PPENDIX  A :  DESCRIPTIONS  O F  S O U R C E S  

1 Stacked sources 

1.1 REBELS-24 

his source (also known as UVISTA-Y-005) was observed as a
ilot source of the Reionization Era Bright Emission Line Surv e y
REBELS) ALMA Large Programme (S. Schouws et al. 2022 ), with
dditional observations in the full-scale REBELS programme (R. J.
ouwens et al. 2022 ; H. Inami et al. 2022 ). It was initially identified

rom very deep optical, near-IR, and Spitzer/IRAC observations
btained across the 2 deg 2 COSMOS/UltraVISTA field with data
rom COSMOS (P. Capak et al. 2007 ; N. Scoville et al. 2007 ), CFHT-
S (T. Erben et al. 2009 ; H. Hildebrandt et al. 2009 ), UltraVISTA

H. J. McCracken et al. 2012 ), SPLASH (P. Capak et al. 2013 ),
nd SMUVS (K. I. Caputi et al. 2017 ; M. L. N. Ashby et al.
018 ). Even though it had a high photometric redshift accuracy
t z phot ≈ 8 . 6 (later updated to z phot ≈ 8 . 35 in R. J. Bouwens
t al. 2022 ) using the unresolved emission of [O III] λ5007 and
 β lines, no far-infrared spectral line was seen with high enough

ignificance to provide a robust spectroscopic redshift. The initial
hotometry used in the REBELS surv e y pro vided a relativ ely
NRAS 546, 1–20 (2026) 
ncertain stellar mass of log 10 M ∗/ M � = 8 . 89 ± 0 . 68. Additional
IRSpec-IFU ( R = f /δf = 100) JWST observations (Cycle 1 GO
rogramme #2659; P.I. John Wea ver) ha v e rev ealed the rest-frame
ptical emission lines confirming its redshift at z = 8 . 21. 

1.2 GS-z9-3 

S-z9-3 (also known as UDF-s2-1) has been first identified in the
ubble Ultra Deep Field (UDF), and has a robust spectroscopic

edshift of z spec = 8 . 228, which was found using NIRCam/grism
bservations as part of the First Reionization Epoch Spectroscopi-
ally Complete Observations (FRESCO; P. A. Oesch et al. 2023 ).
ubsequent modelling of its HST and JWST data (N. Laporte et al.
023 ) using BAGPIPES (A. C. Carnall et al. 2018 ), including
edium-band filters (Cycle 1 GO programme #1963, P.I. Christina
illiams) reveals a massive galaxy ( log 10 M ∗/ M � = 9 . 19 + 0 . 07 

−0 . 06 ) with
 young stellar component (30 ± 10 Myr) and a high metallicity
 Z = 0 . 94 + 0 . 13 

−0 . 18 Z �). GS-z9-3 has been observed with ALMA as part
f the project 2017.1.00486.S (P.I. Richard Ellis) in an effort to detect
O III ] 88 μm emission, originating from the ionized gas surrounding
assive O and B-type stars, while also providing a deep constraint on

he dust mass. The observations are centred on a rest-frame frequency
f 349 GHz based on earlier photometric estimates, but do not co v er
he true [O III ] 88 μm frequency. 

1.3 ID4590 

his source was first identified in the JWST Early Release Observa-
ions to have a spectroscopic redshift of z = 8 . 496 (K. Nakajima
t al. 2023 ). The analysis of the JWST observations suggest a
etallicity of 12 + log (O / H) = 7 . 26 ± 0 . 18 (K. E. Heintz et al.

023 ). Subsequent ALMA studies by S. Fujimoto et al. ( 2024 )
evealed a tentative [C II ] and [O III ] detections. Neither band – at rest-
rame wavelengths 160 and 90 μm – showed a continuum detection,
roviding an upper limit on its dust mass of log ( μM dust / M �) = 6. 

1.4 MACS1149-JD1 

ACS1149-JD1 is a strongly gravitationally lensed galaxy at z =
 . 11 with a spectroscopically confirmed redshift found through its
O III ] 88 μm emission by T. Hashimoto et al. ( 2018 ), first found
ehind the Hubble Frontier Field cluster MACS1149 (W. Zheng et al.
012 ). Deeper resolved observations of the [O III ] line were presented
y T. Tokuoka et al. ( 2022 ), who also measured a sensitive upper limit
n the dust continuum emission of JD1. Its high lensing magnification
s μ = 10 . 5 of this intrinsically faint galaxy ( M UV = −19 . 6 ; R.
. Bouwens et al. 2022 ), and while the [C II ] emission from JD1
as targeted, it was not detected (N. Laporte et al. 2019 ), with

ater analysis indicating a low-significance line feature around the
C II ]-predicted frequency (S. Carniani et al. 2020 ). The stellar mass
easurement of JD1 is estimated to be log ( M � / M �) = 7 . 47 ± 0 . 05

C. Marconcini et al. 2024 ), and the metallicity is measured to be
2 + log ( O / H ) = 7 . 82 ± 0 . 07 (T. Morishita et al. 2024b ). 

1.5 GS-z9-0 

ADES-GS-z9-0 (hereafter GS-z9-0, previously known as GS-z10-
), a luminous galaxy spectroscopically confirmed at z = 9 . 433 in
he HUDF (A. J. Bunker et al. 2024 ). This source was originally
dentified as a robust high-redshift galaxy candidate within the
ANDELS GOODS-S field on the basis on its red J125–H160 colour

http://dx.doi.org/10.1093/mnras/staa1959
http://dx.doi.org/10.1093/mnras/stab720
http://dx.doi.org/10.1093/mnras/stac302
http://dx.doi.org/10.1093/mnras/stac2997
http://dx.doi.org/10.1093/mnras/stac2997
http://dx.doi.org/10.3847/1538-4357/addec1
http://dx.doi.org/10.1088/0004-637X/785/2/149
http://dx.doi.org/10.3847/1538-4357/ac7fed
http://dx.doi.org/10.3847/1538-4357/ac4cad
http://dx.doi.org/10.3847/1538-4357/ab0374
http://dx.doi.org/10.3847/1538-4357/acd637
http://dx.doi.org/10.3847/2041-8213/ac7447
http://dx.doi.org/10.1093/mnras/staf1182
http://dx.doi.org/10.1093/mnras/stab558
http://dx.doi.org/10.1051/0004-6361/202348128
http://dx.doi.org/10.3847/1538-4357/abc563
http://dx.doi.org/10.1093/mnrasl/slac075
http://dx.doi.org/10.1093/mnras/stz1948
http://arxiv.org/abs/2507.20190
http://dx.doi.org/10.1038/nature14164
http://dx.doi.org/10.1086/318651
http://dx.doi.org/10.1093/mnras/stac1905
http://dx.doi.org/10.1093/mnras/stad1470
http://dx.doi.org/10.1038/s41586-023-06413-w
http://arxiv.org/abs/2507.22888
http://dx.doi.org/10.1093/mnras/stae2535
http://dx.doi.org/10.3847/1538-4357/acc94d
http://dx.doi.org/10.1038/s41550-017-0297-8
http://dx.doi.org/10.3847/2041-8213/acacfe
http://dx.doi.org/10.3847/2041-8213/ad8f38
http://dx.doi.org/10.1038/s41550-024-02397-3
http://dx.doi.org/10.1038/nature11446


Dust stack at z > 8 15 

Figure A1. Compilation of all deep dust observations of z > 8 sources. Contour levels are drawn at 2, 3, 4, 5 σ ..., with dashed contours indicating ne gativ e 
values. The source position is indicated by two off-centre black lines, and the beam is shown in the top-left. 
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y P. A. Oesch et al. ( 2014 ) (the source was known as GS-z10-1 in
hat work, and subsequently, on the ALMA archive). Deep ( ∼ 130 h
n-source) JWST data with NIRSpec and NIRCam provide exquisite 
pectroscopy and photometry that enable modelling using BEAGLE 

nd BAGPIPES . The resulting fitting (M. Curti et al. 2025 ) reveals
 stellar mass of log 10 M ∗/ M � = 8 . 17 + 0 . 06 

−0 . 06 , star-formation rate of
 M � yr −1 , low dust attenuation ( A V = 0 . 002 - 0 . 05) and metallicity
f 0 . 06 ± 0 . 06 Z �. As part of a campaign to search for the [O III ]
8 μm emission of GS-z9-0, ALMA observed the ∼ 310 GHz regime 
sing Band 7 (project code 2022.1.01401.S; P.I. S. Serjeant) in 
wo tunings aiming to target the [O III ] emission line. Ho we ver, the
LMA observations did not co v er the e xact [O III ] frequenc y, but do
rovide a deep upper limit on the dust mass. 
i  

o

1.6 GHZ-1 

HZ-1 (also known as GLASS-z10, and optimistically GLASS-z11 
n earlier reports) is one of the first z > 10 galaxy candidates revealed
y the JWST as part of the GLASS JWST Early Release Science
bservations (programme #1324; P.I. Tommaso Treu). Analysis of 
hese JWST observations swiftly revealed two high- z galaxies (M. 
astellano et al. 2022 ; R. P. Naidu et al. 2022b ), which were

ubsequently studied with ALMA observations to identify their 
pectroscopic redshift through [O III ] 88 μm emission. Neither [O III ]
or dust was detected (I. Yoon et al. 2023 ), but subsequent NIRSpec
bservations of high-redshift sources in the GLASS fields identified 
ts redshift to be z = 9 . 875 (L. Napolitano et al. 2025 ). This redshift
ndicated that the [O III ] 88 μm was not co v ered by the spectral set-up
f the ALMA observations. 
MNRAS 546, 1–20 (2026) 
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1.7 GN-z11 

N-z11 is a UV-luminous Lyman-break galaxy found in the CAN-
ELS GOODS/North field (P. A. Oesch et al. 2014 ). Initial HST
RISM observations confirmed the redshift at z = 11 . 1 (P. A.
esch et al. 2016 ), with subsequent JWST imaging revealing the

rue redshift to lie at z = 10 . 60 (A. J. Bunker et al. 2023 ). GN-z11
as a stellar mass of log 10 M ∗/ M � = 8 . 73 ± 0 . 06, and a metallicity
f 12 ± 2 Z � (A. J. Bunker et al. 2023 ). Its high declination
 > 60 ◦) required the use of the NOEMA to target its [C II ], with
ome observations targeting the earlier redshift solution. Through
 combined seven observing sessions, its [C II ] and underlying dust
ontinuum emission were targeted (Y. Fudamoto et al. 2024 ). Neither
ere detected, but a deep upper limit on this UV-bright galaxy is
rovided. 

1.8 GS-z11-0 

S-z11-0 (also known as UDFj-39546284; R. J. Bouwens et al.
011 ; R. S. Ellis et al. 2013 ; A. M. Koekemoer et al. 2013 )
as disco v ered in the Hubble Ultra Deep Field (HUDF; S. V. W.
eckwith et al. 2006 ). Following its photometric characterization
sing NIRCam in the JWST Advanced Deep Extragalactic Surv e y
JADES; D. J. Eisenstein et al. 2023 ) as a promising z > 10
andidate, it was selected for deep spectroscopic follow-up with
IRSpec. This spectroscopic analysis revealed the Lyman-break

eature with high fidelity, confirming it as one of the four first
pectroscopically confirmed z > 10 galaxies (E. Curtis-Lake et al.
023 ; B. E. Robertson et al. 2023 ; K. N. Hainline et al. 2024 ). In
ycle 10, band-6 and -7 observations of GS-z11-0 were taken as part
f programme 2023.1.00336.S (PIs: Joris Witstok & Renske Smit)
rimarily to target the [O III ] 88 μm line (J. Witstok et al. 2025a ). 

1.9 GHZ-2 

HZ2 (also known as GLASS-z12, and optimistically GLASS-z13
n earlier reports) is the highest-redshift candidate found in the initial
tudy of the ERS GLASS programme #1324 (P.I. Tommaso Treu).
imilar to GHZ-1, this source was swiftly suspected to be a high- z
alaxy (M. Castellano et al. 2022 ; R. P. Naidu et al. 2022b ), and
as subsequently studied with ALMA observations to identify their

pectroscopic redshift through [O III ] 88 μm emission (T. J. L. C.
akx et al. 2023 ; G. Popping 2023 ). Initially, a low-significance

entative [O III ] 88 μm feature was reported, but subsequent NIRSpec
M. Castellano et al. 2024 ) and MIRI (J. A. Zavala et al. 2025 )
bserv ations re vealed the spectroscopic redshift of z = 12 . 333 to
oincide with a lower-significance 3 σ [O III ] 88 μm feature. Its
tellar mass ( log M ∗/ M � = 9.05 + 0 . 10 

−0 . 25 ) is reported in M. Castellano
t al. ( 2024 ) and studies of its metallicity ( Z/Z � = 5–11 per cent,
epending on models) in A. Calabr ̀o et al. ( 2024 ). Additional
pectroscopically targeted observations of this feature revealed 5 σ
O III ] 88 μm emission, as well as an upper limit on the [O III ] 52 μm
mission line (J. A. Zavala et al. 2024 , 2025 ), and accompanying deep
pper limits on the dust emission at 90 and 50 μm (I. Mitsuhashi
t al. 2025 ). This data is combined with the data that aims to detect
he [N III ] 57 μm emission (2024.1.01645; P.I. Renske Smit). The
xpected [N III ]-emitting region is masked ( ±500 km s −1 ; Smit et al.
n preparation), and combined with the continuum surrounding the
O III ] 52 μm emission for a deep limit at short wavelengths. 
NRAS 546, 1–20 (2026) 
1.10 GS-z14-0 

ADES-GS-z14-0 (GS-z14-0) is currently the most distant galaxy
ith a confirmed spectroscopic redshift at z = 14 . 18. Following its

pectroscopic confirmation with NIRSpec (S. Carniani et al. 2024 ), it
as detected in [O III ] 88 μm emission with ALMA (S. Schouws et al.
024 ; S. Carniani et al. 2025 ). Even though GS-z14-0 is relatively
assive at log ( M � / M �) = 8 . 78 + 0 . 09 

−0 . 10 (J. M. Helton et al. 2024 ; S.
arniani et al. 2024 ), no dust continuum is seen at 90 μm. A potential
xplanation of this could be dusty outflows (A. Ferrara 2024 ; A.
errara et al. 2025 ). Deeper follo w-up observ ations targeting [C II ]
58 μm provide a deep upper limit while also not detecting the dust
mission (S. Schouws et al. 2025 ). 

2 Sources that are not stacked 

2.1 MACS0416-Y1 

ACS0416 Y1 is a Lyman-Break Galaxy (LBG) originally identi-
ed as one of the most distant galaxies behind the galaxy cluster
ACSJ0416.1 −2403, which is one of the Hubble Frontier Fields,
ith a magnification of μ = 1 . 5 (R. Kawamata et al. 2016 ; G.
ihtar ̌si ̌c et al. 2025 ) based on impro v ed estimates from the JWST .
ubsequent ALMA observations revealed the spectroscopic redshift
f MACS0416 Y1 to be z = 8 . 312 through its [O III ] 88 μm emission
Y. Tamura et al. 2019 ). Importantly, these observations detected
right dust emission 137 ± 26 μJy surrounding the [O III ] line, and
ake it the furthest object with detected dust emission. 
The lack of dust emission at 160 μm hinted at a warm dust

emperature in excess of 80 K (T. J. L. C. Bakx et al. 2020 ; H. S. B.
lgera et al. 2024a ), while the moderately resolved [C II ] emission

uggests a rotationally stable star-forming system. Higher-resolution
ollow-up (Y. Tamura et al. 2023 ) in [O III ] 88 μm emission resolved
lumpy and non-rotating H II regions within MACS0416 Y1 in three
istinct parts, where the dust and UV-emission appears to originate
rom separate locations, explaining the relatively blue UV emission
een in MACS0416 Y1 ( βUV ≈ −1 . 8 where F λ ∝ λβUV ). The high-
esolution morphology from the JWST provides early indications
hat this source is a merging system (Z. Ma et al. 2024 ), and
pectroscopic analysis of the JWST data (A. Harshan et al. 2024 )
urther suggests it contains a chemically evolved interstellar medium
eminiscent of z = 2 star-forming galaxies (R. L. Sanders et al. 2020 ).

eanwhile, deep radio observations with the Very Large Array (G. C.
ones et al. 2024 ) fail to find molecular gas through carbon-monoxide
ines. 

2.2 SPT-0615-JD 

PT0615-JD (also known as Cosmic Gems Arc) was disco v ered by
. Salmon et al. ( 2018 ) in the Reionization Lensing Cluster Surv e y

RELICS) Hubble Treasury programme (D. Coe et al. 2019 ). It lies
ehind the galaxy cluster SPT-CL J0615-5746, and is magnified
y roughly μ = 120 with a lensing arc of ∼ 5 arcsec. Although
PT0615-JD initially did not have a spectroscopic redshift yet, JWST

maging agrees with a high-redshift nature of z phot = 10 . 2 ± 0 . 2 (L.
. Bradley et al. 2025 ; T. Y .-Y . Hsiao et al. 2024 ) with an estimated

tellar mass of log 10 M ∗/ M � = 7 . 47 ± 0.18. Subsequent NIRSpec
pectroscopy has since confirmed its redshift to be 9.625 (M. Messa
t al. 2025 ). Previous attempts with ALMA to identify its spectro-
copic redshift through [O III ] 88 μm have furthermore provided deep
ub-mm imaging (projects 2018.1.00295.S and 2019.1.00327.S; P.I.
oichi Tamura). Since the optical emission of this source is extended
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ell beyond the ALMA beam, even in heavily tapered ALMA 

maging, we do not include this source in our stack, but document its
xistence (as already done in L. D. Bradley et al. 2025 ) for posterity
nd completeness, as it is a high-redshift galaxy with deep ALMA 

maging. 

2.3 COS-z-0/COS-z12-1 

OS-z-0 (also known as COS-z12-1) is located in the COSMOS 

eld and was detected as part of the COSMOS-Web study (C. M.
asey et al. 2024 ). COSMOS-Web is one of the largest-area surv e ys
ith JWST, making it likely one of the brightest galaxies in the
 > 10 Universe. As one of the brightest, highest-redshift candidates, 
t enjoyed e xtensiv e ALMA follow-up to target the [O III ] 88 μm
mission line (2023.A.00003.S; P.I. Caitlin Casey). The deep JWST - 
vailable photometry provide confidence in its high-redshift nature, 
nd identified its stellar mass to be log 10 M ∗/ M � = 9 . 60 ± 0 . 11.
o we ver, a nearby ( ∼ 1 arcsec) dust-emitting galaxy complicates 

he study of its direct dust emission, even after attempted subtraction 
f the foreground galaxy . Consequently , we exclude this source from
his stacking study. 

3 High-redshift unconfirmed targets 

e veral tentati ve high-redshift ( z > 8) sources have enjoyed deep
LMA follow-up, but are suspect of being low-redshift interlopers. 
or completeness, we list the existing data below, but do not include

hem in our stacking. 

3.1 COSMOS 20646 

his target is identified as a bright high-redshift galaxy found in a
ANDELS field (S. L. Finkelstein et al. 2022 ; S. Tacchella et al.
022 ). It has a very high estimated stellar mass ( log 10 M ∗/ M � =
 . 77 ± 0 . 19; S. Tacchella et al. 2022 ), and has several features in
ts optical and near-infrared photometry that leave a 4 per cent 
hance of a lower-redshift interloper ( z ∼ 2 . 5). In an effort to confirm
ts high-redshift nature, ALMA observations targeted the expected 
egion where the [O III ] 88 μm emission was located in project
019.1.00397.S (P.I. Takuya Hashimoto; Arai et al. in preparation), 
lthough no line emission is apparent. As a potential low-redshift 
nterloper, this source is excluded in this stacking study. 

3.2 UDS-18697 

imilar to COSMOS 20646, UDS-18697 is identified in the CAN- 
ELS field with an estimated high stellar mass of log 10 M ∗/ M � =
1 + 0 . 4 

−0 . 2 (S. L. Finkelstein et al. 2022 ; S. Tacchella et al. 2022 ).
eep ALMA observations (2019.1.00397.S; P.I. Takuya Hashimoto 

nd 2022.1.01562.S; P.I. Seiji Fujimoto; Arai et al. in preparation) 
rovide deep upper limits but no confirmation of the high redshift.
ubsequent JWST observations (#1758 P.I Finkelstein) used NIR- 
pec to target this bright g alaxy. A preliminary investig ation of

he deep NIRSpec data do not reveal any bright emission lines
haracteristic of the high-redshift solution. As a potential low- 
edshift interloper, this source is excluded from this study. 

3.3 COSMOS2020 441697 and COSMOS2020 1356755 

hese galaxies are identified as high-redshift candidates in the 
OSMOS field (O. B. Kauffmann et al. 2022 ). These sources were
bserved with the same Cycle 1 GO programme as REBELS-
4 (#2659; P.I. John Wea ver), b ut lack the immediately apparent
mission lines that provide a high-redshift verification. Even though 
oth fields enjoy deep ALMA observations in an effort to confirm
heir high-redshift nature through the [O III ] 88 μm and dust emission
2022.1.01562.S; P.I. S. Fujimoto and 2021.1.00389.S; Takuya 
ashimoto; Arai et al. in preparation), the lack of verification of

heir high-redshift nature led us to exclude these sources from the
tacking study. 

3.4 2140 + 0241-37 

140 + 0241-37 (also known as par2139 + 0241 1709) is identified
hrough the Brightest of the Reionization Galaxies (BoRG) HST 

urv e y (V. Calvi et al. 2016 ), which is the combined multi-year
ffort of pure-parallel near-IR and optical imaging with the Wide 
ield Camera 3. The photometric redshift places this source at 
 phot = 10 . 5, providing strong incentive to search for its [O III ] 88 μm
mission using ALMA (2019.1.00397.S; P.I. Takuya Hashimoto; 
rai et al. in preparation). Subsequent analysis in S. Rojas-Ruiz et

l. ( 2020 ), where the source is named par2139 + 0241 1709, re-
nalysed the Spitzer /IRAC emission and found it not a likely high-
edshift candidate, as it has a turno v er in the spectrum at an observed
avelength of ∼ 3 μm. Together with the complex morphology of 

he source at longer wavelengths, this is consistent with a z < 2
tellar emission spectrum. 

3.5 HD1 

D1 is a high-redshift candidate ( z phot = 13 . 3) found through the 2.3
qr. de g. surv e y with deep Subaru data, together with UltraVISTA,
OSMOS, and SXDS data (Y. Harikane et al. 2022 , and ref. therein).
ubsequent ALMA imaging (2019.A.00015.S; P.I. Akio Inoue) 
rovided a tentative 4 σ [O III ] 88 μm at the expected redshift, but
ubsequent deep JWST imaging revealed this source to be a low-
edshift interloper instead (Y. Harikane et al. 2025 ). 

PPENDI X  B:  STAC K  IN  SUB-MM  FLUX  

ig. B1 shows the stacking results weighted by flux density in units
f Jy/beam. 
MNRAS 546, 1–20 (2026) 
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Figure B1. The full flux density stack of all data (left), and the sub-sets (left-to-right) are in redshift, stellar mass, and βUV bins, where the top row contains 
the higher, and the bottom row contains the lower quantities. 

Figure C1. The full dust mass stack of all data (left), and the sub-sets (left-to-right) are in redshift, stellar mass, and βUV bins, where the top row contains the 
higher, and the bottom row contains the lower quantities. 
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PPENDIX  C :  STAC K  IN  DUST  MASS  

ig. C1 shows the stacking results weighted by dust mass in units of
/beam. 
NRAS 546, 1–20 (2026) 
PPENDI X  D :  STAC K  IN  DUST-TO-STELLAR  

ASS  RATI O  

ig. D1 shows the stacking results weighted by dust-to-stellar mass
atio in units of 1/beam. 
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Figure D1. The full dust-to-stellar mass ratio stack of all data (left), and the sub-sets (left-to-right) are in redshift, stellar mass, and βUV bins, where the top 
row contains the higher, and the bottom row contains the lower quantities. 
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PPEN D IX  E:  C O M PA R I S O N  O F  DUST  STAC KS  

O  M O D E L S  

ppendix Fig. E1 shows the dust mass of our stack against reference
tacks at cosmic noon (R. J. Bouwens et al. 2016 ; J. S. Dunlop
t al. 2017 ; R. J. McLure et al. 2018 ; R. Bouwens et al. 2020 ;
. Shi v aei et al. 2022 ) and dawn (H. S. B. Algera et al. 2023 ; R.
. A. Bowler et al. 2024 ). Similarly, the z = 6 - 8 dust mass scaling

elations detailed in Fig. 4 are also shown. For all cosmic noon studies
here dust masses were not explicitly given, we assume a 35 K dust

emperature and a dust-emissivity index βdust of 2. Even though 
ome studies at cosmic noon only find upper limits after combining 
undreds or even thousands of galaxies, these values are in line with
he dust scaling relations at z = 6 - 8, similar to the z ∼ 2 solar- and
ower-metallicity galaxies studied in I. Shivaei et al. ( 2022 ). Even
hough the spectro-photometric catalogues available for stacks at 
osmic noon are much larger, the deep limits on the dust mass from
ur z > 8 study still stand out relative to the individual and data at
 < 8, as well as the dust scaling relations, due to the combined effect
f K-correction and the likely higher dust temperatures at z > 5. Note
hat a direct comparison of cosmic noon galaxies (and their stacks) to
he z = 6 - 8 scaling relations provides additional uncertainties, since
hese galaxies likely have different metallicities, dust composition 
nd available production/destruction pathways (M. Boquien et al. 
022 ; V. Markov et al. 2023 ; J. Witstok et al. 2023b ; L. Sommovigo
t al. 2025 ). 
MNRAS 546, 1–20 (2026) 
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Figure E1. Similar to Fig. 4 , instead compared to previous stacking studies at cosmic noon and dawn. The dust mass and dust-to-stellar mass ratio of the 
individual galaxies (black circles) and of the stack at two different stellar mass bins ( log 10 M ∗/ M � ≶ 9; red upper limits) as a function of stellar mass in the left 
and right panels, respectively. The upper limits are drawn at 3 σ and the dust and stellar masses are corrected for lensing. The dust measurements from stacks at 
cosmic noon (R. J. Bouwens et al. 2016 ; J. S. Dunlop et al. 2017 ; R. J. McLure et al. 2018 ; R. Bouwens et al. 2020 ; I. Shi v aei et al. 2022 ) are shown in filled 
pluses, pentagons and circles, while stacked mass estimates at cosmic dawn are shown in filled squares (H. S. B. Algera et al. 2023 ; R. A. A. Bowler et al. 2024 ). 
Note that the left-hand data point of the I. Shi v aei et al. ( 2022 ) reflects the lower-metallicity ( ∼ 0 . 5 Z � galaxies, while the right-hand side data point represents 
the solar-metallicity galaxies in their sample. These results are compared against individually detected galaxies at 4 . 4 < z < 6 indicated with grey circles (L. 
Sommovigo et al. 2022b ) and 6 < z < 8 galaxies indicated with grey squares (T. J. L. C. Bakx et al. 2021 ; Y. Fudamoto et al. 2023 ; J. Witstok et al. 2022 ; L. 
Sommovigo et al. 2022a ; F. Valentino et al. 2024 ; H. S. B. Algera et al. 2024a , b ). The sole source with a dust detection at z = 8 . 3 is shown as a blue star (Y. 
Tamura et al. 2019 ; T. J. L. C. Bakx et al. 2020 ; Y. Tamura et al. 2023 ; T. J. L. C. Bakx et al. 2025 ). Dust estimates from stacking experiments are shown as 
thin blue upper limits (L. Ciesla et al. 2025 ), and scaling relations from semi-analytical and hydrodynamical models that account for dust production are shown 
as trend lines between z = 7 and 9.5 (G. Popping et al. 2017 ; N. Imara et al. 2018 ; A. P. Vijayan et al. 2019 ; D. P. Triani et al. 2021 ; P. Dayal et al. 2022 ; C. 
Di Cesare et al. 2023 ; C. J. Esmerian & N. Y. Gnedin 2024 ). For two dust production models (G. Popping et al. 2017 ; A. P. Vijayan et al. 2019 ), we show the 
maximum and average dust production scenarios in solid and dash–dotted lines, respectively. 
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