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A B S T R A C T 

We have carried out a stacking analysis with the COSMOS-Web catalogue on one of the deepest ever SCUBA-2 images 
at 850-µm, allowing us to estimate the mean submillimetre flux density for samples of galaxies split by stellar mass 
and morphological class over the redshift range 0 < z < 12 . For all morphological classes, the mean star formation rate 
estimated from the dust emission increases with redshift, reaching a value for the most massive galaxies ( M∗ � 1011 M�) of 
� 80 M� yr −1 at 2 < z < 4 . 5 . In this redshift range, the mean star formation rate for these galaxies falls along the Hubble 
sequence from � 280 M� yr −1 for irregular galaxies at one end to � 80 M� yr −1 for spheroids at the other end, which 

shows that quenching was already happening shortly after the emergence of the Hubble sequence. We also show that the 
transformation of ‘submillimetre galaxies’ can reproduce the growth in number density of massive bulge-dominated and 
spheroidal galaxies over the redshift range 1 . 5 < z < 4 . As a side project, we have used our stacking results to determine 
the relationship between the mean density of dust and redshift in the range 0 < z < 12 . We show that a chemical evolution 

model based on the ‘star formation history’ of the universe, with a gas outflow rate equal to the star formation rate, can 

explain the monotonic rise with redshift in the dust-to-stellar mass ratio and reproduce the relationship between mean 

dust density and redshift remarkably accurately. 

Key words: galaxies: evolution – galaxies: high-redshift – submillimetre: galaxies. 
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 INTRODUCTION  

he discovery of the ‘submillimetre galaxies’ (henceforth SMGs) 
n the first submillimetre surveys was an initial contribution of 
his new kind of astronomy to our understanding of galaxy evo- 
ution (I. Smail, R. J. Ivison & A. W. Blain 1997 ; A. J. Barger et al.
998 ; D. H. Hughes et al. 1998 ; S. Eales et al. 1999 ). It is difficult to
void the conclusion that SMGs are the ancestors of present-day 
assive ellipticals for two reasons. First, the spectra of present- 
ay massive ellipticals imply that most of their stars were formed
10 − 12 Gyr ago in bursts lasting � 5 × 108 yr (D. Thomas et
l. 2005 , 2010 ), and SMGs are the only galaxies that we know
f that are at the right epoch with high enough star formation
ates (S. E. Scott et al. 2002 ; S. J. Lilly et al. 2013 ; J. M. Simpson
t al. 2017 ; U. Dudzevičiūtė et al. 2020 ). Second, galaxies in the
niverse today with stellar masses > 2 − 3 × 1011 M� are almost 
ntirely ellipticals (L. S. Kelvin et al. 2014 ), and the masses of 
he SMGs are already so high (J. M. Simpson et al. 2017 ; S. Eales
 E-mail: steve.a.eales@gmail.com 
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 2026
t al. 2024 ) that it is hard to imagine what else they could turn
nto. 
The surveys with the James Webb Space Telescope ( JWST ; C.
. Casey et al. 2023 ; S. L. Finkelstein et al. 2025 ; D. P. Stark et al.
026 ) are now discovering galaxies well beyond the epoch of the
MGs ( 2 < z < 6 ), galaxies that must be at an early stage of evo-
ution simply because of the limited time since the big bang. Sub-
illimetre observations are still vital for studying this even earlier
opulation because without them it is easy to underestimate the 
ate at which stars are forming in these galaxies. Attempts to
stimate a galaxy’s star formation rate by fitting population syn- 
hesis models to its ultraviolet (UV)-to-near-infrared (IR) spectral 
nergy distribution (SED) tend to fail when the dust obscuration 
s too high, even though this method makes an attempt to correct
or the effect of dust. The SMGs are an extreme example, since
he typical visual extinction from SED fitting is ∼ 2 . 5 mag (J.
cKinney et al. 2025 ), whereas the estimates from submillimetre 
ontinuum observations of the dust are ∼ 400 mag (J. M. Simpson
t al. 2017 ; U. Dudzevičiūtė et al. 2020 ; K. C. Harrington et al.
021 ), but recent work suggests this may be a problem for galaxies
ith star formation rates as low as 100 M� yr −1 (F.-Y. Liu et al.
026 ). 
This is an Open Access article distributed under the terms of the
/by/4.0/), which permits unrestricted reuse, distribution, and

https://doi.org/10.1093/mnras/stag1000
http://orcid.org/0000-0002-3532-6970
http://orcid.org/0000-0002-5268-2221
http://orcid.org/0000-0003-1386-3676
mailto:steve.a.eales@gmail.com
https://creativecommons.org/licenses/by/4.0/


2 S. A. Eales et al.

M

 

s  

a  

o  

r  

(  

e  

a  

a  

e  

s  

t
 

a  

o
t  

c  

(  

c  

a  

c  

t  

C  

e  

f  

L  

&  

g  

p  

p  

c  

t  

p  

n  

g  

r
 

e  

p  

c  

d  

m
 

i  

g  

a  

e  

f  

t  

a  

w  

F  

t  

o  

m  

J  

h  

a
 

h  

m  

m  

W  

t  

i  

f  

R  

t  

i  

t  

M  

&  

c  

a
m  

t  

t  

fi
 

p  

o  

E  

o  

c  

b  

s  

m  

0  

1  

a  

O  

g  

i  

r
 

J  

e  

s  

s  

t  

m  

i  

v  

M  

t  

u  

w  

(  

t  

w  

p
 

s  

T  

w  

C  

m  

z
v  

a  

o  

i

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/550/1/stag1000/8698250 by C
halm

ers tekniska högskola (C
halm

ers U
niversity of Technology) user on 06 July 2026
If SMGs are destined to become massive elliptical galaxies, they
till have a long way to go. From a chemical point of view, they
re already at an advanced evolutionary stage because, based on
bservations of the dust, CO, and [C i ], a typical SMG at z ∼ 4 al-
eady contains a mass of metals equal to the entire metal content
in the gas and stars) of a massive early-type galaxy today (S. Eales
t al. 2024 ). But since they have very high star formation rates
nd either irregular or disc-dominated structures (C.-C. Chen et
l. 2022 ; C. Cheng et al. 2023 ; S. Gillman et al. 2024 ; J. McKinney
t al. 2025 ), they have undergone neither the ‘quenching’ of the
tar formation nor the morphological transformation necessary
o turn them into a massive elliptical galaxy. 
The causes of morphological transformation and quenching
re, of course, two of the big unknowns in our understanding
f galaxy evolution in general and are two of the themes of 
his paper. The two main processes that have been suggested for
reating the structures of elliptical galaxies are galaxy merging
A. Toomre & J. Toomre 1972 ; P. F. Hopkins et al. 2008 ) or the
ollapse of gas with low angular momentum (G. L. Granato et
l. 2004 ; H. Übler et al. 2014 ). The processes suggested as the
ause of the quenching are more varied, including a merger-
riggered starburst (P. F. Hopkins et al. 2008 ), radiative-mode (A.
. Fabian 2012 ; F. Bollati et al. 2024 ) or radio-mode (D. J. Croton
t al. 2006 ; Y. Dubois et al. 2016 ) AGN (active galactic nucleus)
eedback, some other ‘starvation’/‘strangulation’ process (R. B.
arson, B. M. Tinsley & C. N. Caldwell 1980 ; Y. Peng, R. Maiolino
 R. Cochrane 2015 ), stabilization of the gas in a disc by the
rowth of a bulge (M. Martig et al. 2009 ), or some environmental
rocess (Y.-j. Peng et al. 2010 ) that strips away the gas such as ram-
ressure stripping. In this paper (as in the literature), we often
asually refer to both the reduction in the star formation rate or
he removal of a galaxy’s gas as ‘quenching’, since for most of the
rocesses above these are the same thing, but it is important to
ote that if disc-stabilization (M. Martig et al. 2009 ) is the cause, a
alaxy’s gas reservoir may stay full even though the star formation
ate drops. 
The morphological transformation and quenching do not nec-
ssarily happen at the same time or on the same time-scale. In
rinciple, it is possible to observationally separate these two pro-
esses, because different combinations in the lists above make
ifferent predictions about the temporal relation between the
orphological transformation and the quenching. 
Suppose, for example, that the emergence of an elliptical galaxy

s the result of the merging of two galaxies with the merger trig-
ering a starburst that rapidly depletes the gas (P. F. Hopkins et
l. 2008 ). When we look back to the epoch at which ellipticals
merge, we would expect to find them already with low star
ormation rates and largely depleted of gas. This would also be
he case if the infall of gas into the centre of the new galaxy
s the result of the merger led to the formation of an AGN,
hich then expelled the gas through radiative-mode feedback (P.
. Hopkins et al. 2008 ). On the other hand, if the morphological
ransformation was accomplished by merging but the quenching
ccurred later more slowly as the result of starvation by radio-
ode feedback or some other means (R. B. Larson et al. 1980 ; D.
. Croton et al. 2006 ; Y. Peng et al. 2015 ), we would expect to find
igh-redshift ellipticals that still have high star formation rates
nd large gas reservoirs. 
Before the era of JWST and Euclid , this simple test was
ard to perform because of the limited information about the
orphologies of high-redshift galaxies, largely confined to the
NRAS 550, 1–28 (2026)
orphologies measured with the Hubble CANDELS survey (S.
uyts et al. 2011 ). In those days, the standard approach was to
ry to measure the gas content of high-redshift quiescent galax-
es, on the assumption that these are mostly early-type galaxies,
or which there was fairly good evidence (S. Wuyts et al. 2011 ;
. Gobat et al. 2018 ). The standard technique used to estimate
he gas mass of a galaxy was to measure the dust mass, and so
nfer the gas mass, since dust has major advantages over CO for
racing the molecular phase in galaxies (S. Eales et al. 2012 ; G. E.
agdis et al. 2012 ; N. Scoville et al. 2014 ; L. J. Tacconi, R. Genzel
 A. Sternberg 2020 ; L. Dunne et al. 2022 ). This approach had
ontradictory results, with some statistical studies (R. Gobat et
l. 2018 ; G. E. Magdis et al. 2021 ) finding that the dust masses of 
assive quiescent galaxies are higher at z ∼ 1 − 2 than they are
oday, although not as high as those of star-forming galaxies at
he same redshift, and other studies (K. E. Whitaker et al. 2021 )
nding much lower dust masses. 
The advent of JWST and Euclid has changed this field com-
letely, making it possible to classify the morphologies of galaxies
ver large areas of the sky (M. Huertas-Company et al. 2025 ;
uclid Collaboration 2025a ). These studies are rapidly advancing
ur understanding of galaxy evolution. Observations with Eu-
lid have already shown that the common assumption of there
eing two basic classes of galaxies – quiescent/early-type and
tar-forming/late-type – is too simplistic, since in a study of the
orphologies of nearly a million galaxies in the redshift range
 . 25 < z < 1 , only 82 per cent fell in the standard categories, with
3 per cent of the galaxies consisting of star-forming spheroids
nd 5 per cent of quiescent discs (Euclid Collaboration 2025b ).
bservations with JWST have shown that the familiar morpholo-
ies of the Hubble sequence seem to emerge at z ∼ 4 , with galax-
es at higher redshift either being unresolved or classified as ir-
egular (M. Huertas-Company et al. 2025 ). 
In this paper, we use morphological classifications from the
WST COSMOS-Web survey (C. M. Casey et al. 2023 ; M. Shuntov
t al. 2025a ) to make measurements of the submillimetre emis-
ion from dust for samples of galaxies split by stellar mass, red-
hift and, for the first time, morphological class, which allows us
o directly address the issue of whether morphological transfor-
ation is linked to the quenching of the star formation. Although
t is possible to measure the submillimetre emission from indi-
idual galaxies with interferometers such as the Atacama Large
illimeter/Submillimeter Array (ALMA), it is very challenging
o do this for large numbers of galaxies. For this reason, we have
sed one of the deepest ever submillimetre surveys carried out
ith a single-dish telescope, the James Clerk Maxwell Telescope
JCMT), mitigating the effect of the poor resolution (relative to
he JWST and Euclid ) by carrying out a ‘stacking analysis’ in
hich we measure the mean submillimetre flux density for sam-
les of galaxies rather than individual galaxies. 
As a second science project, we have also used our stacking re-
ults to investigate the general properties of dust in the universe.
his paper is a follow-up to S. Eales & B. Ward ( 2024 ), in which
e used a submillimetre stacking analysis for the galaxies in the
OSMOS survey (N. Scoville et al. 2007 ) to determine how the
ean density of dust in the universe depends on redshift out to

 ∼ 5 . 5 . Although COSMOS-Web does not cover as large a field of 
iew as COSMOS ( ∼0.54 deg2 ), it is still the largest JWST survey
nd thus the one least affected by cosmic variance. The release
f its data (M. Shuntov et al. 2025a ) has allowed us to extend our
nvestigation of dust in the universe out to z ∼ 12 . 
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Table 1. Redshift ranges of the samples and results from fitting equation 
( 5 ). 

Redshift ranges a b 

0 . 2 < z < 0 . 5 −7 . 1 × 10−4 8 . 2 × 10−3 
0 . 5 < z < 0 . 8 −1 . 7 × 10−3 1 . 9 × 10−2 
0 . 8 < z < 1 . 1 −1 . 7 × 10−3 2 . 0 × 10−2 
1 . 1 < z < 1 . 5 −1 . 6 × 10−3 1 . 9 × 10−2 
1 . 5 < z < 2 . 0 −2 . 7 × 10−3 3 . 1 × 10−2 
2 . 0 < z < 2 . 5 −3 . 7 × 10−3 4 . 4 × 10−2 
2 . 5 < z < 3 . 0 −4 . 8 × 10−3 5 . 6 × 10−2 
3 . 0 < z < 3 . 5 −3 . 7 × 10−3 4 . 5 × 10−2 
3 . 5 < z < 4 . 5 −6 . 6 × 10−3 7 . 9 × 10−2 
4 . 5 < z < 5 . 5 −3 . 7 × 10−3 5 . 1 × 10−2 
5 . 5 < z < 6 . 5 −5 . 2 × 10−3 6 . 8 × 10−2 
6 . 5 < z < 7 . 5 −4 . 5 × 10−3 5 . 7 × 10−2 
7 . 5 < z < 8 . 5 −5 . 5 × 10−3 7 . 3 × 10−2 
8 . 5 < z < 12 . 0 ... ... 
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The paper is organized as follows: Section 2 describes our 
ethods; Section 3 gives our results; Section 4 is the discussion;
nd our results and conclusions are summarized in Section 5. 
iven that this is such a long paper, we note that for those primar-
ly interested in galaxy evolution the key results are in Sections
.1 –4.4, and 4.6. For those primarily interested in the evolution 
f dust, the key results are in Sections 3.4 , 3.5, and 4.5. 
We use the cosmological parameters given in Planck 
ollaboration XIII ( 2016 ). 

 METHODS  

.1 Overview 

he basic technique used in this paper is ‘stacking’. In a stacking
nalysis, measurements of the flux density of a sample of galaxies 
re used to calculate the weighted-mean flux density for the sam-
le, which is a very useful technique when many of the individual
easurements have low signal-to-noise ratio. In our study, we 
ave carried out a stacking analysis using the images from the
2COSMOS (SCUBA-2 COSMOS survey) 850-µm survey of the 
OSMOS field (J. M. Simpson et al. 2019 ). 

.2 The submillimetre image 

he 850-µm image was constructed using 640 h of new and 
rchival observations taken with the SCUBA-2 camera on the 
CMT as part of the S2COSMOS survey. It achieved a median 
oise level of σ850 µm 

= 1 . 2 mJy beam 

−1 over 1.6 sq deg which 
overs the COSMOS-Web region (J. M. Simpson et al. 2019 ). The
ngular resolution of the image is � 15 arcsec (FWHM, full width
t half-maximum). 

.3 The COSMOS-Web samples 

ur samples were taken from the COSMOS-Web catalogue, 1 
escribed by M. Shuntov et al. ( 2025a ). We only used objects
rom the catalogue if they had warn_flag = 0 2 , removing prob-
ematic objects such as those suspected of being hot pixels, or
hose with inconsistencies between the JWST and ground-based 
hotometry. 
In our analysis, we used the estimates of the photometric red-
hift ( zfinal ), stellar mass ( mass_med ), and specific star for-
ation rate ( ssfr_med ) in the COSMOS-Web catalogue, which 
ere obtained with the lephare (Photometric Analysis for Red- 
hift Estimate) code for fitting SEDs (S. Arnouts et al. 1999 ),
hich is based on models of the stellar population of a galaxy
G. Bruzual & S. Charlot 2003 ). We restricted our analysis to
alaxies with stellar masses in the range 9 . 0 < log 10 M∗ < 11 . 5
nd redshifts in the range 0 . 2 < z < 12 . We chose the lower mass
imit because this is the approximate stellar mass completeness 
imit of COSMOS-Web (M. Shuntov et al. 2025a ). 3 We chose the
pper mass limit because high-redshift galaxies at higher masses 
re likely to be spurious, the effect of Eddington bias (C. M. Casey
t al. 2024 ). To be consistent with estimates of the COSMOS-Web
 Public data release: COSMOS-Web DR1 
 A detailed description of how the data were flagged is included in the 
ublic data release page. 
 COSMOS Web is � 80 per cent complete to this stellar mass at z ∼ 10 
M. Shuntov et al. 2025b ) 

2
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tellar mass function, we removed objects at z > 3 . 5 for which
here is evidence that they are either AGN or ‘little red dots’ using
he same selection criteria as used in calculating the stellar mass
unction (M. Shuntov et al. 2025a ). After removing these, our base
ample consisted of 102 549 galaxies. 
In our initial analysis, we divided the galaxies into 14 red-
hift intervals (Table 1 ) over the redshift range 0 < z < 12 and
ve equal intervals of log stellar mass ( M∗) over the range 9 . 0 <
og 10 M∗ < 11 . 5 . This gave us 70 different samples of galaxies, the
oal of the stacking being to produce an unbiased estimate of the
ean 850-µm flux density of each sample. 
At a later stage in the analysis, we also divided the galaxies

nto morphological types. We used the morphological classifi- 
ations given in the ML-MORPHO extension of the COSMOS- 
eb catalogue. These were obtained by using a machine-learning 
lgorithm trained on the Hubble CANDELS survey to classify the 
OSMOS-Web galaxies into four broad morphological classes: 
pheroids, bulge-dominated, disc-dominated, and irregular (M. 
uertas-Company et al. 2025 ). The catalogue includes three clas- 
ifications for each galaxy made using images made through three 
WST filters. We followed M. Huertas-Company et al. ( 2025 ) in
hoosing the morphological classification for each galaxy so they 
ere all done at roughly the same rest-frame wavelength. We used 
he classifications from the F 150 W, F 277 W, and F 444 W images
or the redshift ranges z < 1 , 1 < z < 3 , and z > 3 , respectively.
f the sample, � 97 per cent of the galaxies have morphological 
lassifications. The morphological breakdown of each of our 70 
amples is given in Appendix A. Although the overall percent- 
ge with no morphological classification is very small, it does 
each very high values in some of the high-redshift bins. Our
nvestigation of the relationship between star formation rate and 
orphological type (Sections 4.1–4.4) is therefore restricted to 

 < 4 . 5 . The largest percentage incompleteness below this red-
hift is 35 per cent for the sample with 3 . 5 < z < 4 . 5 and 11 . 0 <
og 10 (M∗) < 11 . 5 . 

.4 Stacking – general points 

lthough the relatively poor angular resolution of the SCUBA-2 
mage (FWHM of 15 arcsec ) means there are many JWST galaxies
ithin each resolution element, stacking will produce an unbi- 
sed estimate of the mean flux density of a sample as long as
he mean of the image is zero and there is no clustering between
MNRAS 550, 1–28 (2026)
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alaxies (G. Marsden et al. 2009 ; M. P. Viero et al. 2012 ). Two
hings complicate matters. First, obviously, galaxies are clustered.
econd, the redshifts in the COSMOS-Web catalogue are photo-
etric redshifts, which means the galaxies are not necessarily at
heir correct redshifts. 
We attempted to solve the first problem by using the SIM-
TACK algorithm (M. P. Viero et al. 2013 ), which is an elegant
ay of correcting for the effect on the measurements of clustering
etween galaxies in different samples. We attempted to correct
or the second problem by using a Monte Carlo simulation to
stimate the additional errors in the stacked flux densities arising
rom errors in the redshifts and stellar masses. We generated
00 artificial COSMOS-Web catalogues by using the redshifts and
tellar masses in the real catalogue, and the errors on both, to
enerate bootstrapped sets of stellar masses and redshifts for each
rtificial catalogue. 
We carried out two versions of the stacking analysis. The first
ersion used the basic method, in which we made no attempt
o correct for clustering. The second version was the SIMSTACK
ersion. Our reason for doing so was that the results from the
asic method gave us a useful check on the results from SIM-
TACK. The differences between the two sets of results also gave
s insight into the actual effect of clustering on stacking. In the
ollowing two subsections, we give some technical details of how
e applied the two methods. 

.5 Basic stacking method 

n this version of the method, we made no attempt to correct
or the clustering between the galaxies in different samples. We
imply measured the flux density and noise from the S2COSMOS
mages for each of the galaxies in a sample, and then calculated
he mean flux density for the sample, with the weight for each
alaxy, wi , given by: 

i =
1 
σ 2 i ∑ 

i 
1 
σ 2 i 

(1) 

n which σi is the noise for the galaxy and the sum is over all the
alaxies in the sample. In this method, we used the S2COSMOS
mage and corresponding noise image that had been smoothed
ith a filter equal to the point spread function of the observations
o maximize the signal-to-noise ratio. 
To calculate the error on the stacked signal that is as close as
ossible to ground truth, we carried out a Monte Carlo simulation
or each sample. If there were Ngal galaxies in the sample, we
enerated 1000 sets of Ngal random positions. We then carried
ut a stacking analysis for each set. We used the variance of the
000 weighted mean values to estimate the error in the stacking
nalysis: σstack . 
As described above, we also produced 100 artificial versions
f the COSMOS-Web catalogue, using the photometric redshifts
nd the stellar masses and their associated errors to generate a
et of bootstrapped redshifts and stellar masses for each artificial
atalogue. We carried out the same stacking analysis for each
rtificial catalogue, using the variance of the results to calculate
he error that arises from the errors in the redshifts and the stellar
asses: σJW ST . We added σstack and σJW ST in quadrature to get the
nal error on the stacked signal. 
To produce a more visual way of judging the significance of 

he stacked signal, we generated images that show the signal-to-
oise ratio of the mean 850-µm flux density of each sample. Each
NRAS 550, 1–28 (2026)
mage is produced from a 23 × 23 array of offsets from the JWST
ositions centred on (0,0) and with a grid spacing of 2 arcsec . The
mage value at each pixel is the signal-to-noise ratio of the mean
50-µm flux density produced by the stacking analysis when the
alaxies are placed at this offset from their true positions. The
pper panel of Fig. 1 shows these signal-to-noise images. 

.6 Stacking using SIMSTACK 

n this version, we used the SIMSTACK algorithm (M. P. Viero et
l. 2013 , 2022 ). The SIMSTACK algorithm fits the contribution to
he submillimetre image from all samples simultaneously, which
eans it is not biased by the effect of clustering between galaxies
n different samples. There is a particularly clear exposition of 
he maths of the algorithm in Euclid Collaboration ( 2025c ). The
mplementation of the algorithm that we used in this paper is the
ne available at SIMSTACK3 . 
We followed the same procedure as described in M. P. Viero et
l. ( 2022 ). In this case, we used the unconvolved S2COSMOS im-
ges. As the result of the errors in the photometric redshifts, there
ill be a contribution to the stacked signal from clustering be-
ween galaxies that are in samples in different redshift intervals.
e therefore followed M. P. Viero et al. ( 2022 ) in applying SIM-
TACK to samples at all redshifts simultaneously. We included
n additional sample in the SIMSTACK analysis that consisted
f all the galaxies in the COSMOS-Web catalogue outside the
ass and redshift limits of the other 70 samples. To avoid errors
eing produced by holes in the coverage of the COSMOS-Web
atalogue, we included a flat foreground layer in SIMSTACK (M.
. Viero et al. 2022 ). 
As in the other version of the stacking, we applied SIMSTACK

o the 100 artificial versions of the COSMOS-Web catalogue to
stimate the error produced from the errors in the photometric
edshifts and stellar masses: σJW ST . We added this error in quadra-
ure to the error produced by SIMSTACK, σstack , to get the final
rror on the mean flux density. 
As in the other stacking method, we produced cutout images
howing the signal-to-noise ratio for each sample, which we gen-
rated using the method described in the previous section. These
re shown in the lower panel of Fig. 1 . 

.7 The temperature models 

oth the stacking methods above produce an estimate of the
ean submillimetre flux density at a single wavelength. They do
ot produce an estimate of the temperature of the dust, which is
ssential for an accurate estimate of the mass of dust. In a similar
ay, it is only possible to estimate the total (bolometric) emission
f the dust, which can be used to estimate the galaxy’s star for-
ation rate (R. C. Kennicutt 1998 ; R. C. Kennicutt & N. J. Evans
012 ), if one knows the temperature of the dust or, equivalently,
as a model of the SED of the dust emission. The accuracy of the
stimates of both, of course, depend critically on the accuracy of 
he assumptions about the dust temperature or the SED. 
There is no consensus about whether the temperature of the
ust in galaxies does generally increase with redshift, with evi-
ence both for (G. E. Magdis et al. 2012 ; B. Magnelli et al. 2014 ;
. Béthermin et al. 2015 ; R. J. Ivison et al. 2016 ; A. L. Faisst et
l. 2017 ; C. Schreiber et al. 2018 ; R. Bouwens et al. 2020 ; M. P.
iero et al. 2022 ; J. Witstok et al. 2023 ) and against this (A. M.
winbank et al. 2014 ; C. M. Casey et al. 2018 ; S. Jin et al. 2019 ;
. Dudzevičiūtė et al. 2020 ; P. M. Drew & C. M. Casey 2022 ;

https://github.com/marcoviero/simstack3/tree/main
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Figure 1. Images showing the signal-to-noise ratio of our measurements of the mean 850-µm flux density of 70 samples of galaxies, with the results 
from the basic stacking method shown above and from SIMSTACK shown below. The annotation shows the redshift and mass range for each sample. 
Each pixel in each image represents a different offset from the COSMOS-Web positions, with the zero-offset position being in the centre. The images 
are squares with a side of 44 arcsec and a pixel size of 2 arcsec . The blank field in the top panel is for a sample containing less than four galaxies, the 
minimum number for our basic stacking method. 
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. J. Bendo et al. 2023 ; B. A. Ward et al. 2024 ). The increase in
he temperature of the cosmic microwave background radiation 
CMB) at high redshift does mean that there will be some increase
n the dust temperature (E. da Cunha et al. 2013 ), but the lack
f evolution claimed in the studies above generally refers to the
emperature the dust would be at in the absence of the CMB, e.g.
. A. Ward et al. ( 2024 ). 
There is a well-known bias that when a single modified black- 
ody is fitted to a set of far-IR/submillimete photometry for 
 galaxy, the measured temperature – the luminosity-weighted 
emperature – is always higher than the mean mass-weighted 
ust temperature (S. A. Eales, C. G. Wynn-Williams & W. D. 
uncan 1989 ; L. Liang et al. 2019 ), which is what one needs
o know for an accurate estimate of the dust mass. The reason
or this is that there is always a mixture of dust at different
emperatures in a galaxy, and since warm dust radiates more 
trongly, and at a shorter wavelength, than the same mass of cold
ust, the measured, luminosity-weighted, temperature is always 
iased high. For a given set of observation wavelengths, this bias
ncreases with redshift, since as the redshift increases, the part 
f the galaxy’s rest-frame SED covered by the observation set 
E  
ill move to shorter wavelengths. The problem is not as bad
or an estimate of the bolometric luminosity of the dust, since
he measured, luminosity-weighted, temperature is much closer 
o what one needs for an accurate estimate of the bolometric
uminosity. 
In Appendix B, we show that this same bias applies to temper-
ture measurements from stacking analyses, which sometimes 
how dramatic increases in dust temperature with redshift (M. 
. Viero et al. 2022 ). We show that this bias is present even if 
ll the individual galaxies in the stacking sample only contain 
ust at a single temperature. For this reason, the temperature 
odels below are based on observations of individual galaxies 
ather than estimates in the literature of the dust temperature 
rom stacking analyses. 
We have explored the sensitivity of our estimates of dust mass
nd bolometric dust luminosity using three temperature models: 

(i) Cold. In this model, we assume that the mean mass- 
eighted dust temperature is 22 K and does not change with red-
hift, which is the assumption we made in our previous paper (S.
ales & B. Ward 2024 ). This is the median dust temperature found
MNRAS 550, 1–28 (2026)
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rom the fits of a single modified blackbody to the flux densities
or ∼80 000 galaxies found in the Herschel ATLAS survey (S. Eales
 B. Ward 2024 ). There was no evidence in this study for any
ariation of dust temperature with redshift out to z � 1 . Despite
he disagreement between the observational studies, cosmolog-
cal simulations have shown that at higher redshifts, while the
bserved, luminosity-weighted, dust temperature does increase
ith redshift, the mass-weighted dust temperature does not (L.
iang et al. 2019 ). We therefore assume in this model that there
s no evolution in the dust temperature. 
(ii) Star-former. The first model must be, at least, a simplifi-
ation of the situation in real galaxies, because unless a galaxy
ontains no newly formed stars and no active nucleus, it must
ontain some phase of warmer dust. The galaxies that seem likely
o contain the highest fraction of warm dust are the luminous
usty star-forming galaxies, which are often labelled as ultralu-
inous IR galaxies at low redshift and SMGs at high redshift.
odels of the SEDs that include two modified blackbodies at
ifferent temperatures have shown that although the galaxies in
hese classes do contain some warm dust, most of the dust is at a
ow temperature (L. Dunne & S. A. Eales 2001 ; E. A. Pearson et al.
013 ; T. J. L. C. Bakx et al. 2018 ). As our second model, we have
dopted the model of T. J. L. C. Bakx et al. ( 2018 ), who found that
he average SED of the most luminous SMGs at z > 2 could be
epresented by a mixture of dust at 21.3 and 45.8 K, with the ratio
f the mass of cold dust to warm dust being 26.6. Since this is very
imilar to the results for low-redshift ultraluminous IR galaxies
L. Dunne & S. A. Eales 2001 ), we include no evolution in this
odel. 
(iii) Evolve. This model is based on the dust temperatures mea-
ured for 17 galaxies over the redshift range 4 < z < 8 (J. Witstok
t al. 2023 ), which do show an increase of the dust temperature
ith increasing redshift. The relationship matches well the pre-
iction from cosmological simulations for the relationship be-
ween the observed, luminosity-weighted, dust temperature and
edshift (L. Liang et al. 2019 ). We have used the relationship
redicted from the cosmological simulations as our model, with
he small modification that we have used a temperature of 23 K
n the left-hand side of the relationship, rather than the 25 K
ound in the simulations (L. Liang et al. 2019 ), in order to make
t consistent with our first two models at low redshift: 

og 10 

(
Tdust 
23 K 

)
= −0 . 02 + 0 . 25log 10 (1 + z) (2) 

e note that although this relationship shows evolution and
atches well the observations of the high-redshift sample (J. Wit-
tok et al. 2023 ), the same simulations predict that although the
easured, luminosity-weighted, dust temperature does change
ith redshift, the mass-weighted dust temperature, which is what
e really want, does not change with redshift (L. Liang et al.
019 ). 

We believe the model that is likely to be closest to the truth
s star-former, since it is based on a more sophisticated model
han a single modified blackbody, making it less susceptible to the
emperature bias described above, and is an empirical fit to the
EDs of real star-forming galaxies. We have included the other
wo models to show the effect on the dust masses of the range of 
ust temperatures claimed in the literature. 
The models above describe the temperature of the dust in the
bsence of the effect of the CMB. We combined the temperature
odel and the effect of the CMB as follows. At each redshift, we
NRAS 550, 1–28 (2026)
sed the model to estimate the temperature the dust would have
n the absence of the CMB. We used eqs (12) and (18) in E. da
unha et al. ( 2013 ) to calculate the actual temperature of the dust
nd to correct the observed flux density for its suppression in the
resence of the CMB. In the case of star-former, we corrected the
emperature and flux density for each component separately and
hen added them to produce the final flux. In calculating dust
asses for this model (Section 3.3), we calculated the dust mass
or each component separately and then added them to produce
he final dust mass. The corrections can be very large. For cold,
hich is the most extreme case, the correction factors for the flux
ensity are 1.04, 1.91, and 16.8 at z = 3 , 7, and 12, respectively. 
Finally, in this section, we discuss the effects of using these dif-

erent models on our estimates of dust mass and bolometric dust
mission, which we use in Section 4 to estimate the star formation
ate. Cold and star-former both yield very similar estimates of the
ust mass because in the former all the dust and in the latter 96
er cent of the dust mass is at T � 20 K . The two models, though,
ield very different estimates of the bolometric dust luminosity
ecause the small percentage of warm dust in star-former vastly
ut-radiates the 96 per cent of the dust that is cold. The estimates
f the dust mass from evolve are similar to the estimates from
he other two models at low redshift where the dust temperatures
re similar but get increasingly lower than the other two as the
edshift, and therefore the temperature of the dust, increases. The
stimates of bolometric dust emission for evolve and star-former
re similar at all redshifts because in the case of star-former it is
he small percentage of warm dust that is responsible for most of 
he bolometric dust emission. 

 RESULTS  

.1 Comparison between the results of the two stacking 
ethods 

ig. 1 shows the signal-to-noise images for each sample of galax-
es and for each stacking method. Fig. 2 shows mean flux density
ersus mass for each redshift interval, with the results for the
asic stacking method shown in mauve and for SIMSTACK in
yan. The values of the flux density and errors obtained from
IMSTACK are given in Appendix A. 
Both figures show fairly good agreement between the results

rom the two stacking methods. Both methods show that in all
edshift intervals there is a increase in flux density with stellar
ass, which is itself a useful sense check since we cannot think
f any reason why a stacking method would produce a spurious
elationship like this and it is what one expects if all galaxies have
oughly the same ratio of dust-to-stellar mass. 
The differences between the results from the two methods
re instructive. First, the SIMSTACK flux densities are almost
lways slightly lower than those from the basic method, which
s what one would expect if galaxy clustering is enhancing the
ignal measured with the latter method. Second, while Fig. 1
hows that the basic method produces significant detections at
og 10 M∗ < 10 . 0 , these mostly disappear in the SIMSTACK results.
his is also what one would expect. Suppose there are low-mass
alaxies clustered around high-mass galaxies within a SCUBA-2
eam. The mean flux densities of each class will be enhanced but
he flux densities of the low-mass galaxies will be proportionately
ore enhanced. Since the effect of galaxy clustering has been
orrected in the SIMSTACK results, these are the ones we use in
he rest of the paper. 
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Figure 2. Mean flux density at 850µm versus mass for each redshift interval. The mauve squares are the values measured with the basic stacking method. 
The cyan circles are the values measured with SIMSTACK. The two sets have been offset by 0.1 in log 10 (M∗) , to prevent an overlap. The horizontal dashed 
line at a flux density of 0.1 mJy has been drawn to aid comparison between the panels. The limits are 3 σ upper limits. 
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.2 Comparison with previous results 

here have been two previous stacking analyses of the 
2COSMOS images, which both used SIMSTACK but with 
alaxy catalogues from ground-based telescopes. Our results 
re very similar to those of J. M. Simpson et al. ( 2019 ). We
annot compare our results precisely with the results of the other
tudy (J. S. Millard et al. 2020 ) because of the different binning
rocedure and because the earlier paper did not include the 
rrors on the SIMSTACK fluxes. Although the same trends of 
ux density with stellar mass and redshift are seen in the two
tudies, our measurements are lower by ∼ 30 per cent than the 
uxes in the earlier paper. We do not know the explanation of 
he difference. 
We have made an additional check on our results by compar-

ng them to the results of stacking analyses of massive galaxies 
ith very low star formation rates, ‘massive quiescent galaxies’. 
e divided our samples into star-forming and quiescent galaxies 
sing the lephare estimates (Section 2.1) of the specific star for-
ation rate (star formation rate divided by stellar mass – SSFR). 
tar-forming galaxies mostly lie on a strip across a diagram of 
SFR versus stellar mass, which is often called the ‘galaxy main
equence’. We have used a relationship for the evolution of the
alaxy main sequence (J. S. Speagle et al. 2014 ) to divide the
alaxies into the two classes, classifying a galaxy as quiescent 
f its SSFR is at least 1.5 orders of magnitude below a galaxy
n the galaxy main sequence with the same stellar mass. We
pplied the two stacking methods (Sections 2.5 and 2.6) to the
wo classes, each split into the same 70 bins of stellar mass and
edshift as before. In the case of SIMSTACK, we applied the
lgorithm to all 140 samples simultaneously. We again carried 
ut a Monte Carlo simulation to estimate the errors in the SIM-
TACK flux densities arising from the errors in the COSMOS-Web
MNRAS 550, 1–28 (2026)
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M

Figure 3. Mean flux density at 850µm estimated with SIMSTACK (Section 2.4) for star-forming galaxies (mauve squares) and quiescent galaxies (cyan 
circles) plotted against stellar mass for the 14 redshift intervals. The two sets of points have been offset by 0.1 in log 10 (M∗) so that they do not overlap. 
The horizontal dashed line at a flux density of 0.1 mJy has been drawn to aid comparison between the panels. The upper limits are 3 σ upper limits. 
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Table 2. Comparison with previous results for quiescent galaxies. 

Redshift range 
Mean 850-µm flux 

density Paper 

z ∼ 1 . 76 81 ±23 µJy R. Gobat et al. ( 2018 ) 
1 . 5 < z < 2 . 0 147 ±102 µJy This paper 
< z > = 0 . 5 100 ±40 µJy G. E. Magdis et al. ( 2021 ) 
0 . 2 < z < 0 . 5 156 ±131 µJy This paper 
< z > = 0 . 85 < 210 µJy G. E. Magdis et al. ( 2021 ) 
0 . 5 < z < 0 . 8 109 ±102 µJy This paper 
< z > = 1 . 20 40 ±30 µJy G. E. Magdis et al. ( 2021 ) 
1 . 1 < z < 1 . 5 55 ±105 µJy This paper 
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hotometric redshifts and stellar mass estimates, adding these
rrors in quadrature to the basic SIMSTACK errors. 
Fig. 3 shows the results. The star formation rate and the mass
f dust in a galaxy are likely to be correlated because both are cor-
elated with the mass of gas in the galaxy (R. C. Kennicutt 1998 ; S.
ales et al. 2012 ). One might therefore expect the submillimetre
ux density of the star-forming galaxies to be higher than for the
uiescent galaxies in the same redshift and mass interval, and this
s what one generally but not always sees in the panels. 
In Table 2 , we compare our results with other attempts to esti-
ate, through stacking, the mean 850-µm flux density of samples
f massive ( M > 1011 M�) quiescent galaxies (R. Gobat et al.
018 ; G. E. Magdis et al. 2021 ). Our estimates are consistent with
he previous estimates. 
NRAS 550, 1–28 (2026)
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Figure 4. Mean flux density at 850µm estimated with SIMSTACK for the four different morphological classes from M. Huertas-Company et al. ( 2025 ): 
irregular galaxies – green stars; disc-dominated galaxies – blue circles; bulge-dominated galaxies – cyan pentagons; and spheroids – red squares. The 
horizontal dashed line at 0.1 mJy has been drawn to aid comparison between the panels. We have added offsets to the sets of points (0.05 in log 10 (M∗) ) 
to avoid them overlapping. The upper limits are 3 σ upper limits. 
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.3 The results for different morphological types 

e applied the two stacking methods to the four morpholog- 
cal classes: spheroidal, disc-dominated, irregular, and bulge- 
ominated. We split each class into the same 70 bins of redshift
nd stellar mass as before. In the case of SIMSTACK, we applied
he algorithm to all 280 samples simultaneously. We again car- 
ied out a Monte Carlo simulation to estimate the errors in the
IMSTACK results arising from the errors in the COSMOS-Web 
hotometric redshifts and stellar mass estimates, adding these 
rrors in quadrature to the basic SIMSTACK errors. 
Fig. 4 shows the results. Today, spheroidal and bulge- 
ominated galaxies contain less dust than disc-dominated and 
eculiar galaxies, with spheroidal galaxies, in particular, con- 
aining very little dust (M. W. L. Smith et al. 2012 ). The
w  
gure shows that in most panels the submillimetre emission from 

isc-dominated and irregular galaxies is generally higher than 
or bulge-dominated and spheroidal galaxies, but the emission 
rom all the morphological categories increases with redshift in 
oughly the same way. At z > 4 , the regular Hubble sequence has
argely vanished (M. Huertas-Company et al. 2025 ), and the only
amples that contain enough galaxies for a measurement are the 
rregular galaxies. 

.4 The ratio of dust-to-stellar mass 

e calculated the mean ratio of dust-to-stellar mass for each of 
he 70 samples of galaxies in the following way. Starting from the
ean flux density for that sample from the SIMSTACK analysis, 
e estimated the dust mass for each of the galaxies in that sample
MNRAS 550, 1–28 (2026)



10 S. A. Eales et al.

M

u

M

i  

D  

κ

κ

W  

r  

G  

2  

m  

a  

a  

u  

w  

g  

u  

a  

S
 

a  

W  

c
 

s  

s  

o  

l
 

m  

a  

f  

i  

(  

s  

p  

f

T
a

 

a  

t  

w  

i
 

d  

r  

e  

m  

t  

s  

z
 

s  

L  

s  

r  

u  

u  

c  

f  

r  

m  

A  

l  

T  

w

d  

t  

o  

b  

R  

B  

t  

h  

h  

v  

(  

m  

a  

a  

2  

m  

S  

t  

a  

o  

w  

u  

m  

o
 

s  

m  

z  

r  

T  

(
t  

c  

l  

h  

E  

h  

a  

B  

b  

m  

v

4 A. Kirkpatrick et al. ( 2017 ) estimated their dust masses using the model 
in J. C. Weingartner & B. T. Draine ( 2001 ), in which the mass-opacity 
coefficient depends on wavelength in a complex way. We have used the 
approximation for this relationship given in L. Liang et al. ( 2019 ). 
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sing the following equation: 

d = < S850µm 

> D2 
L 

(1 + z) B (νe ) κ (νe ) 
(3) 

n which νe is the frequency in the rest frame: νe = (1 + z) ν850µm 

.
L is luminosity distance, and the dust mass-opacity coefficient,
(ν) , is given by: 

(ν) =
(

ν

ν850µm 

)β

κ850µm 

(4) 

e assumed a value for β of 2, which is the value found in many
ecent studies of high-redshift galaxies (E. da Cunha et al. 2021 ;
. J. Bendo et al. 2023 , 2025 ; D. Ismail et al. 2023 ; J. Witstok et al.
023 ; B. A. Ward et al. 2024 ), and the widely used value for the
ass-opacity coefficient of κ850µm 

= 0 . 077 m2 kg −1 (A. James et
l. 2002 ; E. da Cunha, S. Charlot & D. Elbaz 2008 ; L. Dunne et
l. 2011 ). The value of the mass-opacity coefficient is notoriously
ncertain (C. J. R. Clark et al. 2016 ), but we note that our value
as calibrated directly from estimates of the mass of metals in a
alaxy (A. James et al. 2002 ). This makes it an appropriate one to
se if one wants to use a model of the evolution of the metals in
 galaxy to also model the evolution of the dust, which we do in
ection 4.5. 
Before calculating the dust mass, we corrected the flux density
nd the dust temperature for the effect of the CMB (Section 2.7).
e calculated the dust mass for all three temperature models:
old, star-former, and evolve (Section 2.7). 
Once we had calculated a dust mass for each galaxy in the
ample, we calculated the mean value of the ratio of the dust-to-
tellar mass for all the galaxies in the sample, using the values
f the stellar mass for each galaxy given in the COSMOS-Web
ephare catalogue (Section 2.2). 
Fig. 5 shows the mean ratio of dust-to-stellar mass versus stellar
ass for each of the 14 redshift intervals. The estimates for cold
nd star-former are fairly similar at all redshifts, but the estimates
or evolve are lower than for the other two, with the difference
ncreasing with redshift. For all three models, at low redshifts
 z ≤ 3 ) the ratio of dust-to-stellar mass decreases with increasing
tellar mass. At higher redshifts, the mass ratio is roughly inde-
endent of stellar mass. For each redshift interval, we fitted the
ollowing relationship to the data points for star-former: 
M∗
Ms 

= alog 10 M∗ + b (5) 

he fits are shown in the figure and Table 1 lists our estimates of 
 and b. 
Fig. 6 shows the mean ratio of dust-to-stellar mass plotted
gainst redshift for each interval of stellar mass. For all three
emperature models, there is a steady increase of the mass ratio
ith redshift in all mass intervals except in the two lowest mass
ntervals for evolve. 
Fig. 7 shows the weighted mean value of the five values for the
ust-to-stellar mass ratio in each redshift interval plotted against
edshift. We have calculated these weighted means separately for
ach temperature model and used the errors on dust-to-stellar
ass ratios shown in Fig. 6 . For all three temperature models,
he mass ratio increases with redshift out to z ∼ 2 . 5 . For cold and
tar-former, the mass ratio continues to increase with redshift at
 > 2 , but is fairly constant above this redshift for evolve. 
We have compared our results at low redshift with the dust-
caling relations derived for the Herschel Reference Survey (HRS;
. Cortese et al. 2012 ). These authors used a method that is sen-
NRAS 550, 1–28 (2026)
itive to the cold dust in a galaxy, which should produce similar
esults to our cold and star-former temperature models, and also
sed the same value for the dust emissivity index as ours. They
sed a different mass-opacity coefficient, but we have made a
orrection to their relationships to account for this. In the panel
or the lowest redshift interval in Fig. 5 we have shown their
elationships between the ratio of dust-to-stellar mass and stellar
ass for the HRS galaxies inside and outside the Virgo Cluster.
part from our measurement for the stellar mass bin with 10 . 5 <
og 10 M∗ < 11 . 0 , the HRS relationships agree very well with ours.
he HRS relationships show the same decrease of the mass ratio
ith stellar mass that we find at all redshifts at z < 3 . 5 
In Fig. 7 we have compared our estimates of the mean ratio of 
ust-to-stellar mass with estimates for individual galaxies from
hree programmes. At z > 6 , we have used estimates of the ratio
f dust-to-stellar mass in H. S. B. Algera et al. ( 2026 ), which are
ased on ALMA continuum measurements of galaxies in the
eionization Era Bright Emission Line Survey (REBELS; R. J.
ouwens et al. 2022 ). These estimates were made on the assump-
ion of a dust temperature of 45 K (H. S. B. Algera et al. 2026 ). We
ave scaled these estimates to the values they would have if they
ad been based on our star-former temperature model and our
alue of the mass-opacity coefficient. At slightly lower redshifts
 4 . 4 < z < 5 . 9 ), we have used the ALMA continuum measure-
ents of galaxies in the ALMA Large Program to Investigate [C ii ]
t Early times (ALPINE, M. Béthermin et al. 2020 ; O. Le Fèvre et
l. 2020 ). We have used these measurements (M. Béthermin et al.
020 ) plus the redshifts (A. L. Faisst et al. 2020 ) to estimate dust
asses using our value for the mass-opacity coefficient and the
TAR-FORMER temperature model, calculating the ratio of dust-
o-stellar mass using the stellar mass estimates in A. L. Faisst et
l. ( 2020 ). In the redshift range 0 < z < 2 , we have used estimates
f the ratio of dust-to-stellar mass for several samples of galaxies
ith high far-IR luminosities in A. Kirkpatrick et al. ( 2017 ), who
sed Herschel and Spitzer measurements to estimate the dust
asses. We have converted these to the same value of the mass-
pacity coefficient that we use in this paper. 4 
Fig. 7 shows that the estimates from REBELS of the dust-to-
tellar mass ratio are mostly higher than our estimate for the
ean value at 6 < z < 8 . The estimates from ALPINE at 4 . 4 <

 < 5 . 9 are mostly upper limits but the detections are spread
oughly equally above and below our estimate of the mean value.
he estimates of the dust-to-stellar mass ratio for the low-redshift
 0 < z < 2 ) sample are consistently higher than our estimate of 
he mean value. This last difference is perhaps not surprising be-
ause these galaxies are from samples of galaxies with high far-IR
uminosities and so there is likely to be a selection effect favouring
igh values of the dust-to-stellar mass ratio (S. A. Eales & M. G.
dmunds 1996 ). There is not the same strong bias operating at
igher redshifts, but both REBELS and ALPINE were targeted
t galaxies with star formation rates above a minimum value (R.
ouwens et al. 2020 ; O. Le Fèvre et al. 2020 ), so there may be some
ias in these samples towards higher values of the dust-to-stellar
ass ratio, compared to our estimates which are for the mean
alue for all galaxies within a certain range of stellar mass. 
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Figure 5. The mean ratio of dust-to-stellar mass versus stellar mass for the 14 redshift intervals. The coloured symbols show the results for the three 
temperature models: blue – cold; red – star-former; and cyan – evolve. The three sets of points have been offset by ±0.1 along the x -axis for greater clarity. 
The upper limits are 3 σ upper limits. The dashed lines show the result of fitting equation ( 5 ) to the data points for star-former. The two thick lines in the 
lowest redshift interval shows relationships derived for the Herschel Reference Survey (L. Cortese et al. 2012 ) after a correction has been made for the 
different value of the mass-opacity coefficient. The purple line is for galaxies outside the Virgo Cluster, the black line for galaxies inside the Virgo Cluster. 
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The main feature of Fig. 7 is the steady rise in the mean dust-to-
tellar mass ratio with redshift. There is currently no submillime- 
re survey of a sufficiently large area of sky and with sufficient
ensitivity to produce dust-mass estimates for a large percent- 
ge of the individual galaxies in a large unbiased sample in the
edshift range 0 < z < 4 . However, studies like ours that use a
tatistical method to estimate the mean ratio do find an increase 
ith redshift similar to the one we see (F. Calura et al. 2017 ; N.
coville et al. 2017 ; J. S. Millard et al. 2020 ). 
At the highest redshifts ( z > 8 ), T. J. L. C. Bakx et al. ( 2026 ) es-

imated an upper limit for the mean ratio of dust-to-stellar mass.
e have plotted their upper limit (for galaxies with log 10 M∗ > 

 . 0 ) in Fig. 7 , after making a correction for the different value
f the mass-opacity coefficient, as the lower horizontal line in 
he figure. At first sight, this disagrees with our estimates in the
edshift bin 7 . 5 < z < 8 . 5 . However, in estimating this limit, T.
. L. C. Bakx et al. ( 2026 ) assumed a dust temperature of 50 K.
he upper horizontal line shows their upper limit if we recom-
ute it using cold ( T = 22 K ). The dramatic difference shows the
xtreme sensitivity of dust-mass estimates at high redshift to the 
emperature model. 

.5 The evolution of the cosmic dust density 

s in our previous paper (S. Eales & B. Ward 2024 ), we used the
tacking measurements and the stellar mass function to calculate 
he mean density of dust in the universe in each redshift interval.
MNRAS 550, 1–28 (2026)
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Figure 6. The mean ratio of dust-to-stellar mass versus redshift for the five intervals of stellar mass. The coloured symbols are for the different 
temperature models: blue – cold; red – star-former; and cyan – evolve. The sets of points have been offset by ±0.1 in redshift for greater clarity. 

Figure 7. The mean ratio of dust-to-stellar mass (see the text for de- 
tails) plotted against redshift. The coloured symbols are for the different 
temperature models: blue – cold; red – star-former; and cyan – evolve. 
The black symbols show estimates of the dust-to-stellar mass ratio for 
individual galaxies: crosses – A. Kirkpatrick et al. ( 2017 ); squares – M. 
Béthermin et al. ( 2020 ); and squares – H. S. B. Algera et al. ( 2026 , see the 
text for more details). The lower horizontal line shows the upper limit for 
the mass ratio derived by T. J. L. C. Bakx et al. ( 2026 ) for galaxies at z > 8 
and the upper limit shows our recalculation of this limit if we assume 
a dust temperature of 22 K. The three coloured lines are the predictions 
of our model for the evolution of the mass ratio (Section 4.5), with the 
purple line showing the prediction for a closed-box model ( � = 0 ), the 
green line for a model with outflows and � = 1 , and the yellow line for a 
model with outflows and � = 2 . 
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e calculated the contribution to the dust density from the i′ th
ample, ρi , from the equation: 

i =
<

Md 
M∗ >

∫ zU 
zL 

∫ MU 
ML 

φ(M∗) M∗d M∗d V ∫ zU 
zL 
d V 

(6) 

n which M∗ is the mass of stars in a galaxy and the integrals are
ver the mass and redshift limits for that sample. The mean ratio
f dust-to-stellar mass that precedes the integral is our estimate
or that sample (Section 3.4). We carried out the integration over
he mass range 9 . 0 < log 10 M∗ < 11 . 5 . We made no attempt to
orrect for the galaxies with masses outside this range because
he corrections are so uncertain. In our previous paper (S. Eales
t al. 2024 ), we did make an attempt to do this, finding corrections
f � 10 − 20 per cent to the mean dust density. 
In applying equation ( 6 ), we used the tabulated values of the

tellar mass function derived from the COSMOS-Web data (M.
huntov et al. 2025b ). The redshift ranges we have used for
he samples (Table 1 ) are the same as those used to derive the
OSMOS-Web stellar mass function, except that to maximize
ignal-to-noise ratio at high redshifts we combined the two high-
st redshift intervals used to derive the stellar mass function into
 single-redshift interval. To derive the mean dust density in this
edshift interval, we have therefore averaged the two COSMOS-
eb stellar mass functions. 
The mean density of dust in each redshift interval is then given
y: 

=
∑ 

i 

ρi (7) 

n which the sum is over all the stellar-mass bins for that redshift
nterval. 
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Figure 8. The mean dust density versus redshift for cold (blue), star- 
former (red), and evolve (cyan). The purple circles show our estimates 
based on the ground-based surveys of COSMOS (S. Eales & B. Ward 
2024 ). The grey crosses show the estimates of B. Magnelli et al. ( 2020 ). A 

comparison of our results with other attempts to derive the relationship 
between mean dust density and redshift is given in our earlier paper (S. 
Eales & B. Ward 2024 ). 
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Figure 9. Estimated star formation rate versus redshift for a galaxy with 
an 850-µm flux density of 1 mJy (see the text for details) and for the 
temperature models: evolve (cyan) and star-former (red). 
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Fig. 8 shows the results. There is good agreement between the
ean dust density derived with cold and star-former, which is 
ot surprising because most of the dust in both models is cold.
he estimates for evolve are lower, with the difference increasing 
ith redshift. If the temperature estimates made from some of the
tacking analyses turn out to be correct, the differences would be 
ven larger. For example, if we used a temperature of 100 K for
ust at z ∼ 7 (M. P. Viero et al. 2022 ), our estimate of the global
ust density at this redshift would be an additional factor of ∼ 17
ower than the lowest of our three estimates. 
The purple circles show the estimates from our earlier study, 
hich used cold as the temperature model (S. Eales & B. Ward
024 ). There is good overall agreement between our new esti-
ates based on COSMOS-Web and our old estimates based on 
OSMOS. The significant differences at some redshifts (e.g. 1 . 1 <
 < 1 . 5 ) are mostly explained by differences in the stellar mass
unctions used in the two studies, which are probably the result
f cosmic variance. 
In our earlier paper (S. Eales & B. Ward 2024 ), we compared
ur estimates of the mean dust density with all other estimates
e were aware of, and we refer the reader to that paper for a
omparison of our results with other results. In the earlier paper, 
e overlooked one study (B. Magnelli et al. 2020 ), which was
ased on ALMA observations of the Hubble Ultra Deep Field. 
hese estimates are shown in Fig. 8 , which are consistent with
urs although with much larger error bars. 

 DISCUSSION  

.1 The star formation rate estimated two ways 

n this section, we switch our attention from dust masses to
he bolometric dust luminosity. The reason for this is that in
he context of galaxy evolution two of the most important 
roperties of a galaxy are its star formation rate and its gas mass.
lthough the dust mass is often used to estimate the mass of 
as in a galaxy (S. Eales et al. 2012 ; N. Scoville et al. 2016 , 2017 ;
. J. Tacconi et al. 2020 ), the method depends on an assump-
ion about the gas-to-dust ratio, which depends on the galaxy’s 
etal abundance and which is a particular problem at high red-
hift where in general galaxies are likely to be less chemically
volved. 
The bolometric dust luminosity, on the other hand, is one of 

he most direct ways of estimating the star formation rate in a
alaxy (R. C. Kennicutt 1998 ; R. C. Kennicutt & N. J. Evans 2012 ).
ewly formed OB massive stars spend a large portion of their
ives hidden by dust and so a measurement of the bolometric dust
mission provides a direct measurement of their energy output. 
n galaxies with low star formation rates, the estimate of the star
ormation rate from the bolometric dust emission may be too high
ecause of the heating effect of the older stellar population (e.g.
. P. Ford et al. 2013 ), but in galaxies with high star formation
ates – the most extreme examples being the SMGs – this is not
ikely to be a problem (R. C. Kennicutt 1998 ; R. C. Kennicutt & N.
. Evans 2012 ). 
With a flux density measurement at only a single wavelength, 
e do need a model of the temperature of the dust. Fig. 9 shows
he star formation rate plotted against redshift for a source with
n 850-µm flux density of 1 mJy for star-former and evolve. We
ave not included cold because any galaxy containing OB stars
ust contain some warm dust. We estimated the star formation 
ate by integrating the SED of the dust model between wave-
engths of 3 and 1100 µm to calculate the bolometric dust emis-
ion, then calculating the star formation rate using the calibration 
n R. C. Kennicutt & N. J. Evans ( 2012 ). This calibration was based
n a Kroupa initial mass function, but a calibration based on a
habrier initial mass function gives a very similar result (R. C.
ennicutt & N. J. Evans 2012 ). 
The two temperature models give very similar results. We 
hose to use star-former to estimate the mean star formation 
ates for the COSMOS-Web galaxies for the reasons described in 
ection 2.7, but it would have made very little difference if we had
sed evolve. 
MNRAS 550, 1–28 (2026)
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Figure 10. Mean value of the star formation rate estimated from the bolometric dust luminosity plotted against redshift, with the colour of the symbol 
showing the morphological class: red – spheroids; blue – disc-dominated galaxies; green – irregular galaxies; and cyan – bulge-dominated galaxies. The 
lines show the predicted relationships for the ‘galaxy main sequence’ (P. Popesso et al. 2023 ). The upper limits are 3 σ upper limits. The grey points are 
the SMGs in COSMOS-Web (J. McKinney et al. 2025 ). 
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Fig. 10 shows the mean star formation rate plotted against
edshift for the 280 samples, split into a separate panel for each
ass interval. Many of the samples contain so many galaxies that
he formal errors are very small, making the error bars invisible.
he lines in the plot show the predicted relationships for the
galaxy main sequence’, using the relationships from P. Popesso
t al. ( 2023 , eq. 10 in that paper). 
Fig. 10 shows that the mean star formation rate for all mor-
hological classes increases with redshift, roughly following the
rediction for the ‘galaxy main sequence’. Even spheroidal galax-
es, which today have very low star formation rates, had star
ormation rates that reached � 100 M� yr −1 at z > 2 . In our
gure, the spheroids and bulge-dominated galaxies in the lowest
edshift bin do have significant star formation rates, but since
his bin covers the redshift range 0 . 2 < z < 0 . 5 , it is not really a
ocal sample, and the Herschel ATLAS survey has shown there
s strong evolution in the star formation rate and dust masses of 
alaxies over the redshift range 0 < z < 0 . 5 (S. Dye et al. 2010 ;
NRAS 550, 1–28 (2026)
. Dunne et al. 2011 ; S. Eales et al. 2018 ; R. A. Beeston et al.
024 ). 
Our conclusion that high-redshift spheroids have, on average,
igh star formation rates is not inconsistent with the claim that
here is a large population of massive quiescent galaxies at high
edshift (K. Glazebrook et al. 2017 ; P. Santini et al. 2021 ; A.
. Carnall et al. 2023a , b ; T. Nanayakkara et al. 2024 , 2025 ),
ince none of these studies separated galaxies by morphological
ype. 
We have also included in the plot estimates of the star for-
ation rate for the SMGs in COSMOS-Web. The term SMG was
oined to refer to the galaxies discovered in the first submillimetre
urveys, so it does not have a clear physical definition, but a
ractical definition comes from the flux limit of these original
urveys: � 3 mJy (A. J. Barger et al. 1998 ; D. H. Hughes et al. 1998 ;
. Eales et al. 1999 ). We estimated the star formation rates for the
MGs in COSMOS-Web (J. McKinney et al. 2025 ) using the 850-
m flux densities of the individual SMGs and the same method as
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Table 3. Morphological classification of COSMOS-Web SMGs. 

Classification No. of SMGs 

Unclassified 39 
Spheroids 6 
Disc-dominated 63 
Irregular 137 
Bulge-dominated 22 
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or the stacked samples. Given the difference between our stacked 
ignals and the detection limit for the original submillimetre sur- 
eys, it is not surprising that the SMGs have much higher star
ormation rates than our morphological samples. 
We note the important point that this difference does not nec- 
ssarily mean the SMGs are a physically distinct class of galaxies 
rom the general population, since our star formation rates for the
orphological classes are estimates of the mean star formation 
ate for each class, so the SMGs might simply be extreme mem-
ers of a class rather than something unique. Table 3 shows the
umber of SMGs in COSMOS-Web that fall in the different mor-
hological classes. There is a much higher fraction of irregular 
nd disc-dominated galaxies than in the general population, al- 
hough there are still significant numbers of spheroids and bulge- 
omimnated galaxies. 
Fig. 11 shows the ratio of our estimate of the mean star for-
ation rates to the mean of the COSMOS-Web estimates for the
ame galaxies, which were derived from fits of stellar synthesis 
odels to their UV-to-near-IR SEDs (Section 2.2), plotted against 
edshift. We have also plotted this ratio for the SMGs. The figure
hows that for the SMGs the estimate from the dust emission
s often much higher than the estimate from the UV-to-near- 
R SED, showing, as is well known, that the dust obscuration
n these galaxies is often so high (J. M. Simpson et al. 2017 ; U.
udzevičiūtė et al. 2020 ; K. C. Harrington et al. 2021 ) that at-
empts to estimate the star formation rate by fitting population 
ynthesis models to the UV-to-near-IR SEDs fail catastrophically. 
n the other hand, for the COSMOS-Web galaxies in general 
here is no strong evidence for any systematic difference between 
he star formation rate estimated from the dust emission and one 
stimated from fitting a population synthesis model. 

.2 Is quenching already happening? 

nalysis of the morphological classifications of the COSMOS- 
eb galaxies suggests that the familiar morphological types –
he Hubble sequence – came into existence at z ∼ 4 (M. Huertas-
ompany et al. 2025 ). In the universe today, there is a clear
rogression along the Hubble sequence from the irregulars and 
isc-dominated systems, which are generally gas-rich and with 
igh star formation rates, to the bulge-dominated and spheroidal 
alaxies at the other end of the sequence, which contain less gas
nd have lower star formation rates (R. C. Kennicutt 1998 ; A.
aintonge & B. Catinella 2022 ). There must therefore be some
uenching process that has differentially reduced the star forma- 
ion rate along the Hubble sequence. An obvious question to ask
s: when did this differential quenching process start? 
There is already some indication in Fig. 10 that at high redshifts
nd high stellar masses the mean star formation rate for the
pheroids and the bulge-dominated galaxies is lower than for the 
ther two morphological classes. In this section, we try to quan-
ify this difference. We focus on the redshift range 2 < z < 4 . 5 ,
hich is roughly where analysis of the spectra of low-redshift 
assive ellipticals implies most of the stars in these galaxies must
ave formed (D. Thomas et al. 2005 , 2010 ). We only consider
alaxies with log 10 M∗ > 10 . 0 because most galaxies with lower 
tellar masses are irregulars. 
Fig. 12 shows the mean star formation rate for the galaxies in

his redshift range for the four morphological classes, arranged in 
rder along the Hubble sequence. The figure shows that for each
f the three mass intervals there is a clear progression along the
ubble sequence with the mean star formation rate increasing by 
 factor of � 4 from spheroids to irregulars. 
Fig. 13 shows a similar analysis for this redshift range using

he star formation rate estimates from the UV-to-near-IR SEDs 
n the COSMOS-Web catalogue. In this case, we have plotted 
istograms of the specific star formation rate (star formation rate 
ivided by stellar mass – SSFR) for the four morphological classes,
nly including galaxies with log 10 M∗ > 10 . 5 because otherwise 
he histograms become dominated by the galaxies in the lowest 
f the three mass bins shown in Fig. 12 . This figure shows the
ame things as Fig. 12 . There is a steady increase in this redshift
ange in the median values of SSFR along the Hubble sequence. 
Both figures imply that even in an epoch that was only
hortly after the Hubble sequence came into existence, differen- 
ial quenching was already in progress. This conclusion does not 
epend on the accuracy of the morphological classifications be- 
ause any classification errors will tend to reduce any differences 
bserved between the classes. 
We have also plotted in the spheroid panel a histogram of the
alues of SSFR for the ellipticals in the Herschel Reference Sur-
ey, a volume-limited survey of the nearby universe (A. Boselli 
t al. 2010 ; S. Eales et al. 2017 ). The difference in SSFR be-
ween these low-redshift galaxies and most of the spheroids in 
OSMOS-Web shows that even if quenching was already in ac- 
ion, it had a long way to go. 

.3 When did quenching start and how fast did it happen?

nswers to both these questions are suggested by the form of the
istograms in Fig. 13 . The histograms of SSFR for both the ir-
egulars and the disc-dominated galaxies have clear peaks in this 
gure, which is similar to the expected values for the ‘galaxy main
equence’ (P. Popesso et al. 2023 ). It seems a reasonable assump-
ion that this would be where galaxies would be in the absence of 
ny quenching process. The histogram for the spheroids shows no
eak at all at this value of SSFR, suggesting that quenching must
ave started either immediately after or even before the formation 
f the structures of the spheroids. The histogram for the bulge-
ominated galaxies shows a slight peak and then a long tail to
ower values of SSFR, suggesting that quenching started some 
ime after the formation of the galaxy’s structure. 
The form of the spheroid histogram also suggest that the 
uenching process is not very fast. Suppose, for example, the 
uenching occurs as the result of the formation of a quasar at
he centre of the galaxy some time after the formation of its
pheroidal structure, with the gas then driven out by the pressure
f the radiation from the quasar (A. C. Fabian 2012 ; F. Bollati
t al. 2024 ), rapidly shutting off star formation. In this case, we
ould expect to see a histogram with two peaks rather than the
at histogram we actually observe. 
We have estimated a time-scale for the quenching of the star

ormation in the spheroidal class using the following very simple 
odel. We make the assumption that the moment the structure
MNRAS 550, 1–28 (2026)
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Figure 11. Ratio of the mean star formation rate estimate from the dust emission to the mean of the COSMOS-Web estimates from the UV-to-near-IR 
SED for the same sample of galaxies. The continuous horizontal line shows where the two estimates are equal and the two dashed lines show where the 
star formation rate estimated from the dust emission is 2 or 0.5 times the COSMOS-Web estimate. The colours show the different morphological types: 
red – spheroidal galaxies; blue – disc-dominated galaxies; green – irregular galaxies; and cyan – bulge-dominated galaxies. The upper limits are 3 σ upper 
limits. The grey points are SMGs in COSMOS-Web (J. McKinney et al. 2025 ). 
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f the spheroid is formed the quenching process starts. We as-
ume that the spheroid initially has a specific star formation rate
 SSFRinit ) that puts it on the galaxy ‘main sequence’ (P. Popesso et
l. 2023 ). We make the additional assumption, which is suggested
y the flat histogram, that the quenching occurs by some kind
f ‘starvation’ process in which the gas supply is shut-off and the
tar formation rate then falls as the result of the gradual depletion
f the galaxy’s gas reservoir by the formation of new stars. With
his assumption, the star formation rate, SFR (t ) , then depends on
ime in the following way: 

FR (t ) = SFR init × exp (−t/τdep ) 
n which SFR init is the initial star formation rate, t is the time since
he gas supply was shut-off, and τdep is the depletion time, the
ne adjustable parameter in our very simple model. We make the
implifying assumption that the stellar mass of the galaxy does
ot change significantly after the quenching starts, so we can also
NRAS 550, 1–28 (2026)
rite: 

SFR (t ) = SSFR init × exp (−t/τdep ) 

ur final assumptions are that massive spheroids are produced
t a constant rate over the redshift range 2 < z < 4 . 4 and that
SFR init remains constant, with a value of −8.9, over this redshift
ange. We can safely assume that as the star formation rate in the
alaxy falls, it will still remain above the COSMOS-Web detection
imit since the galaxies in Fig. 13 are well above the COSMOS-
eb stellar mass limit (M. Shuntov et al. 2025a ). 
The lines in Fig. 13 shows the predictions of the model for three
ifferent depletion times. The model that provides the best fit to
he histogram has a depletion time of τdep = 108 . 2 yr . Shorter de-
letion times produce too many galaxies with low values of SSFR
nd vice versa. This is a shorter depletion time than that found
or low-redshift starbursts ( τdep � 108 . 5 yr ; R. C. Kennicutt & M.
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Figure 12. Mean star formation rate estimated from the dust emission 
for galaxies in the four morphological classs in the redshift range 2 < z < 

4 . 5 and 10 . 0 < log 10 M∗ < 10 . 5 (blue), 10 . 5 < log 10 M∗ < 11 . 0 (red), and 
11 . 0 < log 10 M∗ < 11 . 5 (mauve). The horizontal dashed lines show the 
predicted star formation rate for a galaxy on the galaxy ‘main sequence’ at 
a redshift of 3 with log 10 M∗ = 10 . 25 (blue), 10.5 (red), and 11.25 (mauve). 

Figure 13. Histograms of the specific star formation rate for the four 
morphological classes in the redshift range 2 < z < 4 . 5 and with 11 . 5 > 

log 10 M∗ > 10 . 5 . In this case, the star formation rates are the values es- 
timated from UV-to-near-IR photometry in the COSMOS-Web catalogue 
(Section 2.2). The vertical lines show the median values of SSFR for the 
four classes. The lines for the irregulars and the disc-dominated are so 
close as to be indistinguishable. The lines in the spheroid panel shows the 
prediction of the quenching model described in Section 4.3 for gas deple- 
tion times of 108 yr (dot–dashed), 108 . 2 yr (solid), and 108 . 5 yr (dashed). 
The unfilled histogram in the spheroid panel show the distribution of 
SSFR for the elliptical galaxies in the Herschel Reference Survey (P. De 
Vis et al. 2017 ). 
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Figure 14. The space density of galaxies in the mass range 
11 . 0 < log 10 M∗ < 11 . 5 with irregular morphologies (green), disc- 
dominated morphologies (blue), bulge-dominated morphologies (cyan), 
and spheroidal morphologies (red), calculated from the COSMOS-Web 
stellar mass function (M. Huertas-Company et al. 2025 ). The solid 
and dashed blacks lines shows the predictions of the model for the 
production of bulge-dominated and spehroidal galaxies from SMGs in 
the same range of stellar mass for a lower star formation limit of 500 and 
1000 M� yr −1 , respectively. 
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. C. De Los Reyes 2021 ), but longer than the typical depletion
ime for SMGs (S. Dye et al. 2015 , 2022 ). 

.4 Do massive spheroidal and bulge-dominated galaxies 
ass through an SMG phase? 

n Section 4.1, we noted that the SMGs are not necessarily
 distinct population from other disc-dominated and irregular 
alaxies, but might simply be extreme members of this popula- 
ion with the highest star formation rates. Nevertheless, there is 
vidence that massive elliptical galaxies did pass through an early 
hase in which their star formation rates were as high as those
or the SMGs (D. Thomas et al. 2005 , 2010 ). Therefore, even if the
MGs are not a separate population, it is still valid to ask whether
here are enough SMGs for them to represent this early phase in
he lives of massive early-type galaxies. 
Previous studies have shown that there are enough SMGs for 

hem to be the ancestral population of massive quiescent galaxies 
t z > 1 (F. Valentino et al. 2020 ; A. S. Long et al. 2023 ). These
tudies, however, did not have access to the JWST morphologi- 
al classifications. In this section, we construct a model to test
hether the rate of growth in the number density of massive
pheroidal and bulge-dominated galaxies as found in COSMOS- 
eb is what one would expect from the properties of the SMG
opulation. 
Fig. 14 shows the space density of galaxies with stellar masses

n the range 11 . 0 < log 10 M∗ < 11 . 5 plotted against redshift for the
our different morphological classes, which we have calculated 
rom the stellar mass functions for these classes (M. Huertas- 
ompany et al. 2025 ). The figure shows that the relationship is
teeper for the spheroidal and bulge-dominated galaxies than for 
he irregulars and disc-dominated galaxies. (This figure is also 
rima-facie evidence that massive disc-dominated and irregular 
alaxies must be morphologically transformed into something 
lse because otherwise the relationships for these morphological 
ypes would be steeper than horizontal because of the continual 
ormation of new stars out of gas within existing galaxies.) 
Our model is based on the assumption that SMGs reach stellar
asses of log 10 M∗ > 11 . 0 before the star formation is quenched.
his seems a reasonable assumption since a large fraction of 
MGs already have stellar masses above this value (J. M. Simpson
MNRAS 550, 1–28 (2026)
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t al. 2017 ; S. Eales et al. 2024 ). We start with the estimates of 
he space density of SMGs as a function of bolometric luminosity,
(Lbol ) , estimated by U. Dudzevičiūtė et al. ( 2020 ) for the redshift
anges z < 2 . 35 , 2 . 35 < z < 3 . 0 , and z > 3 . 0 . For any galaxy we
an estimate the value of its star formation rate from its bolomet-
ic luminosity using the calibration given in R. C. Kennicutt &
. J. Evans ( 2012 ), which allows us to convert the space density
f SMGs as a function of bolometric luminosity into the space
ensity of SMGs as a function of star formation rate. 
The time required for an SMG to reach a stellar mass of 1011 M�

s given by: 

lifetime = 1011 

SFR 

yr 

n which SFR is its star formation rate. The number of galaxies
ith stellar masses above this mass ( N > 1011 M�) generated by
he SMG population is given by: 

(t ) =
∫ t 
tstart 

∫ ∞ 

SFR min (Lbol ) 

φ(Lbol ) 
τlifetime 

d Lbol d t

n which tstart is the cosmic time at which the SMG epoch started.
e used this equation to predict the increase in the number of 
assive galaxies over the redshift range 1 . 5 < z < 4 , the redshift
ange in which SMGs are mostly found, using the luminosity
unctions mentioned above for two different lower limits for the
tar formation rate: 500 and 1000 M� yr −1 . 
Fig. 14 shows the results. The predictions for the model are very
imilar to the COSMOS-Web results for the growth in the number
ensity of massive spheroidal and bulge-dominated galaxies. 
The figure shows that the growth in the number density of mas-
ive spheroidal and bulge-dominated galaxies is roughly what
ne would expect if all these galaxies pass through an SMG phase.
he space density of massive spheroidal and bulge-dominated
alaxies continues to climb at lower redshifts, which our model
oes not explain because of the lack of SMGs at lower redshifts.
he production of massive early-types galaxies, spheroids, and
ulge-dominated galaxies, is therefore not solely the result of the
onversion of this seed population. 

.5 The evolution of dust in the universe 

n this section, we try to understand the evolution in the mean
ust density in the universe shown in Fig. 8 . We will also try to
nderstand why the ratio of dust-to-stellar mass increases with
edshift (Fig. 7 ). 
There are now a very large number of sophisticated models

or the evolution of dust in galaxies (e.g. H. L. Morgan & M. G.
dmunds 2003 ; R. S. Asano et al. 2013 ; S. Zhukovska et al. 2016 ; R.
cKinnon et al. 2017 ; G. Popping, R. S. Somerville & M. Galametz
017 ; S. Aoyama et al. 2018 ; A. P. Vijayan et al. 2019 ). These all
ttempt to incorporate in different ways the complex physics of 
ow dust is formed in stars and then distributed into the ISM
interstellar medium). B. Magnelli et al. ( 2020 ), who found a
imilar relationship between mean dust density and redshift to
urs (Fig. 8 ), tested some of these models, finding that they were
ot able to reproduce the observed relationship (G. Popping et al.
017 ; S. Aoyama et al. 2018 ; Q. Li, D. Narayanan & R. Davé 2019 ;
. P. Vijayan et al. 2019 ). 
In this section, we make a zeroth-order attempt to understand

he relationships in Figs 7 and 8 by using a simple model that cuts
ut all the complex, and uncertain, physics. In our earlier paper
S. Eales & B. Ward 2024 ), we pointed out the similarity of the star
NRAS 550, 1–28 (2026)
ormation history of the universe and the relationship between
he mean dust density and redshift, which was also noticed by B.
agnelli et al. ( 2020 ), with the only difference being that at z > 2
he mean dust density falls more rapidly with redshift than the
ean star formation rate. One of the advantages of our modelling
pproach is that, by stripping away the complexity, it makes it
ossible to get an understanding of the relationship between the
tar formation history and the evolution of the dust. 
The first assumption of the model is that a constant fraction of 

he metals in the ISM in a galaxy are incorporated in dust grains.
here is evidence, from observations of galaxies in the Local
roup and damped Lyman alpha systems, that this is true for
alaxies with high metal abundances, with about half the metals
eing incorporated in dust (A. De Cia et al. 2016 ; J. Roman-Duval
t al. 2022a , b ). The slope of the relationship between the dust-to-
as ratio and metal abundance is less than one (J. Roman-Duval
t al. 2022b ), so the fraction of the metals incorporated in the
ust grains will be lower in galaxies with low metal abundance,
ut in this initial simple model we assume it is a constant. The
dvantage of this assumption is that we can avoid the poorly
nderstood physics of how the metals are incorporated in the dust
S. Zhukovska et al. 2016 ) and use standard chemical evolution
odels to model the evolution of the dust. 
The chemical evolution model we use is a simple analytic
odel, which relates the evolution of the mean metal abundance
n a galaxy to the star formation rate, the inflow of gas and the
utflow of gas. We refer the reader to M. G. Edmunds ( 1990 ) for
 full description of the model, but we give here its main points. 
The model is based on three additional assumptions. The first

s that the mixing of metals within a galaxy is instantaneous, so
he chemical evolution of the galaxy can be fully represented by
he evolution in the mean metal abundance. The second is that
he yield – the mass of metals produced by 1 solar mass of newly
ormed stars – is a constant. The third is the assumption of ‘in-
tantaneous recycling’, in which the metals that will eventually be
roduced by a generation of stars are, in the model, deposited in
he ISM the moment the stars are born. This assumption becomes
ubious at very high redshifts when the ages of stars are similar
o the age of the universe (S. Eales et al. 2024 ), but it is a powerful
ssumption because it makes it possible to relate the metallicity
t any time (and the amount of dust) to the star formation rate at
he same time. 
In the following equations, g is the mass of gas in a galaxy, s is

he mass of stars in the galaxy, R is the fraction of the mass of a
eneration of stars that is ultimately returned to the ISM rather
han being locked up in stellar remnants and very long-lived stars,
 is the yield, the mass of metals produced by one solar mass of 
ewly formed stars, and Z is the metal abundance of the gas. We
ssume that the outflow of gas from the galaxy is given by � times
he star formation rate and the inflow of gas (assumed to contain
o metals) is allowed to have an arbitrary dependence on time
iven by �(t ) . 
The two basic equations from the chemical evolution model

M. G. Edmunds 1990 ) are as follows. The change in the mass of 
etals in the gas is given by: 

(Zg) = Ry d s − (1 − R ) Zd s − �Zd s (8) 

n this equation, the first term on the right-hand side is the mass
f metals injected into the ISM by newly formed stars. The second
erm is the mass of metals locked up in stellar remnants and long-
ived stars. The third term is the mass of metals ejected from the
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for a closed-box model, the green line for an outflow model with � = 1 , 
and the yellow line for an outflow model with � = 2 . 
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alaxy. The change in the mass of gas in the galaxy is given by: 

 g = �d t − (1 − R )d s − �d s (9) 

We can now manipulate these equations into a form that is
seful for a model for the evolution of the dust. Re-organizing
he second equation a little gives: 

(t ) = d g 
d t 

+ �
d s 
d t 

+ (1 − R )
d s 
d t 

(10) 

ombining the two equations yields: 

d Z 
d t 

= Ry 
g 
d s 
d t 

− Z�

g 
(11) 

e can also write down a third equation if we assume that the
tar formation rate in a galaxy is proportional to the mass of gas
t contains (R. C. Kennicutt 1998 ; R. C. Kennicutt & N. J. Evans
012 ): 
d s 
d t 

= g 
τdep 

(12) 

n which τdep is the depletion time of the gas in the galaxy. 
This simple model of the evolution of the metal abundance in

 galaxy can be simply adapted to model the mass of dust in a
alaxy with the assumption that the mass of dust is given by: 

d = εd Zg (13) 

n which εd is the fraction of the metals locked up in dust grains.
This simple model has been used before to model the evolution 
f the dust in individual galaxies (S. A. Eales & M. G. Edmunds
996 , 1997 ; M. G. Edmunds & S. A. Eales 1998 ). In this paper,
e extend it to the universe as a whole. The necessary assump-
ions are virtually the same. In the case of an individual galaxy,
lthough though there are radial metallicity gradients in galaxies 
R. Maiolino & F. Mannucci 2019 ), it is necessary to assume
hat the chemical evolution of a galaxy can be fully described
y the evolution of the mean metal abundance. In the case of 
he universe, one has to make effectively the same assumption 
that although the metal abundances of the galaxies in a volume 
f space are certainly very different, the chemical evolution of 
he universe can be usefully modelled by the change in its mean
etal abundance. In this extension of the model to the universe
s a whole, g is now the mean density of gas in the universe, s is
he mean stellar density, � is the mean flow of pristine gas into
alaxies, � d s 

d t is the mean outflow of gas from galaxies into the
ntergalactic medium, and Md is the mean density of dust. 
We implemented the model in the following way. We used the
nalytic expression for the star formation history of the universe 
P. Madau & M. Dickinson 2014 ) and equation ( 12 ) to deduce the
elationship between the mean gas density and redshift, using a 
epletion time of 108 . 5 yr , a value appropriate for galaxies with 
igh star formation rates (R. C. Kennicutt & M. A. C. De Los Reyes
021 ). Many authors have argued that the depletion time varies
ith redshift (N. Scoville et al. 2016 , 2017 ; L. J. Tacconi et al. 2020 ;
. Scoville et al. 2023 ), so our assumption of a constant value
ould be wrong, but it is useful simplification, and we also argue
n the next section that the evidence for a changing depletion time
ay be at least partly caused by changes in the gas-to-dust ratio. 
With the star formation history and the relationship between 
as density and redshift, we are then able to use equation ( 10 ) to
alculate the time dependence of the rate of inflow of pristine gas,
(t ) . We then integrate equation ( 11 ) to derive the evolution of 
he mean metal abundance of the universe, starting with Z = 0
t t = 0 , and then use equation ( 13 ) to derive the evolution of 
he mean dust density. In our model, we use a value for εd of 
.52 (J. Roman-Duval et al. 2022b ), and values for R and y of 0.38
nd 0.04, respectively, which are appropriate for a Chabrier initial 
ass function (S. Eales et al. 2024 ). 
Fig. 15 shows the results for � = 0 , 1, and 2. The model agree
ell with the mean dust density calculated with cold and star-
ormer but predicts more dust in the early universe than the
stimates for evolve. Of the three dust-evolution models, the one 
hat agrees best with the data (as calculated with the first two
emperature models) is the model with outflow parameter � = 1 .
We can extend this model to make a prediction for how the ratio
f dust-to-stellar mass should change with redshift. We calculated 
he relationship between the mean stellar density and redshift by 
ntegrating the analytic expression for the star formation history 
P. Madau & M. Dickinson 2014 ). It is then a simple matter to
alculate how the ratio of the dust-to-stellar mass should depend 
n redshift from the relationship between mean dust density 
nd redshift calculated above. The predictions for the three dust- 
volution models are shown in Fig. 7 . In this case, the agree-
ent between the model predictions and the observations is not 
o compelling, but the observed increase in the mass ratio with
edshift is clearly seen in all three models. 
This simple model allows an intuitive understanding of why 

he ratio of the mass of dust to stars is greatest at early times.
quation ( 8 ) shows that the change in the mean metal density
and in our model the mean dust density) is comprised of three
omponents. One of these, the formation of metals in stars, leads
o an increase in the mean metal density. The two others – out-
ows and the consumption of metals when new stars are formed
astration) – lead to a reduction in the mean metal density. The
wo latter terms are proportional to the metal abundance in the
as. 
Since we assume that the metal production is proportional to 

he star formation rate, the mass of metals (and dust) in the
SM and the mass of stars will initially increase at the same rate
MNRAS 550, 1–28 (2026)
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Figure 16. The mean density of dust-traced gas versus redshift for cold 
(blue), star-former (red), and evolve (cyan) and from our previous study 
(purple). The solid line shows the ‘star formation history of the universe’, 
an analytic relationship derived from empirical estimates of the global 
star formation rate (P. Madau & M. Dickinson 2014 ). The star-formation- 
density axis has been scaled so that the star formation history coincides 
with our measurements of the gas density, with the scaling corresponding 
to a gas depletion time of 6 . 3 × 108 yr . The dashed line and the coloured 
band show the best current estimates and their uncertainty for the CO- 
traced gas (C. Péroux & J. C. Howk 2020 ). 
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hen there are no metals in the ISM. But as the metals build up
n the ISM and depletion from outflows and astration become
ignificant, the mass of metals and dust in the ISM will increase at
 slower rate than the mass of stars. Therefore, it is not surprising
hat the model predicts that the ratio of the mass of dust to the
ass of stars should be greatest at early times when not much
ust production has occurred. We note the caveat that this is also
hen the limitations of our simple model will be most apparent,
ince we have made the useful simplifying assumption that the
ust is instantly made when the stars are formed and this will be
 poor approximation when the age of the universe is similar to
he lifetimes of stars. 

.6 The evolution of dust-traced gas in the universe 

ust has some major advantages over CO for estimating the
mount of molecular gas in a galaxy (S. Eales et al. 2012 ; G. E.
agdis et al. 2012 ; N. Scoville et al. 2014 ; L. J. Tacconi et al. 2020 ;
. Dunne et al. 2022 ). In this section, we use the estimates of 
he cosmic dust density (Section 3.5) to estimate how the mean
ensity of dust-traced gas changes with redshift. 
We assume, fairly arbitrarily, that the average gas-to-dust ratio

n galaxies today is 100. Many recent JWST studies have shown
hat the typical metal abundance in galaxies decreaes with in-
reasing redshift (R. S. Ellis 2025 , and references therein). There
s now a reasonably consistent picture that the metal abundance
n galaxies falls by 0.8 dex from z = 0 to 3 , with a smaller decline
f 0.2 dex from z = 3 to 10 (R. S. Ellis 2025 ). We assume the fol-
owing relationships between metal abundance, A , and redshift
hat are consistent with these conclusions: 

og 10 A = log 10 A (z = 0) − 0 . 267 z 0 < z < 3 (14) 
og 10 A = log 10 A (z = 0) − 0 . 714 − 0 . 0286 z 3 < z < 10 (15) 

Although the metal abundance also depends on the mass of the
alaxy (R. Maiolino & F. Mannucci 2019 ), we have not got any
traightforward way of including the mass dependence in our
nyalysis, and anyway the mass dependence is poorly known at
he highest redshifts. Therefore, in this initial attempt to make a
orrection for the evolution in the gas-to-dust ratio, we have not
ncluded any dependence on stellar mass. 
On the assumption that the dust-to-gas ratio is proportional to

he metal abundance (A. De Cia et al. 2016 ; J. Roman-Duval et
l. 2022b ), we used these relationships to calculate how the dust-
o-gas ratio changes with redshift. With these relationships, the
as-to-dust ratio increases from 100 at z = 0 to � 720 at z = 5 and
 1000 at z = 10 . 
We use this relationship between gas-to-dust ratio and redshift

o calculate the gas density from the estimates of the mean dust
ensity for the three temperature models (Section 2.7). Fig. 16
hows the result. The dashed line and the coloured band show
 recent estimate and its uncertainty for the evolution of the
O-traced gas (C. Péroux & J. C. Howk 2020 ). The shape of the
wo relationships, one for CO-traced gas and one for dust-traced
as, are very similar. There is a vertical offset, but this is not
urprising given our fairly arbitrary choice of gas-to-dust ratio
nd that our estimate also depends on our choice of dust-mass-
pacity coefficient. There is a similar uncertainty in the scaling
f the relationship for CO because of the uncertainty in the CO
NRAS 550, 1–28 (2026)
alibration factor (A. D. Bolatto, M. Wolfire & A. K. Leroy 2013 ;
. Dunne et al. 2022 ). 5 
We have overplotted a relationship derived for the star forma-

ion history of the universe (P. Madau & M. Dickinson 2014 ). We
ave scaled the two vertical axes so that our relationship between
ust-traced gas and the star formation history coincide as far as is
ossible. The scaling corresponds to a gas depletion time of: 

dep = 6 . 3 × 108 
(
gtd 
100 

)
yr 

n which gtd is the gas-to-dust ratio. With our fairly arbitrary
ssumption that the gas-to-dust ratio is 100, our estimate of the
as depletion time is similar to the values found by L. J. Tacconi
t al. ( 2020 ) at z � 1 . 
Although the scaling has been chosen in this way, the forms
f the star formation history and the relationship between dust-
raced gas and redshift are remarkably similar. This is only true,
hough, for cold and star-former. The similarity of the relation-
hips, at least with our preferred star-former temperature model,
s quite remarkable. It suggests that the gas depletion time, or
onversely the star formation efficiency, is independent of red-
hift. This conclusion does differ from claims in the literature
hat the depletion time decreases with redshift (N. Scoville et al.
016 , 2017 , 2023 ; L. J. Tacconi et al. 2020 ). The difference arises
ecause we have assumed that the gas-to-dust ratio increases with
edshift whereas Scoville and collaborators, whose work is most
asily comparable to ours, assume that the gas-to-dust ratio is a
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 CONCLUSIONS  

e have used two different stacking techniques to measure the 
ean submillimetre (850 µm) flux density for galaxies in the 
OSMOS-Web catalogue separated into samples by stellar mass, 
edshift and morphological class. The two techniques gives sim- 
lar results, showing a gradual increase of submillimetre flux 
ensity with redshift, and at each redshift a positive correlation 
etween flux density and stellar mass. 
We converted the submillimetre flux densities into dust masses 
nd bolometric dust luminosities using three different temper- 
ture models. We have tried to avoid the temperature bias that
rises from fitting a single modified blackbody to a galaxy SED 

y using a more sophisticated model based on the SEDs of real
tar-forming galaxies. We have included the two other models to 
how the effect on our results of the range of dust temperatures in
he literature. We have used our stacking results and temperature 
odels to obtain the following results: 

(i) We have used our stacking results and temperature models 
o determine the mean bolometric dust luminosities for each 
ample and thus estimate the mean star formation rate for each 
ample. In contrast to the situation for SMGs, we find no evidence
or any systematic difference between our estimates of the star 
ormation rate and the mean of the estimates in the COSMOS- 
eb catalogue, which were estimated from fitting stellar popula- 
ion synthesis models to the UV-to-near-IR SEDs. 
(ii) The mean star formation rates for all morphological classes 

ncrease with redshift roughly following the relationship found 
or the ‘galaxy main sequence’ (P. Popesso et al. 2023 ), reaching
tar formation rates for the most massive galaxies ( M∗ ∼ 1011 M�) 
f � 80 M� yr −1 at z > 2 . 
(iii) In the redshift range 2 < z < 4 . 5 , the mean star formation

ate decreases along the Hubble sequence from � 280 M� yr −1 
or irregular galaxies at one end to � 80 M� yr −1 for spheroids
t the other end. Since this is only shortly after the emergence of 
he Hubble sequence ( z ∼ 4 ; M. Huertas-Company et al. 2025 ), we
onclude that quenching was already underway, or even before, 
he structures of the galaxies were formed. 
(iv) We show that star formation rates for the high-redshift 
pheroids can be reproduced by a ‘starvation’ quenching model 
ith a depletion time of � 108 . 2 yr . 
(v) We use the COSMOS-Web stellar mass functions (M. 
uertas-Company et al. 2025 ) to investigate the growth of mas-
ive ( > 1011 M�) galaxies of different morphological types over 
he redshift range 0 < z < 4 . The number density of massive ir-
egular and disc-dominated galaxies is fairly constant while the 
umber density of bulge-dominated and spheroidal galaxies in- 
reases steadily over this period. We construct a model based on
he assumption that the seed population of massive spheroidal 
nd bulge-dominated galaxies are ‘SMGs’ and show that this 
odel can reproduce the growth in the number density of these
alaxies over the redshift range 1 . 5 < z < 4 . It does not explain
he continued growth at lower redshifts where there are few 

MGs, which shows that the production of massive early-type 
alaxies is not entirely the result of the conversion of this seed
opulation. 
(vi) We have used our stacking results to show that the ratio
f dust-to-stellar mass in galaxies increases with redshift out to 
 ∼ 8 . 
(vii) We have combined our stacking results with the 
OSMOS-Web stellar mass functions to determine the 
elationship between the mean density of dust and redshift 
n the range 0 < z < 12 , extending the work in our earlier paper
S. Eales & B. Ward 2024 ). 
(viii) We have constructed a model for the global evolution 
f dust in the universe based on the empirical star formation
istory of the universe and on previous models for the evolution
f the metals in galaxies. We show that with a mean gas outflow
ate equal to the star formation rate this model reproduces our
bserved relationship between mean dust density and redshift 
emarkably well. The model also explains why the mean ratio of 
ust-to-stellar mass increases monotonically with redshift. 
(ix) We use our dust–redshift relationship and assumptions 
bout the evolution of the mean metal abundance in the universe
ased on recent JWST observations to derive the relationship 
etween the mean density of molecular gas and redshift. The 
hape of this relationship at the lower redshifts ( z < 6 ) is similar
o the relationship derived using CO rather than dust as the tracer,
nd the offset can easily be explained in the uncertainties in
alibrations of the CO and dust methods. 
(x) The relationship we derive between gas density and redshift 

s, for a gas depletion time of 6 . 3 × 108 yr , remarkably similar to
he star formation history of the universe. The similarity of the
wo relationships suggests that the global gas depletion time has 
emained roughly constant over the history of the universe. 
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PPENDIX  A:  FLUX  DENSITIES  AND  

ORPHOLOGICAL  CLASSIFICATION  

he flux densities measured with SIMSTACK shown in Fig. 2 are
isted in Table A1 . The morphological breakdown of our redshift
nd stellar mass samples is given in Table A2 . 
MNRAS 550, 1–28 (2026)

Mup / M�) 
< S850 µm 

> 

(mJy ) σ (mJy ) 

9.5 0.030 0.024 
10.0 0.014 0.029 
10.5 0.048 0.040 
11.0 0.41 0.05 
11.5 0.24 0.07 
9.5 0.037 0.015 
10.0 0.11 0.02 
10.5 0.13 0.02 
11.0 0.17 0.03 
11.5 0.08 0.06 
9.5 −0.00 0.01 
10.0 0.09 0.01 
10.5 0.14 0.02 
11.0 0.13 0.02 
11.5 0.10 0.05 
9.5 −0.02 0.01 
10.0 0.04 0.02 
10.5 0.16 0.03 
11.0 0.32 0.03 
11.5 0.52 0.07 
9.5 0.036 0.013 
10.0 0.070 0.017 
10.5 0.26 0.02 
11.0 0.38 0.03 
11.5 0.66 0.07 
9.5 0.027 0.016 
10.0 0.12 0.02 
10.5 0.39 0.03 
11.0 0.82 0.06 
11.5 1.45 0.15 
9.5 0.01 0.02 
10.0 0.17 0.03 
10.5 0.49 0.06 
11.0 0.73 0.08 
11.5 1.30 0.29 
9.5 −0.03 0.02 
10.0 0.05 0.04 
10.5 0.34 0.05 
11.0 0.92 0.09 

e/550/1/stag1000/8698250 by C
halm

ers tekniska högskola (C
halm

ers U
niversity of Technology) user on 06 July 2026

http://dx.doi.org/10.1088/0067-0049/214/2/15
http://dx.doi.org/10.1016/B978-0-443-21439-4.00128-0
http://dx.doi.org/10.1093/mnras/stt2273
http://dx.doi.org/10.1146/annurev-astro-082812-141034
http://dx.doi.org/10.1086/426932
http://dx.doi.org/10.1111/j.1365-2966.2010.16427.x
http://dx.doi.org/10.1086/151823
http://dx.doi.org/10.1093/mnras/stu1275
http://dx.doi.org/10.3847/1538-4357/ab64dc
http://dx.doi.org/10.1111/j.1365-2966.2012.20456.x
http://dx.doi.org/10.1088/0004-637X/779/1/32
http://dx.doi.org/10.1093/mnrasl/slac075
http://dx.doi.org/10.1093/mnras/stz1948
http://dx.doi.org/10.1093/mnras/stae405
http://dx.doi.org/10.1086/318651
http://dx.doi.org/10.1038/s41586-021-03806-7
http://dx.doi.org/10.1093/mnras/stad1470
http://dx.doi.org/10.1088/0004-637X/742/2/96
http://dx.doi.org/10.3847/0004-637X/831/2/147


24 S. A. Eales et al.

M

Table A1 – continued 

zlow zup log 10 (Mlow / M�) log 10 (Mup / M�) 
< S850 µm 

> 

(mJy ) σ (mJy ) 

3.0 3.5 11.0 11.5 1.40 0.19 
3.5 4.5 9.0 9.5 0.02 0.02 
3.5 4.5 9.5 10.0 0.18 0.03 
3.5 4.5 10.0 10.5 0.74 0.06 
3.5 4.5 10.5 11.0 1.01 0.11 
3.5 4.5 11.0 11.5 2.11 0.27 
4.5 5.5 9.0 9.5 0.05 0.03 
4.5 5.5 9.5 10.0 0.15 0.05 
4.5 5.5 10.0 10.5 0.65 0.15 
4.5 5.5 10.5 11.0 1.82 0.29 
4.5 5.5 11.0 11.5 3.1 0.7 
5.5 6.5 9.0 9.5 −0.04 0.05 
5.5 6.5 9.5 10.0 0.18 0.10 
5.5 6.5 10.0 10.5 0.68 0.30 
5.5 6.5 10.5 11.0 2.42 0.52 
5.5 6.5 11.0 11.5 2.40 0.77 
6.5 7.5 9.0 9.5 0.03 0.06 
6.5 7.5 9.5 10.0 0.10 0.12 
6.5 7.5 10.0 10.5 0.31 0.26 
6.5 7.5 10.5 11.0 0.82 0.59 
6.5 7.5 11.0 11.5 1.57 0.80 
7.5 8.5 9.0 9.5 0.05 0.09 
7.5 8.5 9.5 10.0 0.06 0.11 
7.5 8.5 10.0 10.5 0.42 0.25 
7.5 8.5 10.5 11.0 1.15 0.59 
7.5 8.5 11.0 11.5 2.33 0.85 
8.5 12.0 9.0 9.5 −0.13 0.11 
8.5 12.0 9.5 10.0 −0.23 0.14 
8.5 12.0 10.0 10.5 0.04 0.22 
8.5 12.0 10.5 11.0 0.05 0.52 
8.5 12.0 11.0 11.5 0.64 0.85 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/550/1/stag1000/8698250 by C
halm

ers tekniska högskola (C
halm

ers U
niversity of Technology) user on 06 July 2026
NRAS 550, 1–28 (2026)



Star formation along the early Hubble sequence 25

MNRAS 550, 1–28 (2026)

Ta
bl
e 
A
2.
 
M
or
ph
ol
og
ic
al
 
co
m
po
si
tio
n.
 

z lo
w
 

z u
p 

lo
g 1
0 (
M
lo
w
 

/
 M

�
) 

lo
g 1
0 (
M
up
 

/
 M

�
) 

To
ta
la
 

Sp
he
ro
id
sa
 

D
is
cs
a 

Ir
re
gu
la
ra
 

Bu
lg
e-
do
m
in
at
ed

a 
U
ca

 

0.
2 

0.
5 

9.
0 

9.
5 

17
98

 
65

 
(3
 
pe
r c
en
t) 

72
5 
(4
0 
pe
r c
en
t) 

80
9 
(4
4 
pe
r c
en
t) 

16
7 
(9
 
pe
r c
en
t) 

32
 
(1
 
pe
r c
en
t) 

0.
2 

0.
5 

9.
5 

10
.0
 

10
26

 
52

 
(5
 
pe
r c
en
t) 

52
2 
(5
0 
pe
r c
en
t) 

26
2 
(2
5 
pe
r c
en
t) 

17
8 
(1
7 
pe
r c
en
t) 

12
 
(1
 
pe
r c
en
t) 

0.
2 

0.
5 

10
.0
 

10
.5
 

80
3 

81
 
(1
0 
pe
r c
en
t) 

27
8 
(3
4 
pe
r c
en
t) 

99
 
(1
2 
pe
r c
en
t) 

33
6 
(4
1 
pe
r c
en
t) 

9 
(1
 
pe
r c
en
t) 

0.
2 

0.
5 

10
.5
 

11
.0
 

55
0 

82
 
(1
4 
pe
r c
en
t) 

98
 
(1
7 
pe
r c
en
t) 

17
 
(3
 
pe
r c
en
t) 

35
0 
(6
3 
pe
r c
en
t) 

3 
(0
 
pe
r c
en
t) 

0.
2 

0.
5 

11
.0
 

11
.5
 

11
3 

28
 
(2
4 
pe
r c
en
t) 

8 
(7
 
pe
r c
en
t) 

4 
(3
 
pe
r c
en
t) 

73
 
(6
4 
pe
r c
en
t) 

0 
(0
 
pe
r c
en
t) 

0.
5 

0.
8 

9.
0 

9.
5 

38
37

 
27
7 
(7
 
pe
r c
en
t) 

11
42

 
(2
9 
pe
r c
en
t) 

21
39

 
(5
5 
pe
r c
en
t) 

25
6 
(6
 
pe
r c
en
t) 

23
 
(0
 
pe
r c
en
t) 

0.
5 

0.
8 

9.
5 

10
.0
 

22
90

 
14
7 
(6
 
pe
r c
en
t) 

87
5 
(3
8 
pe
r c
en
t) 

98
6 
(4
3 
pe
r c
en
t) 

26
1 
(1
1 
pe
r c
en
t) 

21
 
(0
 
pe
r c
en
t) 

0.
5 

0.
8 

10
.0
 

10
.5
 

15
74

 
15
1 
(9
 
pe
r c
en
t) 

52
6 
(3
3 
pe
r c
en
t) 

40
8 
(2
5 
pe
r c
en
t) 

48
1 
(3
0 
pe
r c
en
t) 

8 
(0
 
pe
r c
en
t) 

0.
5 

0.
8 

10
.5
 

11
.0
 

93
3 

13
3 
(1
4 
pe
r c
en
t) 

18
9 
(2
0 
pe
r c
en
t) 

87
 
(9
 
pe
r c
en
t) 

51
8 
(5
5 
pe
r c
en
t) 

6 
(0
 
pe
r c
en
t) 

0.
5 

0.
8 

11
.0
 

11
.5
 

21
0 

45
 
(2
1 
pe
r c
en
t) 

8 
(3
 
pe
r c
en
t) 

8 
(3
 
pe
r c
en
t) 

14
6 
(6
9 
pe
r c
en
t) 

3 
(1
 
pe
r c
en
t) 

0.
8 

1.
1 

9.
0 

9.
5 

68
12

 
50
5 
(7
 
pe
r c
en
t) 

16
63

 
(2
4 
pe
r c
en
t) 

42
72

 
(6
2 
pe
r c
en
t) 

33
5 
(4
 
pe
r c
en
t) 

37
 
(0
 
pe
r c
en
t) 

0.
8 

1.
1 

9.
5 

10
.0
 

42
63

 
35
0 
(8
 
pe
r c
en
t) 

12
41

 
(2
9 
pe
r c
en
t) 

23
02

 
(5
3 
pe
r c
en
t) 

35
0 
(8
 
pe
r c
en
t) 

20
 
(0
 
pe
r c
en
t) 

0.
8 

1.
1 

10
.0
 

10
.5
 

27
51

 
32
4 
(1
1 
pe
r c
en
t) 

69
4 
(2
5 
pe
r c
en
t) 

11
39

 
(4
1 
pe
r c
en
t) 

57
6 
(2
0 
pe
r c
en
t) 

18
 
(0
 
pe
r c
en
t) 

0.
8 

1.
1 

10
.5
 

11
.0
 

15
50

 
21
7 
(1
4 
pe
r c
en
t) 

28
1 
(1
8 
pe
r c
en
t) 

30
6 
(1
9 
pe
r c
en
t) 

73
7 
(4
7 
pe
r c
en
t) 

9 
(0
 
pe
r c
en
t) 

0.
8 

1.
1 

11
.0
 

11
.5
 

30
6 

69
 
(2
2 
pe
r c
en
t) 

23
 
(7
 
pe
r c
en
t) 

21
 
(6
 
pe
r c
en
t) 

19
0 
(6
2 
pe
r c
en
t) 

3 
(0
 
pe
r c
en
t) 

1.
1 

1.
5 

9.
0 

9.
5 

61
90

 
31
8 
(5
 
pe
r c
en
t) 

18
27

 
(2
9 
pe
r c
en
t) 

36
66

 
(5
9 
pe
r c
en
t) 

35
2 
(5
 
pe
r c
en
t) 

27
 
(0
 
pe
r c
en
t) 

1.
1 

1.
5 

9.
5 

10
.0
 

36
52

 
27
9 
(7
 
pe
r c
en
t) 

14
41

 
(3
9 
pe
r c
en
t) 

15
84

 
(4
3 
pe
r c
en
t) 

33
1 
(9
 
pe
r c
en
t) 

17
 
(0
 
pe
r c
en
t) 

1.
1 

1.
5 

10
.0
 

10
.5
 

22
06

 
50
6 
(2
2 
pe
r c
en
t) 

64
5 
(2
9 
pe
r c
en
t) 

64
7 
(2
9 
pe
r c
en
t) 

39
8 
(1
8 
pe
r c
en
t) 

10
 
(0
 
pe
r c
en
t) 

1.
1 

1.
5 

10
.5
 

11
.0
 

15
47

 
34
9 
(2
2 
pe
r c
en
t) 

39
4 
(2
5 
pe
r c
en
t) 

18
0 
(1
1 
pe
r c
en
t) 

62
1 
(4
0 
pe
r c
en
t) 

3 
(0
 
pe
r c
en
t) 

1.
1 

1.
5 

11
.0
 

11
.5
 

32
5 

86
 
(2
6 
pe
r c
en
t) 

54
 
(1
6 
pe
r c
en
t) 

30
 
(9
 
pe
r c
en
t) 

15
5 
(4
7 
pe
r c
en
t) 

0 
(0
 
pe
r c
en
t) 

1.
5 

2.
0 

9.
0 

9.
5 

89
85

 
53
0 
(5
 
pe
r c
en
t) 

18
70

 
(2
0 
pe
r c
en
t) 

60
57

 
(6
7 
pe
r c
en
t) 

44
8 
(4
 
pe
r c
en
t) 

80
 
(0
 
pe
r c
en
t) 

1.
5 

2.
0 

9.
5 

10
.0
 

50
20

 
34
7 
(6
 
pe
r c
en
t) 

17
30

 
(3
4 
pe
r c
en
t) 

24
21

 
(4
8 
pe
r c
en
t) 

48
8 
(9
 
pe
r c
en
t) 

34
 
(0
 
pe
r c
en
t) 

1.
5 

2.
0 

10
.0
 

10
.5
 

26
20

 
51
8 
(1
9 
pe
r c
en
t) 

78
7 
(3
0 
pe
r c
en
t) 

93
9 
(3
5 
pe
r c
en
t) 

36
5 
(1
3 
pe
r c
en
t) 

11
 
(0
 
pe
r c
en
t) 

1.
5 

2.
0 

10
.5
 

11
.0
 

16
12

 
36
1 
(2
2 
pe
r c
en
t) 

45
7 
(2
8 
pe
r c
en
t) 

26
0 
(1
6 
pe
r c
en
t) 

53
0 
(3
2 
pe
r c
en
t) 

4 
(0
 
pe
r c
en
t) 

1.
5 

2.
0 

11
.0
 

11
.5
 

30
9 

68
 
(2
2 
pe
r c
en
t) 

74
 
(2
3 
pe
r c
en
t) 

24
 
(7
 
pe
r c
en
t) 

14
3 
(4
6 
pe
r c
en
t) 

0 
(0
 
pe
r c
en
t) 

2.
0 

2.
5 

9.
0 

9.
5 

62
80

 
30
5 
(4
 
pe
r c
en
t) 

66
0 
(1
0 
pe
r c
en
t) 

50
67

 
(8
0 
pe
r c
en
t) 

17
7 
(2
 
pe
r c
en
t) 

71
 
(1
 
pe
r c
en
t) 

2.
0 

2.
5 

9.
5 

10
.0
 

35
12

 
17
6 
(5
 
pe
r c
en
t) 

76
8 
(2
1 
pe
r c
en
t) 

23
22

 
(6
6 
pe
r c
en
t) 

20
5 
(5
 
pe
r c
en
t) 

41
 
(1
 
pe
r c
en
t) 

2.
0 

2.
5 

10
.0
 

10
.5
 

18
94

 
31
6 
(1
6 
pe
r c
en
t) 

38
9 
(2
0 
pe
r c
en
t) 

10
16

 
(5
3 
pe
r c
en
t) 

15
1 
(7
 
pe
r c
en
t) 

22
 
(1
 
pe
r c
en
t) 

2.
0 

2.
5 

10
.5
 

11
.0
 

93
4 

20
8 
(2
2 
pe
r c
en
t) 

16
9 
(1
8 
pe
r c
en
t) 

29
4 
(3
1 
pe
r c
en
t) 

25
5 
(2
7 
pe
r c
en
t) 

8 
(0
 
pe
r c
en
t) 

2.
0 

2.
5 

11
.0
 

11
.5
 

20
9 

42
 
(2
0 
pe
r c
en
t) 

51
 
(2
4 
pe
r c
en
t) 

38
 
(1
8 
pe
r c
en
t) 

78
 
(3
7 
pe
r c
en
t) 

0 
(0
 
pe
r c
en
t) 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/550/1/stag1000/8698250 by C
halm

ers tekniska högskola (C
halm

ers U
niversity of Technology) user on 06 July 2026



26 S. A. Eales et al.

MNRAS 550, 1–28 (2026)

Ta
bl
e 
A
2 
–
co
nt
in
ue
d 

z lo
w
 

z u
p 

lo
g 1
0 (
M
lo
w
 

/
 M

�
) 

lo
g 1
0 (
M
up
 

/
 M

�
) 

To
ta
la
 

Sp
he
ro
id
sa
 

D
is
cs
a 

Ir
re
gu
la
ra
 

Bu
lg
e-
do
m
in
at
ed

a 
U
ca

 

2.
5 

3.
0 

9.
0 

9.
5 

42
02

 
20
1 
(4
 
pe
r c
en
t) 

24
8 
(5
 
pe
r c
en
t) 

35
82

 
(8
5 
pe
r c
en
t) 

72
 
(1
 
pe
r c
en
t) 

99
 
(2
 
pe
r c
en
t) 

2.
5 

3.
0 

9.
5 

10
.0
 

23
68

 
12
6 
(5
 
pe
r c
en
t) 

32
0 
(1
3 
pe
r c
en
t) 

17
90

 
(7
5 
pe
r c
en
t) 

87
 
(3
 
pe
r c
en
t) 

45
 
(1
 
pe
r c
en
t) 

2.
5 

3.
0 

10
.0
 

10
.5
 

12
20

 
18
6 
(1
5 
pe
r c
en
t) 

17
7 
(1
4 
pe
r c
en
t) 

77
5 
(6
3 
pe
r c
en
t) 

70
 
(5
 
pe
r c
en
t) 

12
 
(0
 
pe
r c
en
t) 

2.
5 

3.
0 

10
.5
 

11
.0
 

50
9 

12
0 
(2
3 
pe
r c
en
t) 

74
 
(1
4 
pe
r c
en
t) 

19
7 
(3
8 
pe
r c
en
t) 

11
4 
(2
2 
pe
r c
en
t) 

4 
(0
 
pe
r c
en
t) 

2.
5 

3.
0 

11
.0
 

11
.5
 

10
6 

20
 
(1
8 
pe
r c
en
t) 

22
 
(2
0 
pe
r c
en
t) 

30
 
(2
8 
pe
r c
en
t) 

34
 
(3
2 
pe
r c
en
t) 

0 
(0
 
pe
r c
en
t) 

3.
0 

3.
5 

9.
0 

9.
5 

31
54

 
36

 
(1
 
pe
r c
en
t) 

41
 
(1
 
pe
r c
en
t) 

29
33

 
(9
2 
pe
r c
en
t) 

4 
(0
 
pe
r c
en
t) 

14
0 
(4
 
pe
r c
en
t) 

3.
0 

3.
5 

9.
5 

10
.0
 

16
35

 
63

 
(3
 
pe
r c
en
t) 

12
7 
(7
 
pe
r c
en
t) 

13
84

 
(8
4 
pe
r c
en
t) 

7 
(0
 
pe
r c
en
t) 

54
 
(3
 
pe
r c
en
t) 

3.
0 

3.
5 

10
.0
 

10
.5
 

91
2 

11
0 
(1
2 
pe
r c
en
t) 

15
0 
(1
6 
pe
r c
en
t) 

55
8 
(6
1 
pe
r c
en
t) 

24
 
(2
 
pe
r c
en
t) 

70
 
(7
 
pe
r c
en
t) 

3.
0 

3.
5 

10
.5
 

11
.0
 

47
3 

86
 
(1
8 
pe
r c
en
t) 

12
3 
(2
6 
pe
r c
en
t) 

17
8 
(3
7 
pe
r c
en
t) 

57
 
(1
2 
pe
r c
en
t) 

29
 
(6
 
pe
r c
en
t) 

3.
0 

3.
5 

11
.0
 

11
.5
 

13
1 

10
 
(7
 
pe
r c
en
t) 

57
 
(4
3 
pe
r c
en
t) 

22
 
(1
6 
pe
r c
en
t) 

38
 
(2
9 
pe
r c
en
t) 

4 
(3
 
pe
r c
en
t) 

3.
5 

4.
5 

9.
0 

9.
5 

39
70

 
25

 
(0
 
pe
r c
en
t) 

13
 
(0
 
pe
r c
en
t) 

34
72

 
(8
7 
pe
r c
en
t) 

0 
(0
 
pe
r c
en
t) 

46
0 
(1
1 
pe
r c
en
t) 

3.
5 

4.
5 

9.
5 

10
.0
 

18
23

 
59

 
(3
 
pe
r c
en
t) 

77
 
(4
 
pe
r c
en
t) 

15
24

 
(8
3 
pe
r c
en
t) 

8 
(0
 
pe
r c
en
t) 

15
5 
(8
 
pe
r c
en
t) 

3.
5 

4.
5 

10
.0
 

10
.5
 

87
3 

67
 
(7
 
pe
r c
en
t) 

13
1 
(1
5 
pe
r c
en
t) 

49
9 
(5
7 
pe
r c
en
t) 

27
 
(3
 
pe
r c
en
t) 

14
9 
(7
 
pe
r c
en
t) 

3.
5 

4.
5 

10
.5
 

11
.0
 

31
0 

36
 
(1
1 
pe
r c
en
t) 

73
 
(2
3 
pe
r c
en
t) 

94
 
(3
0 
pe
r c
en
t) 

23
 
(7
 
pe
r c
en
t) 

84
 
(2
7 
pe
r c
en
t) 

3.
5 

4.
5 

11
.0
 

11
.5
 

60
 

2 
(3
 
pe
r c
en
t) 

17
 
(2
8 
pe
r c
en
t) 

11
 
(1
8 
pe
r c
en
t) 

9 
(1
5 
pe
r c
en
t) 

21
 
(3
5 
pe
r c
en
t) 

4.
5 

5.
5 

9.
0 

9.
5 

23
49

 
11

 
(0
 
pe
r c
en
t) 

4 
(0
 
pe
r c
en
t) 

19
72

 
(8
3 
pe
r c
en
t) 

0 
(0
 
pe
r c
en
t) 

36
2 
(1
5 
pe
r c
en
t) 

4.
5 

5.
5 

9.
5 

10
.0
 

79
0 

13
 
(1
 
pe
r c
en
t) 

5 
(0
 
pe
r c
en
t) 

68
2 
(8
6 
pe
r c
en
t) 

0 
(0
 
pe
r c
en
t) 

90
 
(1
1 
pe
r c
en
t) 

4.
5 

5.
5 

10
.0
 

10
.5
 

20
1 

14
 
(6
 
pe
r c
en
t) 

5 
(2
 
pe
r c
en
t) 

11
0 
(5
4 
pe
r c
en
t) 

2 
(0
 
pe
r c
en
t) 

70
 
(3
4 
pe
r c
en
t) 

4.
5 

5.
5 

10
.5
 

11
.0
 

10
9 

7 
(6
 
pe
r c
en
t) 

6 
(5
 
pe
r c
en
t) 

19
 
(1
7 
pe
r c
en
t) 

1 
(0
 
pe
r c
en
t) 

76
 
(6
9 
pe
r c
en
t) 

4.
5 

5.
5 

11
.0
 

11
.5
 

21
 

0 
(0
 
pe
r c
en
t) 

0 
(0
 
pe
r c
en
t) 

2 
(9
 
pe
r c
en
t) 

0 
(0
 
pe
r c
en
t) 

19
 
(9
0 
pe
r c
en
t) 

5.
5 

6.
5 

9.
0 

9.
5 

97
2 

1 
(0
 
pe
r c
en
t) 

0 
(0
 
pe
r c
en
t) 

81
4 
(8
3 
pe
r c
en
t) 

0 
(0
 
pe
r c
en
t) 

15
7 
(1
6 
pe
r c
en
t) 

5.
5 

6.
5 

9.
5 

10
.0
 

29
0 

1 
(0
 
pe
r c
en
t) 

0 
(0
 
pe
r c
en
t) 

25
4 
(8
7 
pe
r c
en
t) 

0 
(0
 
pe
r c
en
t) 

35
 
(1
2 
pe
r c
en
t) 

5.
5 

6.
5 

10
.0
 

10
.5
 

58
 

1 
(1
 
pe
r c
en
t) 

0 
(0
 
pe
r c
en
t) 

44
 
(7
5 
pe
r c
en
t) 

0 
(0
 
pe
r c
en
t) 

12
 
(2
2 
pe
r c
en
t) 

5.
5 

6.
5 

10
.5
 

11
.0
 

28
 

2 
(7
 
pe
r c
en
t) 

4 
(1
4 
pe
r c
en
t) 

7 
(2
5 
pe
r c
en
t) 

1 
(3
 
pe
r c
en
t) 

14
 
(5
0 
pe
r c
en
t) 

5.
5 

6.
5 

11
.0
 

11
.5
 

14
 

2 
(1
4 
pe
r c
en
t) 

0 
(0
 
pe
r c
en
t) 

3 
(2
1 
pe
r c
en
t) 

0 
(0
 
pe
r c
en
t) 

9 
(6
4 
pe
r c
en
t) 

6.
5 

7.
5 

9.
0 

9.
5 

66
7 

2 
(0
 
pe
r c
en
t) 

0 
(0
 
pe
r c
en
t) 

42
8 
(6
4 
pe
r c
en
t) 

0 
(0
 
pe
r c
en
t) 

23
7 
(3
5 
pe
r c
en
t) 

6.
5 

7.
5 

9.
5 

10
.0
 

19
8 

6 
(3
 
pe
r c
en
t) 

0 
(0
 
pe
r c
en
t) 

14
4 
(7
2 
pe
r c
en
t) 

0 
(0
 
pe
r c
en
t) 

48
 
(2
4 
pe
r c
en
t) 

6.
5 

7.
5 

10
.0
 

10
.5
 

35
 

1 
(2
 
pe
r c
en
t) 

0 
(0
 
pe
r c
en
t) 

21
 
(6
0 
pe
r c
en
t) 

0 
(0
 
pe
r c
en
t) 

13
 
(3
7 
pe
r c
en
t) 

6.
5 

7.
5 

10
.5
 

11
.0
 

14
 

1 
(7
 
pe
r c
en
t) 

0 
(0
 
pe
r c
en
t) 

5 
(3
5 
pe
r c
en
t) 

0 
(0
 
pe
r c
en
t) 

8 
(5
7 
pe
r c
en
t) 

6.
5 

7.
5 

11
.0
 

11
.5
 

9 
0 
(0
 
pe
r c
en
t) 

0 
(0
 
pe
r c
en
t) 

0 
(0
 
pe
r c
en
t) 

0 
(0
 
pe
r c
en
t) 

9 
(1
00

 
pe
r c
en
t) 

7.
5 

8.
5 

9.
0 

9.
5 

41
5 

2 
(0
 
pe
r c
en
t) 

0 
(0
 
pe
r c
en
t) 

22
0 
(5
3 
pe
r c
en
t) 

0 
(0
 
pe
r c
en
t) 

19
3 
(4
6 
pe
r c
en
t) 

7.
5 

8.
5 

9.
5 

10
.0
 

18
3 

9 
(4
 
pe
r c
en
t) 

0 
(0
 
pe
r c
en
t) 

86
 
(4
6 
pe
r c
en
t) 

0 
(0
 
pe
r c
en
t) 

88
 
(4
8 
pe
r c
en
t) 

7.
5 

8.
5 

10
.0
 

10
.5
 

25
 

0 
(0
 
pe
r c
en
t) 

0 
(0
 
pe
r c
en
t) 

13
 
(5
2 
pe
r c
en
t) 

0 
(0
 
pe
r c
en
t) 

12
 
(4
8 
pe
r c
en
t) 

7.
5 

8.
5 

10
.5
 

11
.0
 

16
 

0 
(0
 
pe
r c
en
t) 

1 
(6
 
pe
r c
en
t) 

5 
(3
1 
pe
r c
en
t) 

0 
(0
 
pe
r c
en
t) 

10
 
(6
2 
pe
r c
en
t) 

7.
5 

8.
5 

11
.0
 

11
.5
 

3 
0 
(0
 
pe
r c
en
t) 

0 
(0
 
pe
r c
en
t) 

0 
(0
 
pe
r c
en
t) 

0 
(0
 
pe
r c
en
t) 

3 
(1
00

 
pe
r c
en
t) 

8.
5 

12
.0
 

9.
0 

9.
5 

12
8 

1 
(0
 
pe
r c
en
t) 

0 
(0
 
pe
r c
en
t) 

92
 
(7
1 
pe
r c
en
t) 

0 
(0
 
pe
r c
en
t) 

35
 
(2
7 
pe
r c
en
t) 

8.
5 

12
.0
 

9.
5 

10
.0
 

10
5 

0 
(0
 
pe
r c
en
t) 

0 
(0
 
pe
r c
en
t) 

71
 
(6
7 
pe
r c
en
t) 

0 
(0
 
pe
r c
en
t) 

34
 
(3
2 
pe
r c
en
t) 

8.
5 

12
.0
 

10
.0
 

10
.5
 

97
 

0 
(0
 
pe
r c
en
t) 

0 
(0
 
pe
r c
en
t) 

49
 
(5
0 
pe
r c
en
t) 

1 
(1
 
pe
r c
en
t) 

47
 
(4
8 
pe
r c
en
t) 

8.
5 

12
.0
 

10
.5
 

11
.0
 

26
 

0 
(0
 
pe
r c
en
t) 

0 
(0
 
pe
r c
en
t) 

16
 
(6
1 
pe
r c
en
t) 

0 
(0
 
pe
r c
en
t) 

10
 
(3
8 
pe
r c
en
t) 

8.
5 

12
.0
 

11
.0
 

11
.5
 

5 
0 
(0
 
pe
r c
en
t) 

0 
(0
 
pe
r c
en
t) 

2 
(4
0 
pe
r c
en
t) 

0 
(0
 
pe
r c
en
t) 

3 
(6
0 
pe
r c
en
t) 

N
ot
es
.a

 

Th
e 
to
ta
l i
s t
he

 
to
ta
l n
um

be
r o
f g
al
ax
ie
s i
n 
th
is
 
ra
ng
e 
of
 
re
ds
hi
ft 
an
d 
st
el
la
r m

as
s. 
Th
e 
nu
m
be
rs
 
in

 
th
e 
ot
he
r c
ol
um

ns
 
ar
e 
th
e 
nu
m
be
r o
f g
al
ax
ie
s, 
an
d 
in

 
br
ac
ke
ts
 
th
e 
pe
rc
en
ta
ge

 
of
 
th
e 
to
ta
l, 
in

 
ea
ch

 

m
or
ph
ol
og
ic
al
 
cl
as
s. 
‘U
c’
 
st
an
ds

 
fo
r u
nc
la
ss
ifi
ed
. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/550/1/stag1000/8698250 by C
halm

ers tekniska högskola (C
halm

ers U
niversity of Technology) user on 06 July 2026



Star formation along the early Hubble sequence 27

A
T

T  

u  

p
i  

m

t  

fi
p
a  

e
fi
t  

s
t
i  

o  

w
u
e  

L  

m
n
d

 

v  

w
m  

a
g  

b  

F
s
g
h
d

Figure B2. SED (black continuous line) of a sample of galaxies at z = 3 
for the model described in the text. The red line shows the contribution 
from the warm ( T = 50 K ) galaxies and the blue line the contribution 
from the cold ( T = 20 K ) galaxies. The dashed line shows the fit of a 
modified blackbody at z = 3 to mean flux densities (the points and errors) 
of this sample. 
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PPENDIX  B:  BIASES  IN  THE  ESTIMATES  OF  

HE  TEMPERATURE  OF  DUST  IN  GALAXIES  

he dust in a real galaxy has a range of temperatures. The most
seful single number that describes the temperature of the dust is
robably the mean mass-weighted temperature of the dust, which 
s what is needed, for example, for an accurate estimate of the
ass of the dust. 
There is a well-known problem that arises when one estimates 

he temperature of the dust in a galaxy by fitting a single modi-
ed blackbody to its far-IR and submillimetre photometry. The 
roblem arises because warm dust radiates more strongly and 
t a shorter wavelength than the same mass of cold dust. The
ffect is that the temperature estimated from fitting the modi- 
ed blackbody is always higher than the mean mass-weighted 
emperature of the dust (S. A. Eales et al. 1989 ). For a given
et of observation wavelengths, the difference between the two 
emperatures – what one measures and what one needs – should 
ncrease with redshift as the observations move, in the rest frame
f the galaxy, to shorter wavelengths, where the effects of the
arm dust are larger. Several groups have investigated this bias 
sing cosmological simulations (C. Behrens et al. 2018 ; L. Liang 
t al. 2019 ; S. Lower et al. 2024 ; L. Sommovigo & H. Algera 2025 ).
. Liang et al. ( 2019 ), for example, found that although the mean
ass-weighted temperature of the dust in their simulations did 
ot increase with redshift, the observed temperature of the dust 
id. 
In this section, we show that even when all the dust in indi-
idual galaxies is at the same temperature, the bias is still present
hen the temperature is estimated from a stacking analysis. The 
ost common way to estimate the dust temperature in a stacking
nalysis is to measure the mean flux densities of a sample of 
alaxies at a set of wavelengths and then fit these with a modified
lackbody (G. E. Magdis et al. 2012 ; B. Magnelli et al. 2014 ; M.
igure B1. Observed dust temperature versus redshift found from a 
tacking analysis for a sample of galaxies in which 99 per cent of the 
alaxies contain dust at 20 K and 1 per cent contain dust at 50 K. The 
orizontal dashed line show the mean mass-weighted temperature of the 
ust. 
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tekniska högskola (C
halm

ers U
niversity of Technology) user on 06 Jul
éthermin et al. 2015 ; C. Schreiber et al. 2018 ; R. Bouwens et al.
020 ; M. P. Viero et al. 2022 ). 
We model this in the following way. We assume that every
alaxy contains the same mass of dust with a uniform temper-
ture, with 99 per cent of the galaxies in the sample containing
ust at 20 K and the remaining 1 per cent containing dust at 50 K.
e assume that the stacking is being carried out at 100, 160, 250,
50, 500, and 850 µm, which are common wavelengths used in 
tacking analyses. We assume that the sample of galaxies is at a
edshift z, calculate the mean flux densities of the sample at each
avelength, and then fit the results with a modified blackbody 
n the rest frame of the sample. We assume that the value of the
missivity index, β, in the modified blackbody is 2 and that the
ean flux densities have 10 per cent errors. 
Fig. B1 shows the result. The mean mass-weighted dust tem- 
erature is 20.3 K, but the measured dust temperature steadily 
limbs with redshift, asymptotically approaching the tempera- 
ure of the warmer galaxies. The explanation for this is the same
s the explanation given above for the difference between the 
bserved temperature and the mean mass-weighted dust temper- 
ture of individual galaxies. As the redshift increases, the part 
f the rest-frame SED sampled by the observations will move to
horter wavelengths and the photometry is increasingly domi- 
ated by the galaxies with the warmer temperature. 
This is illustrated in Fig. B2 , which shows the mean SED of a
alaxy sample at z = 3 in our model and the relative contributions
o it of the warm and cold galaxies. At the shortest wavelengths,
lmost all the flux is contributed by the warm galaxies, even
hough they only contain 1 per cent of the mass of the dust.
he difference between the observed dust temperature and the 
ean mass-weighted dust temperature increases with redshift 
s the photometry becomes increasingly dominated by the ra- 
MNRAS 550, 1–28 (2026)

y 2026



28 S. A. Eales et al.

M

d  

r  

i  

a
t  

t  

t  

o

T  

D
ow

nloaded f
iation from the warmer galaxies. One of the most interesting
esults from a stacking analysis is the recent claim that the dust
n galaxies at z ∼ 7 has a temperature of � 100 K (M. P. Viero et
l. 2022 ). Our analysis suggests that the correct interpretation of 
his result is not that this is the mean temperature of the dust at
his redshift, but that some galaxies at this redshift contain dust at
NRAS 550, 1–28 (2026)
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his temperature, for which there is evidence from observations
f individual galaxies (T. J. L. C. Bakx et al. 2020 ). 
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