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A B S T R A C T 

The amount of evolution in the dust content of galaxies o v er the past 5 billion years of cosmic history is contested in the 
literature. Here, we present a far-infrared (FIR) census of dust based on a sample of 29 241 galaxies with redshifts ranging from 

0 < z < 0 . 5 using data from the Herschel Astrophysical Terahertz Large Area Survey ( H -ATLAS). We use the spectral energy 

distribution fitting tool MAGPHYS and a stacking analysis to investigate the evolution of dust mass and temperature of FIR-selected 

galaxies as a function of both luminosity and redshift. At low redshifts, we find that the mass-weighted and luminosity-weighted 

dust temperatures from the stacking analysis both exhibit a trend for brighter galaxies to have warmer dust. In higher redshift 
bins, we see some evolution in both mass-weighted and luminosity-weighted dust temperatures with redshift, but the effect is 
strongest for luminosity-weighted temperature. The measure of dust content in galaxies at z < 0 . 1 (the dust mass function) has 
a different shape to that derived using optically selected galaxies from the same region of sky. We revise the local dust mass 
density ( z < 0 . 1) to ρd = (1 . 37 ± 0 . 08) × 10 

5 M � Mpc −3 h 

−1 
70 ; corresponding to an o v erall fraction of baryons (by mass) stored 

in dust of f mb (dust) = (2 . 22 ± 0 . 13) × 10 

−5 . We confirm evolution in both the luminosity density and dust mass density o v er the 
past few billion years ( ρd ∝ (1 + z) 2 . 6 ±0 . 6 ), with a flatter evolution than observed in previous FIR-selected studies. We attribute 
the evolution in ρL and ρm 

to an evolution in the dust mass. 

K ey words: galaxies: e volution – galaxies: ISM – infrared: galaxies – submillimetre: galaxies. 
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 I N T RO D U C T I O N  

he past 8 billion years is one of the most interesting periods of galaxy
volution as it encompasses the strongest decline in the amount
f star formation in the universe, where the largest morphological
ransformation of galaxies takes place. As cold gas is the fuel for star
ormation, and thus the driver of this decline, a census of the cold gas
n a large representative sample of galaxies o v er cosmic time is vital
or understanding how the ‘lights turned out’. Simulations predict
ery little-to-no evolution of the cold interstellar medium in galaxies
n this crucial epoch (Schaye et al. 2015 ; Diemer et al. 2019 ; Dav ́e
t al. 2020 ). Yet, we currently lack a robust observational measure of
he interstellar content in galaxies o v er this redshift range in order to
est these predictions. One tracer of the cold interstellar medium of
alaxies is the dust emission (Eales et al. 2012 ; Scoville et al. 2016 ),
ence the statistical FIR luminosity function (LF) – an important
ool for probing the obscured star formation – and the related dust

ass function (DMF) – a direct measurement of the space density of
alaxies as a function of dust mass – are important to measure. 

Previous studies have shown that the dust luminosity of galaxies
ppears to evolve rapidly with redshift (e.g. Huynh et al. 2007 ; Dye
t al. 2010 ; Hwang et al. 2010 ; Marchetti et al. 2012 ; Gruppioni
t al. 2013 ; Patel et al. 2013 ). For example, using the Herschel
strophysical Terahertz Survey ( H -ATLAS) science demonstration
 E-mail: haley.gomez@astro.cf.ac.uk 

1

t
a

Published by Oxford University Press on behalf of Royal Astronomical Socie
Commons Attribution License ( http:// creativecommons.org/ licenses/ by/ 4.0/ ), whi
hase (SDP), Dye et al. ( 2010 ) found that the evolution of the 250-
m luminosity density is proportional to (1 + z) 7 . 1 out to a redshift
f ∼ 0 . 2. The driving force behind dust luminosity evolution in this
aradigm has been attributed to the increased heating of the dust due
o the higher star formation rates in the past (Magdis et al. 2012 ;
owan-Robinson 2012 ; Berta et al. 2013 ; Symeonidis et al. 2013 ;
asey, Narayanan & Cooray 2014 ). Alternatively, a decrease in dust
ass in galaxies with time could be responsible, we know that the gas

ontent of the Universe has been decreasing with time, and typically
 g alaxy’s g as mass is strongly linked to its dust content (e.g. Eales
t al. 2012 ; Genzel et al. 2015 ; Scoville et al. 2016 , 2017 ; Tacconi
t al. 2018 ; Millard et al. 2021 ). 

Dunne et al. ( 2011 , hereafter D11 ) found no evidence for the
volution of dust temperature with either redshift or luminosity,
ased on the H -ATLAS SDP sample of ∼1800 galaxies selected
n the FIR. Instead, they found that the dust mass has decreased
apidly (by a factor of 5) o v er the past 5 billion years of cosmic
istory. They found a redshift-dependent relationship for dust density
d 

1 where ρd ( z) ∝ (1 + z) 4 . 5 to z = 0 . 35 and ρd ( z = 0) = (0 . 98 ±
 . 14) × 10 5 M � Mpc −3 . 
The dust mass density is derived by integrating the DMF, a
easure of the space density of dust in galaxies as a function of

ust mass. Constraining the DMF is becoming more rele v ant gi ven
 The D 11 dust densities were multiplied by a factor of 1.4 to account for 
he known underdensity of the SDP field. We also note that since the SDP 
nalysis, Herschel calibration factors have changed by 10–20 per cent. 
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he widespread use of dust emission as a tracer for the gas mass
f galaxies in recent years (Eales et al. 2010 , 2012 ; Magdis et al.
012 ; Scoville et al. 2014 , 2017 ; Millard et al. 2021 ; see also the
omprehensi ve re vie w of Casey et al. 2014 ). This is of particular
nterest given difficulties in observing atomic and molecular line 
as mass tracers out to higher redshifts (Tacconi et al. 2013 ;
atinella & Cortese 2015 ; Genzel et al. 2015 ; Dunne et al. 2021 ).
round and balloon-based studies led to the DMF being measured 

ocally (Dunne et al. 2000 ; Vlahakis, Dunne & Eales 2005 ) and at
edshifts 1 and 2.5 (Dunne, Eales & Edmunds 2003 ; Eales et al.
009 ). Unfortunately, these studies were hampered by small number 
tatistics and difficulties with observing from the ground. 

The advent of Herschel (Pilbratt et al. 2010 ) and the Planck
atellites revolutionized studies of dust in galaxies, as they enabled 
reater statistics, better sensitivity, wider wavelength coverage and 
he ability to observe orders of magnitude larger areas of the sky
han possible before. A 250- μm-selected DMF was created from 

867 galaxies out to redshift 0.5 (D 11 ). Subsequently, Negrello et al.
 2013 ) and Clemens et al. ( 2013 ) published the DMF of 234 local star-
orming galaxies from the all sky Planck catalogue. Clark et al. ( 2015 )
hen derived a local DMF from H -ATLAS (a 250- μm-selected sample
onsisting of 42 sources) showing that FIR-selected surv e ys pick up
ust-rich galaxies with colder dust temperatures than those selected 
t optical or near -IR wa velengths. In Beeston et al. ( 2018 , hereafter
18 ), we presented the dust properties of the H -ATLAS GAMA
quatorial fields using a sample comprised of ∼16 000 optically se-
ected galaxies within the redshift range 0 . 002 ≤ z ≤ 0 . 1. Our DMF
ho wed fe wer galaxies with high dust mass than predicted by semi-
nalytic models and more galaxies with high dust mass than predicted 
y hydrodynamical cosmological simulations. Neither suite of sim- 
lations could reproduce the observed DMF at redshifts below 0.1. 
Later, Driver et al. ( 2018 ) produced a DMF and measure of the dust
ass density out to a redshift of z < 5 based on an optically selected

ample of hundreds of thousands of galaxies. They found a peak in
he dust mass density at z ∼ 1 ( ∼ 8 billion years ago) potentially
oinciding with the so-called peak epoch of star formation (see also 
ucciati et al. 2012 ; Burgarella et al. 2013 ). Ho we v er, the y found
o evidence that the dust content of galaxies was evolving in recent
osmic history (ie z < 0 . 5), finding a relatively flat dust mass density
ith redshift in contrast to D 11 . The lack of evolution in dust density

n Driver et al. would require a strong dust temperature evolution 
ith redshift in order to explain the evolution in the dust luminosity.
More recently, Pozzi et al. ( 2020 ) used a 160- μm-selected cata-

ogue of ∼5300 galaxies in the COSMOS field to estimate the DMF
or galaxies up to high redshifts ( z ∼ 2 . 5). Although they found a
eak in the dust mass density at similar redshifts to Driver et al.
 2018 ), they disagreed at redshifts < 0 . 5, finding a clear positive
rend with redshift in agreement with Dunne et al. It is unclear
hether the differences in the observed trends are due to sample 

election, i.e. FIR-selected source versus optically selected source, 
urv e y area (with larger surv e ys having smaller cosmic variance
rrors) or something else. The cause of the strong evolution in dust
uminosity and the nature of the evolution of the dust content in
alaxies in recent cosmic history still remain contro v ersial (see the
e vie w by P ́eroux & Howk 2020 ). 

In this paper, we study the dust content of galaxies taken from the
ame region of sky as B18 , but through a catalogue formed of galaxies
elected on their FIR emission rather than their stellar content. We 
erive the dust masses for these sources using two methods. First,
e use the method outlined in D 11 , which relies upon using the

pectral energy fitting code MAGPHYS (da Cunha, Charlot & Elbaz 
008 ). Secondly, we perform a stacking analysis similar to Bourne 
t al. ( 2012 ), where we stack the Herschel luminosities of galaxies
e assume to have similar FIR SEDs in order to search for trends in
ust properties with redshift and luminosity. We use both methods to
erive DMFs in five redshift slices out to z = 0 . 5. We test whether
electing galaxies on their dust content (FIR emission, e.g. this work,
11 , Millard et al. 2021 ) rather than for their stellar population (e.g.
18 ; Driver et al. 2009 ) introduces systematic differences in the
MF at different epochs. We also test whether we can reproduce the

apid change in the dust content of galaxies o v er the past 5 billion
ears, using a larger sample. Throughout this work, we assume a
osmology of �m 

= 0 . 3, �� 

= 0 . 7, and H 0 = 70 km s −1 Mpc −1 . 

 T H E  DATA  

.1 The sample 

he FIR and sub-mm imaging data used to derive dust masses in
his work are provided via the H -ATLAS 

2 (Eales et al. 2010 ) DR1
ample. H -ATLAS is the largest extragalactic Open Time survey 
sing Herschel spanning ∼ 660 deg 2 of sky with 600 hours of
bservations in parallel mode across five bands (100 and 160 μm
ith PACS – Poglitsch et al. 2010 , and 250, 350, and 500 μm with
PIRE – Griffin et al. 2010 ). H -ATLAS was specifically designed

o o v erlap with other large-area surv e ys such as SDSS and GAMA. 3 

he GAMA surv e y is a panchromatic compilation of galaxies built
pon a highly complete magnitude-limited spectroscopic surv e y of 
round 286 deg 2 of sky (with limiting magnitude r petro ≤ 19 . 8 mag).
s well as spectrographic observations, GAMA has collated broad- 
and photometric measurements in up to 21 filters for each source
rom ultraviolet (UV) to FIR/sub-mm (Driver et al. 2016 ; Wright et al.
017 ). The imaging data required to derive photometric measure- 
ents come from the compilation of many other surveys: GALEX 

edium Imaging Surv e y (Bianchi & GALEX Team 1999 ); the SDSS
R7 (Abazajian et al. 2009 ); the VST Kilo-degree Survey (VST
iDS, de Jong et al. 2013 ); the Vista Kilo-degree Infrared Galaxy

urv e y (Jong et al. 2013 ); the Wide-field Infrared Survey Explorer
Wright et al. 2010 ); and the H -ATLAS (Eales et al. 2010 ). Here,
e use galaxies in the three equatorial fields of the GAMA surv e y

G09, G12, and G15), co v ering ∼ 180 de g 2 of sk y between them.
he GAMA/ H -ATLAS o v erlap spans approximately 145 deg 2 . 
Photometry in the five Herschel bands for the H -ATLAS DR1

s provided in Valiante et al. ( 2016 ) based on final Herschel maps
escribed in full in Smith et al. ( 2017 ). Sources were selected initially
t 250 μm using MADX with SNR > 4 in any of the three SPIRE
ands. In theory, the selection of galaxies from the FIR maps could
epend on any of the three SPIRE bands, but in practice this selection
s mostly determined by the 250- μm flux. Bourne et al. ( 2016 )
dentified optical counterparts to the H -ATLAS sources from the 
AMA catalogue using a likelihood ratio technique (Smith et al. 
011 ), we set the likelihood ratio reliability to R > 0 . 8 and we flag
uasars. The final sample in this work consists of 29 241 galaxies at
 ≤ 0 . 5. A high portion of galaxies in this sample (75 per cent) have
nly one Herschel band with a > 4 σ measurement. 

.2 Redshifts 

here available, spectroscopic redshifts are used. GAMA compiled 
 catalogue of supplementary spectroscopic redshifts from SDSS 
MNRAS 535, 3162–3180 (2024) 
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M

Figure 1. The fraction of galaxies in the sample with spectroscopic redshifts. 

Table 1. The number N and fraction F of galaxies with spectroscopic 
redshifts in each redshift slice. The number of sources with MAGPHYS fits 
are shown in the last column. 

Redshift Spec z MAGPHYS 

N F N F 

0.0–0.1 3609 0.96 3454 0.93 
0.1–0.2 7265 0.94 7095 0.92 
0.2–0.3 5443 0.86 5400 0.85 
0.3–0.4 3609 0.62 3604 0.62 
0.4–0.5 1684 0.30 1617 0.29 
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R7 and DR10 (Ahn & et al. 2012 ), WiggleZ (Drinkwater et al.
010 ), 2SLAQ LRG and QSO samples (Cannon et al. 2006 ; Croom
t al. 2009 ), 6dF (Jones et al. 2009 ), MGC (Driver et al. 2005 ),
QZ (Croom et al. 2004 ), 2dFGRS (Colless et al. 2001 ), and UZC
Falco et al. 1999 ). Further spectroscopic redshifts were provided for
his work from the Herschel Extragalactic Legacy Project (Oliver
t al. 2012 ; Shirley et al. 2021 ). H -ATLAS did produce their
wn photometric redshifts using ANNZ , an artificial neural network
Collister & Lahav 2004 ); ho we ver, these were shown to be biased
eyond a redshift of ∼ 0 . 3 by D11 . For those galaxies with no
pectroscopic redshift, we use photometric redshifts from the KiDS
atalogue (Jong et al. 2017 ). There are two different estimates for the
edshift available from KiDS, first using an artificial neural network
NNZ2 (the successor to ANNZ , Sadeh, Abdalla & Lahav 2016 ), and
econdly the Multi Layer Perceptron with Quasi Newton Algorithm
 MLPQNA ; Bilicki et al. 2018 ). A comparison of the redshift estimates
rom the available sources is provided in Appendix A . Generally the
hotometric redshifts from ANNZ calculated by H -ATLAS are in
ood agreement with both sets of redshifts from KiDS, albeit with a
mall tendency for H -ATLAS to underestimate the redshift compared
o KiDS at higher z. We choose to use the MLPQNA photometric
edshifts for galaxies without a spectroscopic redshift in this work
 N ∼ 7000). The fraction of sources with spectometric redshifts is
iven in Fig. 1 and Table 1 . 

.3 Calculating luminosities 

onochromatic rest-frame luminosities are calculated using the
ersc hel flux es deriv ed by the H -A TLAS consortium (V aliante et al.
NRAS 535, 3162–3180 (2024) 
016 ), and the equation: 

 ν = 

4 πD 

2 
L S νk 

(1 + z) 
, (1) 

where L ν and S ν are the luminosity and flux at frequency ν,
espectively, D L is the luminosity distance, z is the redshift of the
ource, and k is the k-correction. This is given by 

 = 

(
νrest 

νobs 

)3 + β e hνobs /k B T d − 1 

e hνrest /k B T d − 1 
, (2) 

here νobs and νrest are the observed and rest-frame frequency,
espectively, k B is the Boltzmann constant, β is the dust emissivity
ndex, and T d is the dust temperature. In deriving the LF here (and in
rder to compare with previous works), we follow D11 and B18 and
orrect for the field-by-field density variations in the GAMA fields
t z < 0 . 1. The fields are corrected by a factor of 1.36, 1.22, and
.98, to account for the underdensity in regions G09 and G15, and
he o v erdensity in G12, respectiv ely, Wright et al. (2017 ). 

 ESTIMATING  DUST  PROPERTIES  

e perform two methods of estimating dust properties for the
alaxies in the H -ATLAS DR1 fields. First, we fit IR-submm SEDs of
ndividual galaxies (Section 3.1 ), and secondly we put galaxies into
edshift and luminosity bins and fit their stacked SEDs (Section 3.2 ).

.1 MAGPHYS estimates of dust properties 

he SED-fitting tool MAGPHYS (da Cunha et al. 2008 ) was applied
o a subsection of the H -ATLAS DR 1 galaxies (Eales et al. 2018 ) at
edshifts < 0 . 5 using the method outlined in Smith et al. ( 2012 ). In
he first instance, we only fit galaxies with a spectroscopic redshift . 

MAGPHYS fits model SEDs to galaxy spectra using χ2 minimization
nd vast libraries of optical and FIR models. MAGPHYS requires
nergy balancing, so that all the energy absorbed in the optical regime
ust be re-radiated in the FIR regime. It returns various stellar and

ust properties, returning both a ‘best fit’ for each parameter as well
s percentile values corresponding to the median, and the 1 σ , 2 σ ,
nd 3 σ confidence intervals. The number of galaxies with a dust
ass derived using MAGPHYS is 21 187 galaxies i.e. ∼72 per cent of

he sample. 

.1.1 Deriving a relationship between 250- μm luminosity and dust 
ass 

o obtain a dust mass estimate for the remaining ∼ 30 per cent of
ources not fit by MAGPHYS , we scale the 250- μm luminosities ( L 250 )
ollowing the method described in D11 . They used a sample of 1120
alaxies from H -ATLAS in the SDP field to show that the observed
 250 and dust mass can be described by a simple linear relationship, 

og ( M d ) = log ( L 250 ) − C, (3) 

ith C = 16 . 47. Here, we carry out the same analysis on a sample
20 times larger, an order of magnitude increase in the sky area

nd two orders of magnitude increase in the 250- μm luminosity
ange. We derive the same value ( C = 16 . 46, Fig. 2 ). We use this
elationship to estimate the dust masses for the galaxies without
pectroscopic redshifts. Although this may introduce bias into our
esults since the galaxies used to derive the relationship will be those
hat are optically bright enough to have a spectroscopic redshift.
o we ver, using this relationship is, in effect, the same as applying
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Figure 2. Top panel: the best-fitting dust masses and luminosities of 21 187 
galaxies from the H -ATLAS DR1 with a spectroscopic redshift < 0 . 5 derived 
using MAGPHYS (Eales et al. 2018 ). A linear relationship is fit to the data and is 
compared to the previous fit to the ∼1000 H-ATLAS SDP field D11 . Bottom 

panel: A residual plot indicating the spread of the data which is large at 
redshifts greater than 0.35. 

a  

∼  

o  

e
t  

g  

2  

o
s

 

r  

w
r
o  

p  

r  

i  

t  

w  

M

g  

a  

o
T  

d  

p  

f  

l

3

A  

w
t
m
t  

o
2

Figure 3. Top panel: the cold dust temperature for the sample of galaxies 
returned by MAGPHYS (Eales et al. 2018 ) as a function of redshift, coloured 
by their 250- μm luminosity. The mean dust temperature as a function of z is 
shown as a solid line with dashed lines to indicate the 1 σ error on the mean. 
Bottom panel: the cold dust temperature versus 250- μm luminosity coloured 
by redshift. Here, we only show those galaxies which have a detection in one 
of the PACS bands or at 350- μm as well as the 250- μm detection. 
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 one-component MBB (1MBB) with T d = 20 K to the remaining
8000 sources ( D11 ). As such, the resulting dust masses may be

 v er or underestimated depending on the ‘true’ dust temperature for
ach source. Although many studies of nearby galaxies have found 
hat 20 K is a good approximation of the dust temperature for most
alaxies (e.g. Dunne & Eales 2001 ; Draine & Li 2007 ; Bendo et al.
010 ; Boselli et al. 2010 ). Clark et al. ( 2015 ) found that for a sample
f local FIR-selected galaxies, the average dust temperature was 
ignificantly lower at 14.6 K. 

The relationship derived here may not be valid o v er the redshift
ange probed in this work. Table 1 shows that the fraction of galaxies
ith an individual dust mass measurement from MAGPHYS decreases 

apidly after a redshift of 0.3 and we become increasingly reliant 
n the L 250 −M d relation derived from our training set beyond this
oint. To check the effect of this, we split the data set into five
edshift slices and re-fitted L 250 − M d . We found a negligible change
n the resulting value of C ( < 0.01) suggesting that the average dust
emperature as a function of redshift is stable in this range. In Fig. 3 ,
e show the evolution of the best-fitting cold dust temperature from
AGPHYS with redshift (top panel) and L 250 (bottom panel) for those 
alaxies which have either a 4 σ detection in either a PACS band, or
t 350 μm well as a 4 σ detection in L 250 . We do not see any evolution
f cold dust temperature with either redshift or 250- μm luminosity. 
he cluster of galaxies seen at the coldest dust temperatures is likely
ue to MAGPHYS returning the lower limit of its cold dust temperature
rior (which is set to be flat across the range 15–25 K). This accounts
or approximately 18 per cent of the sample. We will return to this
ater. 

.2 A stacking analysis of the H-ATLAS equatorial field sample 

 high portion of galaxies in our sample have only one Herschel band
ith a > 4 σ measurement. Fitting a modified blackbody (MBB) to 

hese individual SEDs might therefore produce biased dust mass 
easurements. For this reason, we sought a different way to quantify 

he dust properties of galaxies, and so we perform a stacking analysis
n the Herschel luminosities to derive dust properties in different 
50- μm luminosity and redshift ( L − z) bins. 
.2.1 Calculating stacked luminosities 

e initially calculate 250- μm luminosities for each galaxy assuming 
 general MBB SED shape with β = 2 and T d = 20 K. We then split
he galaxies into five equal redshift bins in increments of 0.1. From
here, we split the lowest redshift bin into five equal size log ( L ) bins.
o ensure that there are sufficient number of statistics in any given
in, if any log ( L ) bin has fewer than 20 galaxies it is aggregated
nto the next closest log ( L ) bin. For the remaining redshift bins, we
ut all of the galaxies into one log ( L ) bin. Binning in this way gives
ine L − z bins. We initially used two even log( L ) bins for these
edshift slices; ho we ver, we found that this resulted in having one
ery densely populated bin and one very sparsely populated one. 
rouping the most extreme galaxies in each redshift slice meant that

he masses and temperatures derived for these galaxies were noisy. 
plitting into the nine L z bins means that we can probe any trends

n dust temperature with redshift or luminosity, whilst ensuring that 
he SED shapes of the galaxies in any bin are likely to be similar, i.e.
he stacked SED ought to be representative of most of the galaxies
n the L − z bin. 
MNRAS 535, 3162–3180 (2024) 
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Traditionally for this kind of analysis, the inverse variance
eighted average (IVWA, Hartung, Knapp & Sinha 2008 ) would
e used to find the stacked luminosities in each bin since it gives the
o west v ariance estimate of the average. The IVWA ( ̂  y ) of a quantity
 is given by 

ˆ  = 

∑ 

N y i /σ
2 
i ∑ 

N 1 /σ
2 
i 

, (4) 

here N is the number of independent observations, and y i and σi 

re the value and variance of the i th measurement., respectively The
ariance ( D 

2 ( ̂  y )) associated with the IVWA is given by 

 

2 ( ̂  y ) = 

1 ∑ 

N 1 /σ
2 
i 

. (5) 

Comparing the median and mean estimates of the average, it
ecame apparent that whilst the IVWA may give the answer with
he least variance, this estimate is biased when used for values with a
arge (orders of magnitude). In the case where a constant uncertainty
s assumed, galaxies with a lower signal, and therefore lower absolute
oise, will be erroneously up-weighted using this technique. We
herefore opt to use the median, which is not biased in this way. 

At this step, in order to minimize the effect of using a poor
epresentation of the SED shape to find the k-correction, we simply
pply the correction to shift the SED of the stacked bin to the
edian redshift in each bin rather than to z = 0, this is a smaller

orrection and so will introduce less bias. We account for this redshift
y adjusting the temperatures by (1 + z) within the MBB-fitting
tage. Once the SED has been fitted with an MBB, we re-calculate
he luminosities of each L − z bin assuming that the shape is well
epresented by the best-fitting MBB. 

The statistical uncertainties for the stacked luminosities with more
han 500 galaxies in each bin are estimated using the Gott et al. ( 2001 )

ethod. In brief, given N measurements M i in order of value, then
he probability that the median of the underlying population from
hich the sample is drawn lies between M i and M i+ 1 is 

 = 

2 N N ! 

i !( N − i )! 
. (6) 

e then define r = i/N and M ( r ) = M i . The expectation value of
 is simply 0.5, and the standard deviation is given by 1 / (4 N ) 0 . 5 .
or bins with fewer galaxies, we perform a simple bootstrapping
nalysis where we resample with replacement and use the bootstrap
rror as described in B18 . To this statistical uncertainty, we add the
alibration errors for PACS and SPIRE in quadrature, which are 7
nd 5.5 per cent, respectively. 

.2.2 Fitting modified blackbodies to the stacked SEDs 

o find dust properties for the galaxies in each L − z bin, we
ttempt to fit both one and two-component modified blackbodies
o the stacked SEDs. To find the best-fitting SED shapes we use
he PYTHON package ‘lmfit’, specifically its implementation of the

onte carlo Markov Chain (MCMC) PYTHON package ‘ EMCEE ’
F oreman-Macke y et al. 2013 ; Newville et al. 2016 ). The posterior
istributions are sampled by EMCEE , and the user sets up a log-
osterior probability, essentially calculating the probability that the
ombination of parameters at the current step represents the ‘true’
 alues, gi v en the observ ed data. We use the median of the probability
istributions for each parameter as the best-fitting value, and the
6 th and 84 th percentiles for the 1 σ uncertainty estimates. The
NRAS 535, 3162–3180 (2024) 
quations describing the MBB functions are 

 ν = 4 πκν( β) M d B ( ν, T d ) , (7) 

or a single-component MBB, where the dust emissivity spectral
ndex ( β), dust mass ( M d ), and dust temperature ( T d ) are allowed to
ary, and: 

 ν = 4 πκν( β) 
[
M d , w B ( ν, T d , w ) + M d , c B( ν, T d , c ) 

]
(8) 

or a two-component MBB (2MBB), where T d , w and T d , c are the warm
nd cold temperatures, respectively, and M d , w and M d , c are the warm
nd cold mass components, respectively. We choose to limit our dust
emperatures to the same values assumed by MAGPHYS for the cold
ust component (15 −25 K) but assume a wider range of 20 −60 K for
he warm dust temperature instead of the 30 −60 K used by MAGPHYS )
he warm dust temperature of individual galaxies can only be
onstrained when PACS data are present, ho we ver, most indi vidual
alaxies are not detected by PACS in our sample, particularly at
edshifts > 0 . 2 where the fraction drops to < 5 per cent. The stacking
nalysis is therefore necessary to probe the evolutionary trends in our
ata since so few galaxies at higher redshifts will have a sufficient
ignal-to-noise in either of the PACS bands to constrain the warm
omponent through fitting the SEDs of individual galaxies. 

Our main concern is not how much mass is assigned to each
omponent but rather the total mass, we therefore instead choose to
t the total mass and the fraction of mass in the cold component by
ampling the total mass in the MCMC rather than the warm and cold
asses. We also marginalize o v er the warm temperature by finding

he optimum mass-weighted temperature ( T d , MW 

). This is defined as
he average of the cold and warm components as weighted by their
ndividual masses, and is given by 

 d , MW 

= 

M d , c T d , c + M d , w T d , w 

M d , c + M d , w 
= T d , c + 

(
T d , w − T d , c 

)(
1 + 

M d , c 

M d , w 

)−1 

. 

(9)

Marginalizing the parameters in this way gives two advantages:
rst, the warm component properties will al w ays be much noisier

han the cold component. This is because the constraints on the
arm dust component are weaker than the cold dust component

ince its emission will peak at higher frequencies where we have less
o v erage. Secondly, the total mass and mass-weighted temperature
re better indicators of the o v erall dust properties corresponding to a
MBB than individual warm and cold components. 
We allow β to vary for the 1MBB since it can impro v e the fit to the

ED shape. Ho we ver, the data is not sufficient to constrain β for the
MBB. Instead we simulate grids of FIR colours (250 μm/350 μm
nd 100 μm/160 μm) assuming a fixed β = 1 . 8 and 2 with fixed
 d , w = 40 K, T d , c varying between 12 and 30 K, and a cold to warm
ass ratio varying between 0 and 1. The sets of simulated grids

re shown in Fig. 4 . The observed colour ratios of the stacked
50 μm/350 μm and 100 μm/160 μm corrected to the bin centre are
lso shown for comparison. (Here we show the grids as they
ould appear if redshifted to 0.5; we choose to redshift the grid

ather than show rest-frame colours since this does not rely on k-
orrections based on SED fits.) We see that the simulated grid with
xed β = 2 is a better fit to the parameter space sampled by the
tacked observations, and so we choose to use this value in the two-
emperature component stacked fits. When deriving dust masses for
he stacked bins, we use the James et al. ( 2002 ) dust mass absorption
oefficient κ850 μm = 0 . 077m 

2 kg −1 in line with that used in B18 , D11 ,
nd Driver et al. ( 2018 ). Hereafter, we will refer to the one and two
emperature MBB fits as 1MBB and 2MBB, respectively. 
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Figure 4. The observed 100 μm/160 μm colours for the H -ATLAS sample 
stacked SEDs in the L − z bins described in Section 3.2.1 against their 
observed 250 μm/350 μm colours. We sho w grids of e venly increasing cold 
temperature (text at the bottom of the grid) and cold/warm mass ratio (text at 
the top of the grid) with a constant warm temperature of 40 K for β values of 
1.8, and 2 as though observed at z = 0 . 5. 
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4 A ‘cold SED’ in this scenario is defined as galaxies where the rest-frame 
wavelength of the IR peak is longer than 90 μm. 
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.2.3 Results from the stacked SEDs 

he best-fitting SED parameters for all L − z bins for the 2MBBs
re listed in Table 2 . The differences in the one and two temperature
omponent MBB fits are discussed further in Appendix B with 
xamples of the best-fits in Figs B1 and B2 , and the results for
he 1MBB fit provided in Table B1 . 

The dust temperature from the 1MBB is essentially luminosity 
eighted, since it accounts for the majority of the luminosity, unlike 

he mass-weighted temperature from the 2MBB which accounts for 
ost of the mass. Since k-correcting an SED with one temperature 

omponent is simpler than one with two components, we choose to 
alculate the rest-frame L 250 of each galaxy using the k-corrections 
ased on the 1MBB fit of its L − z bin. The 1MBB gives a good
epresentation of the shape of the stacked SEDs and so using this
uminosity-weighted estimate of the temperature will reproduce the 
hape of the SED much more reliably than the mass-weighted 
emperature. In order to calculate dust masses for each galaxy, we use
ts rest-frame 250- μm luminosity and the mass-weighted temperature 
f its L − z bin along with equation ( 7 ). Hereafter, we will refer to
he dust temperatures from the 1MBB and 2MBB fits as luminosity-
eighted and mass-weighted temperatures, respectively. 
Fig. 5 (left panel) shows that the dust temperatures derived from the

MBB fits can be vastly different to the mass-weighted temperatures 
erived from the 2MBB fits for each L − z bin (see e.g. SEDs in
ig. B1 ). The largest offsets from the one-to-one relationship are 
een in the SEDs with the lowest mass-weighted dust temperatures 
these L − z bins are the three lowest 250- μm luminosity bins in the
owest redshift slice), where there is evidence for dust temperatures 
t < 20 K. These stacked SEDs are similar to those dust-rich (in
omparison to their stellar mass) sources with dust temperatures 
3 −20 K found in the 250- μm-selected blind surv e y of Clark et al.
 2015 ). We are likely only sensitive to these sources in the lowest
edshift slice since the galaxies contained in these L − z bins drop
ut of our surv e y due to having low absolute dust masses ( < 10 6 M �)
nd cold dust temperatures (therefore lower 250- μm luminosities). 
his discrepancy in T d (1MBB fit) and T d , MW 

(2MBB fit) for these
ow-luminosity and cold dust temperatures results in an offset of 
0 . 16 dex in dust mass between the fits to the stacked data as shown
n Fig. 5 (right panel). At higher luminosities, the offset is smaller
ut still positive. 

.2.4 Dust temperature with redshift 

oth Dunne et al. ( 2000 ) and Dale et al. ( 2001 ) reported that the
ust temperatures of nearby galaxies ( z < 0 . 1) seem to have a strong
orrelation with their IR luminosity. The same correlation is not 
een at higher redshifts (see e.g. Coppin et al. 2008 ; Symeonidis
t al. 2009 ; Amblard et al. 2010 ; Rex et al. 2010 ; Seymour et al.
010 ; Symeonidis, P age & Se ymour 2011 ) though the temperature
ependence observed in the evolution of the IR LF at high z is
ttributed to ‘cold SED’ galaxies 4 changing more rapidly with 
edshift in comparison to warmer galaxies. 

Is there evidence for any evolution in the dust temperature in the
IR-selected galaxies in this work? In Fig. 6 , we compare the mass-
eighted and luminosity-weighted temperatures with L 250 and M d 

n different redshift bins. The mass-weighted temperatures in the 
owest redshift slice are a strong function of L 250 and M d . This is
nsurprising since dust becomes increasingly bright per unit mass 
ith increasing temperature, and where there is more dust we will
aturally expect more emission. We see a shallow and steady increase
n mass-weighted temperature for each subsequent redshift slice, 
ut since we also see an increase in L 250 in these bins we cannot
isentangle whether redshift or luminosity is the most important 
actor in this increase. 

Unlike the results from the MAGPHYS fits to individual galaxies, 
ur stacking analysis supports an increasing mass-weighted dust 
emperature with redshift or luminosity. 

.3 Comparison of the dust properties from MAGPHYS and 

tacking 

n this section, we briefly compare the dust mass estimates for the
ample from (i) fitting MAGPHYS to individual galaxies and (ii) using
he 250- μm flux density and the stacked SEDs in L – z bins (Fig.
 ). Generally the dust masses are similar for galaxies in the low-
edshift ( z < 0 . 1) slice with a median offset of only ∼0.01 dex, but
ith a significant scatter around 1 dex. Fig. 7 (left panel) shows that
AGPHYS tends to assign lower dust masses at low luminosities 

nd higher masses at high luminosities than the 2MBB stacked 
ust masses. At higher redshifts (Fig. 7 , right panel), the MAGPHYS

ust masses are generally higher. This may point to a bias within
ither the MAGPHYS- fitting routine, or with the stacking analysis, 
r even both. In B18 , we briefly discussed the potential flaws of
sing MAGPHYS to fit the SEDs of galaxies with faint FIR emission,
amely its propensity to return the priors on the parameters. It is
robably this effect of returning the median of the prior for the cold
emperature (15 K) that causes the difference in the dust masses,
ince the mass-weighted temperatures in the higher redshift slices 
re all abo v e this value. Therefore, this suggests that the MAGPHYS

esults will be biased to higher masses. As the cold dust emission
s fainter in comparison to warmer emission at higher redshifts, the
ts to the high redshift stacked SEDs will be more sensitive to warm
ust and less sensitive to cold dust. 
In this section, we derived dust properties of 29 241 FIR-selected

alaxies at z < 0 . 5 using two different approaches: SED fitting
MNRAS 535, 3162–3180 (2024) 
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Table 2. The best-fitting SED parameters derived for the stacked galaxies in each of our L − z bins using the two temperature component MBB fits. The value 
quoted is the median ± 16th and 84th confidence intervals. The equivalent information for the 1MBB is given in Table B1 . 

�z � log L 250 N T d , W 

T d , C T d , MW 

log M w log M c log M d , tot χ2 

(W Hz −1 ) (K) (K) (K) (M �) (M �) (M �) 

0.002–0.1 21.6–22.2 27 27.5 ±8.2 15.2 ±0.6 16.3 ±0.5 4.44 ±0.04 5.45 ±0.02 5.49 ±0.04 1.29 
0.002–0.1 22.2–22.9 167 25.2 ±2.4 15.1 ±0.2 16.2 ±0.2 5.56 ±0.02 6.48 ±0.01 6.53 ±0.01 2.92 
0.002–0.1 22.9–23.6 1147 25.1 ±3.5 16.0 ±0.6 17.7 ±0.4 6.44 ±0.03 7.09 ±0.01 7.18 ±0.03 1.18 
0.002–0.1 23.6–24.3 2201 25.4 ±4.2 19.0 ±1.0 20.5 ±0.5 6.83 ±0.06 7.36 ±0.05 7.48 ±0.02 0.58 
0.002–0.1 24.3–25.0 199 25.6 ±4.7 21.9 ±1.6 22.9 ±0.5 7.34 ±0.14 7.75 ±0.14 7.89 ±0.02 0.57 
0.1–0.2 23.7–25.3 7739 29.7 ±19.4 19.9 ±1.6 20.7 ±0.5 6.88 ±0.08 7.93 ±0.07 7.97 ±0.02 0.18 
0.2–0.3 24.2–25.4 6365 49.0 ±77.2 20.9 ±0.4 21.1 ±0.3 6.29 ±0.02 8.49 ±0.0 8.49 ±0.02 0.26 
0.3–0.4 24.5–26.1 5861 57.1 ±75.2 21.1 ±0.2 21.3 ±0.2 6.46 ±0.01 8.86 ±0.0 8.86 ±0.01 0.77 
0.4–0.5 24.7–25.8 5535 58.1 ±73.7 21.3 ±0.2 21.5 ±0.2 6.74 ±0.01 9.18 ±0.0 9.18 ±0.01 0.65 

Figure 5. Left panel: a comparison of the temperature from the one and two temperature component (luminosity weighted and mass weighted, respectively) 
MBB fits to the stacked SEDs with median redshift in the bins. The dashed line shows the one-to-one relationship. Right panel: the difference between the 
temperature from the 2MBB (mass weighted) and the 1MBB fits (luminosity weighted) with 250- μm luminosity. 

Figure 6. The mass-weighted (large opaque points) and luminosity-weighted (smaller transparent points) dust temperatures from the best-fitting stacked 
SEDs as a function of left: 250- μm luminosity and right: the best-fitting dust mass. In each figure, the temperature value comes from the median of the 
probability distribution for each L − z bin, and the uncertainties come from the 16 th and 84 th percentile values from these probability distributions. For the 
lowest redshift slice 0 . 002 < z < 0 . 1 (where more than one L − z bin is used), we link the points with a straight line to emphasize the evolution of temperature 
in this slice. The solid translucent points represent the mass-weighted temperatures, and the smaller empty data points represent the luminosity-weighted 
temperature. 
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Figure 7. The difference between the MAGPHYS- based log dust masses and the 2MBB stacked log dust masses as a function of 250- μm luminosity for (left 
panel) z < 0 . 1 and (right panel) z < 0 . 5. 

Figure 8. The 250- μm luminosities for the H -ATLAS sample as a function 
of redshift. 
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f individual galaxies with MAGPHYS and SED-fitting of galaxies 
tacked in bins of L − z. There is a tendency for MAGPHYS to assign
ower dust masses to galaxies with low 250- μm luminosity and higher

asses at high L 250 in comparison to the two-component fits to the
tacked SEDs. We suggest this might be due to MAGPHYS returning 
he prior dust temperature for sources with faint FIR emission and 
ow signal-to-noise. This also provides an explanation for the lack of
volution in the dust temperature seen when using MAGPHYS fits (in
11 and Section 3.1 ) compared to the evolution in dust temperature

learly seen with the stacked method (Fig. 6 ). 
In Fig. 8 , we show L 250 as a function of redshift for our full sample

n order to illustrate the difficulty of choosing a luminosity range 
 v er which to test the evolution of dust properties with redshift. We
annot choose a luminosity slice which is well populated across all 
edshifts. We saw earlier that the luminosity-weighted temperature 
as a shallow evolution with luminosity in the lowest redshift slice 
nd an increase with dust mass, luminosity and redshift in the 
igher redshift bins. In the case of both luminosity- and mass-
eighted temperature, we expect decreased sensitivity to cold dust 
ith redshift since the ef fecti ve range of rest-frame frequencies will
e higher, but it is unlikely that this effect could account for all of
he evolution we see. It is not possible to distinguish whether the
volution in dust temperature we see in the stacked method is driven
y increasing redshift or luminosity. 
Next, we use the dust properties for our galaxies to produce

tatistical functions of the luminosity and dust mass and search for
rends in redshift. 

 D E R I V I N G  STATISTICAL  F U N C T I O N S  

.1 Completeness corrections 

o derive mass functions for our FIR-selected sample, we first need
o consider the completeness of our surv e y. Here, we outline our
ethod for correcting the number counts of sources using estimates 

f completeness for the submm and optical catalogues, as well as
ncompleteness introduced by matching the submm sources to optical 
ounterparts. 

.1.1 Submillimetre catalogue completeness 

he submm catalogue completeness correction ( c s ) is set by both
he flux limit of the surv e y and the source extraction process used
o compile the H -ATLAS catalogue. To estimate this, Valiante et al.
 2016 ) simulated sources, added them to the H -ATLAS maps and
erformed the same source extraction technique as used to create 
he observed source catalogue. This allows one to determine the 
ikelihood that sources are lost to noise. The values for the submm
atalogue completeness corrections as a function of 250- μm flux are
isted in Table 3 . 

.1.2 Optical catalogue completeness 

ptical data for the galaxies in our sample is taken from the SDSS
atalogue, which has a magnitude limit of 22.4 in the r band. Given
hat the SDSS catalogue is close to 100 per cent completeness to the

agnitude M r = 21 . 5 mag, D11 fit a linear slope to the logarithm of
he number counts of sources in bins between these magnitudes. This
t was extrapolated to fainter magnitudes and compared to observed 
umber counts in order to find the completeness c r . We use the same
MNRAS 535, 3162–3180 (2024) 
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Table 3. Corrections for incompleteness in the submm ( c s ) for different 
250- μm flux ranges ( S 250 μm 

), optical catalogues ( c r ) for different magnitude 
ranges ( M r ), and in the source identification ( c z ) in redshift bins. 

S 250 μm 

(Jy) c s N Per cent 

20.6–25.4 1.357 383 1.3 
25.4–31.2 1.151 4461 15.3 
31.2–38.3 1.073 8536 29.2 
38.3–47.0 1.029 5776 19.8 
47.0–57.8 1.012 3819 13.1 
57.8–71.0 1.009 2324 7.9 
71.0–87.2 1.006 1408 4.8 
M r (mag) c r N Per cent 
21.5–21.6 1.10 131 0.45 
21.6–21.7 1.14 123 0.42 
21.7–21.8 1.21 118 0.40 
21.8–21.9 1.29 100 0.34 
21.9–22.0 1.42 110 0.38 
22.0–22.1 1.62 82 0.28 
22.1–22.2 1.9 96 0.33 
22.2–22.3 2.33 76 0.26 
22.3–22.4 5.88 72 0.25 
z c z N Per cent 
0.0–0.1 1.095 3741 13.0 
0.1–0.2 1.140 7739 26.9 
0.2–0.3 1.244 6365 22.1 
0.3–0.4 1.385 5861 19.8 
0.4–0.5 1.451 5535 18.2 

Note. N is the number of sources in each flux bin and the final column shows 
the percentage of the total source catalogue. 
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orrections calculated in D11 here, and the corrections as a function
f absolute r-band magnitude ( M r ) are listed in Table 3 . 

.1.3 ID completeness 

ourne et al. ( 2016 ) obtained optical IDs for the H −ATLAS sources
sing a likelihood ratio technique. The completeness c z of the
 −ATLAS catalogues was derived from the number of reliable

Ds and the number of sources they estimate will have counterparts
hich will be visible both in the optical and submm catalogues. The

ompleteness corrections ( c z ) required as a function of redshift are
isted in Table 3 . 

.2 The luminosity function and estimators 

e use two methods to calculate the luminosity and mass functions.
irst, the traditional V max method (Schmidt 1968 ), and secondly

he method proposed by Page & Carrera ( 2000 , hereafter the PC00
ethod) with the important addition of multiplicative corrections for

he sources of incompleteness described in Section 4.1 . The V max 

olume density φ in Mpc −3 dex −1 is given by 

( L i ) = 

N i ∑ 

n = 1 

c r c s c z 

V max 
, (10) 

here the sum e xtends o v er the number of galaxies N in the i th bin,
 max is the accessible volume and c r , c s , and c z are the completeness
orrections (Section 4.1 ). We calculate the volume accessible to each
alaxy using its SED shape, luminosity, and limiting signal-to-noise
atio (SNR). We find the maximum redshift available to each galaxy
umerically by minimizing the following: ∣∣∣∣L ν(1 + z) 

4 πD 

2 
L k 

− S ν, lim 

∣∣∣∣ , (11) 
NRAS 535, 3162–3180 (2024) 
here L ν is the luminosity of the galaxy at frequency ν, D L is the
uminosity distance, k is the k-correction of the source based on the
ED shape of the L − z bin of the galaxy, and S ν, lim 

is the limiting
ux for which the source would be visible based on the properties
f the H -ATLAS surv e y. Although this can be at any wavelength, in
ractice this tends to the SNR at 250 μm, and so we use four times
he uncertainty on the 250- μm flux as our value of S ν, lim 

. The SED
hape properties T d and β were taken from the one-component MBB
ts to the stacked SED of appropriate L − z bin for each galaxy. 
Next, we use a modified version of the PC00 method. Once again

e include corrections for the various forms of incompleteness. The
C00 method has the advantage of not needing to use (sometimes
oor quality) data to derive the accessible volume, nor does it
 v erestimate the accessible volume for galaxies near the flux limit in
ach redshift slice (PC 00 ). 

The PC00 method takes the form: 

( L i ) = 

∑ N i 
n = 1 c s c z c r ∫ L max 

L min 

∫ z max ( L ) 
z min 

d V 
d z d z d L 

. (12) 

The quantity d V d z refers to the path the galaxies in the bin take
hrough luminosity-volume space with redshift. L min and L max are the
inimum and maximum luminosities of the bin, z min and z max ( L ) are

he minimum redshift of the slice, and the maximum redshift to which
 source with luminosity L could be detected within the flux limit
ith a given k-correction, but is not allowed to exceed the maximum

edshift of the slice. In essence here the volume is taken from the
ntegral under the curve a source with given intrinsic properties would
ake through the L − z plane, rather than just using the single value
orresponding to the exact redshift at which the source happens to
ie. 

PC00 initially just presented a version of this estimator where
ll galaxies in a bin would follow the same L–z relationship. D11
odified this to allow each galaxy to trace a unique path across

he L–z plane. This is more realistic since the SED properties of
ach galaxy can be different, as well as the complication that the
- ATLAS selection is based on the SNR of a source rather than a

ingle limiting flux across the catalogue, so a different limiting flux
an also be employed. This modified PC00 method takes the form: 

( L i ) = 

N i ∑ 

n = 1 

c s c z c r ∫ L max 

L min 

∫ z max ,i 
z min 

d V 
d z d z d L 

, (13) 

where z max ,i is the maximum redshift across the luminosity bin
or galaxy i, as a function of luminosity, limiting flux, and the
emperature assumed for the MBB fit to the SED. Allowing the
ccessible volume to evolve across the luminosity bin is most
f fecti ve when considering those galaxies which lie close to the
oundary at which they would fall out of the surv e y. 
To derive the LF, we estimate the space density of galaxies in a

iven luminosity bin by bootstrapping with replacement 1000 times.
his produces 1000 values for each luminosity bin of the LF from
hich we estimate the mean and uncertainty to produce the data
oints and error bars in Fig. 9 . We then fit a Schechter function (SF)
o each LF bootstrap realization to quantify the statistical uncertainty
n the best-fitting parameters. In log L space, the SF takes the form: 

( L ; α, L 

∗, φ∗) = φ∗e −10 log L −log L ∗

×
(

10 log L −log L ∗
)α+ 1 

d log L, (14) 

here we have explicitly included the factor ln 10 in the definition of
∗, such that φ∗ is in units of Mpc −3 dex −1 . We use the individual
est-fitting SF fits to find uncertainty estimates for each SF parameter.
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Figure 9. The 250- μm LF based on stacking assuming V max (transparent 
diamonds), and PC00 (opaque circles) estimators in five redshift slices. 
Schechter fits to the LFs for each redshift slice are shown as solid (PC00) and 
dashed ( V max ) curves. Error bars are derived from a bootstrap analysis where 
the variance of 1000 realizations of each LF determines the uncertainty on 
each data point. 
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e also estimate the error in each redshift bin due to cosmic
ariance using the estimator from Driver & Robotham ( 2010 ) 5 for
he full surv e y volume. Naturally, this uncertainty will vary across
he different bins due to the different maximum volumes available to 
he galaxies in each bin. We choose therefore to quote the uncertainty
ue to cosmic variance separately from the statistical uncertainty. 

.3 The dust mass function 

e estimate the DMF using both the V max and PC00 methods and the
asses from the two methods – MAGPHYS and stacking – described in 
ection 3 . For the MAGPHYS method, we estimate the space density
f galaxies in each bin by bootstrapping the space density in the
ame way as described for the LF. The error bars on each data point
re derived using the bootstrap with additional perturbation from the 
AGPHYS uncertainties in individual galaxy dust masses. 
For the stacking method, we use the SED shape derived from

he 2MBB to the stacked SED in each L − z bin and the 250-
m luminosity for each galaxy to derive its dust mass. Errors are
etermined using MCMC fits. 

 RESULTS  

.1 The luminosity function 

n Fig. 9 , we show the difference in the resulting LFs derived from the
C00 and V max LFs with redshift. The largest difference is seen in the

owest luminosity bins which produce lower dust masses for the V max 

F. This nicely illustrates the bias seen in the V max method compared
o the PC00. The median of the best-fitting SF fit parameters is listed
n Table 4 . Since there is not enough data below the knee of the LF to
etermine the low-mass slope for the higher redshift slices, we keep 
constant for redshifts beyond z = 0 . 1 and set it to the value fit to

he lowest redshift bin. 
 cosmocalc.icrar.org 

6

7

a

We fit a function to the luminosity density as a function of redshift,
L ∝ (1 + z) n . Errors are estimated by randomly perturbing the data
ithin the individual error (the combined statistical error from the fit
arameters and the cosmic variance) and refitting the new samples. 
e find n = 6 . 80 ± 2 . 38 provides a good fit using the PC00 estimator

with a similar result from V max ). This is in agreement with the
elationship found by Dye et al. ( 2010 ) for the 250- μm-selected
ources from the 14 deg 2 H -ATLAS SDP field out to z = 0 . 2 ( n =
 . 1) and by Saunders et al. ( 1990 ) for 60- μm sources out to z = 0 . 25
 n = 6 . 7). 

The evolution seen in the LF can either be driven by the properties
f the dust present at different cosmic times, or by the amount of dust
n galaxies at different epochs. If the evolution of the LF was due
o an increase in dust temperature due to increased star formation
ctivity (star formation is known to peak around a redshift of 2),
hen we would expect either the stacking analysis or the MAGPHYS

esults to display a tendency for temperature to increase rapidly with
edshift. Although an increase in T d was seen in the SEDs stacked
n L − z bins, the increase is only of the order of ∼1 K in mass-
eighted temperature in the redshift range 0 . 1 < z < 0 . 5. Such a

mall temperature change would result in a change in luminosity 6 of
 1 . 5, lower than the factor of ∼ 2.5 observed in Fig. 9 . 

.2 The dust mass function 

.2.1 The low redshift dust mass function 

any studies of the DMF focus on the local Universe since until the
aunch of Herschel , it was difficult to observe large areas of sky to a
ufficient depth to measure redshift evolution. Here, we compare 
he lowest redshift slice DMF from this work to the literature.
lthough the low z DMF co v ers the same redshift range as B18

nd D11 , this work represents the largest FIR-selected sample used
o derive a DMF. It is well described by a Schechter fit (Fig. 10
ith fit parameters provided in Table 5 ). The integrated dust mass
ensity ( ρd ) is calculated using the incomplete gamma function to
ntegrate the DMF down to M d = 10 4 M �, in line with B18 . We find
d = (1 . 37 [1 . 47] ± 0 . 08) × 10 5 M � Mpc −3 and dust mass density
arameter �d = (1 . 01 [1 . 08] ± 0 . 06) × 10 −6 for the stacked 2MBB
esults ( MAGPHYS results). 7 The integrated dust density parameter 
orresponds to an o v erall fraction of baryons (by mass) stored in dust
 mb ( dust ) = (2 . 22 ± 0 . 13) × 10 −5 , assuming the Planck baryonic
ensity parameter of 45 . 51 × 10 −3 h 

−2 
70 (Planck Collaboration XIII

016 ). The dust density determined here is 10 per cent lower than
he optically selected DMF from B18 and per cent higher than D11 .
here is no significant offset between the different estimators/surv e ys

n the total integrated dust mass at low redshifts, aside from the
lemens et al. ( 2010 ) and Clark et al. ( 2015 ) studies, where the latter
as the largest uncertainty due to its small volume (larger cosmic
ariance, Fig. 10 , bottom panel). 

Our stacking analysis produces a DMF which has a different 
hape to previous work with more low-dust mass galaxies and fewer
igh-dust mass galaxies (and higher φ∗ with lower M∗). Despite 
his, the dust density parameter is broadly consistent with literature 
alues. The DMF obtained from the MAGPHYS -based dust masses 
s in closer agreement to the previous studies particularly in the
ow- and high-mass ranges. We see no statistically significant offset 
MNRAS 535, 3162–3180 (2024) 

 Adopting a classical L IR ∝ M dust T 
(4 + β) and dust emissivity index β = 2 . 0. 

 To determine the dust density parameter �d , divide ρd by the critical density 
t z = 0 where ρc, 0 = 1 . 36 × 10 11 M � Mpc −3 for our assumed cosmology. 

file:cosmocalc.icrar.org


3172 R. A. Beeston et al. 

M

Table 4. Best-fitting Schechter function (SF) values for LFs derived in five redshift bins for our sample with the PC00 
estimator. 

LF 
z log L 

∗ α φ∗ ρL 

( h 2 70 W Hz −1 ) (10 −3 h 3 70 Mpc −3 dex −1 ) (10 21 W Hz −1 Mpc −3 ) 
Value Error CV 

0 . 0 −0 . 1 24 .11 ± 0.02 −1 .19 ±0.03 1 .42 ± 0.10 3 .88 ±0 .04 ±0 .47 
0 . 1 −0 . 2 24 .10 ± 0.01 −1 .19 4 .10 ± 0.2 4 .45 ±0 .05 ±0 .55 
0 . 2 −0 . 3 24 .45 ± 0.01 −1 .19 1 .27 ± 0.05 7 .44 ±0 .11 ±0 .67 
0 . 3 −0 . 4 24 . 61 ± 0 . 01 −1 . 19 1 . 13 ± 0 . 054 9 . 6 ±0 . 18 ±2 . 21 
0 . 4 −0 . 5 24 . 69 ± 0 . 01 −1 . 19 1 . 30 ± 0 . 07 13 . 22 ±0 . 4 ±4 . 23 

Notes. Uncertainty estimates are derived from a bootstrap analysis whereby 1000 realizations of the LF are fitted and the 
variance determines the uncertainty on each SF parameter. The error column indicates the error derived from the bootstrap 
analysis, and the CV column highlights the uncertainty due to cosmic variance. We have listed the highest redshift bins in 
italics to acknowledge the poorer sampling of galaxies in these bins at the knee of the function. 
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etween the dust content of galaxies in a large optically selected
ample ( B18 ) and the FIR-selected sample in this work, contrary to
lark et al. ( 2015 ), who found that in the nearby Universe ( z < 0 . 01)
IR-selected surv e ys are much more sensitiv e to colder, dust-rich
alaxies. We also note that their work suffered from high cosmic
ariance errors and small numbers, but they also suffered fewer
election effects due to the low volume probed ( z < 0 . 06); they were
ore sensitive to cold dust galaxies than we are in this work. We also

ote that the highest dust mass bin of the 2MBB stacked mass DMF
ppears to be slightly underestimated by our SF fit. It is possible that
he dust properties derived through stacking for each L − z bin may
e a useful probe of general trends, but when applied to individual
alaxies or bins with small numbers of galaxies, this method may
ot be appropriate for estimating physical properties. 

.2.2 Evolution of the dust mass function 

he DMFs for our FIR-selected sample of 29 241 galaxies are split
nto five redshift bins (Fig. 11 ), with the best-fitting SF parameters
or each redshift bin listed in Table 6 . As with the LF, here we set

in the high-redshift bins to the value derived for the z < 0 . 1 bin.
ere, we can see the difference in the results of the PC00 method

ompared to V max more obviously than in the LF: the downturn in
he lowest mass bins in each redshift slice is clearly visible in the
ottom panel of Fig. 11 . (The difference is even more obvious in
he DMF generated using the MAGPHYS fits.) For the remainder of
ur analysis, we will discuss only the PC00 estimates of the LF and
MF unless otherwise stated. 
The SF to the DMF based on the larger sample in this work (Fig.

1 ) demonstrates that the DMF does strongly evolve out to redshift
.3 (o v er the past 3.5 billion years). The characteristic dust masses
 M 

∗
d ) change by up to 0.7 dex depending on the estimators used to

erive the DMF and the method of deriving dust masses. Although
he DMF appears to continue to evolve out to a redshift of 0.5, the
oorer sampling of the DMF around the knee and at lower dust
asses will lead to a greater extrapolation uncertainty in the highest

edshift bins. 
While the increase in M 

∗
d with redshift is apparent, it is also clear

hat there is a trend for φ∗ to decrease with redshift. As M 

∗ and φ∗ are
orrelated, the dust mass density ρd (or the integrated dust density
arameter, �d ) in each redshift slice is a more robust measure of
he evolution of the dust content of galaxies than the SF parameters .
he evolution of the dust mass density with redshift is shown in Fig.
2 , deriv ed from inte grating the DMFs down to M d = 10 4 M � ( B18 ).
ote that the derived dust mass density ρm 

is not sensitive to whether
NRAS 535, 3162–3180 (2024) 
is fixed at the low- z bin or left free to vary. This is due to the bulk
f the dust mass density residing in the higher mass end of the DMF.
he derived dust mass density is, however, sensitive to the dust mass

imit of the integral in the highest redshift bin, due to the poorer
ampling around the knee. Setting a lower limit of M d = 10 8 M �
or the dust density integral for 0 . 4 < z < 0 . 5 reduces the dust mass
ensity by a factor of 1.37. 
Fig. 12 demonstrates clear evidence for evolution in the dust mass

ensity in galaxies out to redshift 0.3 regardless of which method
s used to estimate the dust mass. We fit the relation ρd ∝ (1 + z) n 

o describe the evolution of the dust density with redshift. We find
 = 2 . 53 ± 0 . 62 and n = 3 . 00 ± 0 . 58 for the 2MBB stacked method
nd MAGPHYS -based method of dust mass estimates, respectively
 v er the redshift range 0 < z ≤ 0 . 5. Errors are estimated by randomly
erturbing the data within the individual error in ρd (the combined
tatistical error from the fit parameters and the cosmic variance)
nd refitting the new samples. The evolution appears to be stronger
n the MAGPHYS -based DMFs. We attribute the difference in these
wo values to the lack of evolution in the mass-weighted dust
emperatures in the MAGPHYS -based method compared to the 2MBB
tacked temperatures. In their smaller, FIR-selected, sample, D11
ound that n = 4 was a good representation of all but their final
ata point at z = 0 . 5. Their value is higher than we find using either
he 2MBB stacked masses, or the MAGPHYS -based dust masses, the
atter of which followed the same method D11 use to derive their dust
ensities (and for which we find the same linear relationship between
 250 − M d ). At 0 . 1 < z < 0 . 3, we see relatively good agreement
etween this work and D11 for the 2MBB stacked method, though the
ust densities here are systematically higher than D11 in this redshift
ange. In their highest redshift bin, D11 saw a sharp drop in dust
ensity. This was suggested at the time to be a result of the declining
raction of spectroscopic redshifts available at z > 0 . 35. We see a
imilar dip in our highest redshift bin using the MAGPHYS -based dust
asses, but not for our 2MBB stacked masses which produces lower

ust densities at redshifts 0 . 2 < z < 0 . 4. The volume density in this
in is significantly lower in the MAGPHYS sample compared to the
tacked results, this is true for both the p V max and PC00 estimators.
his could be due to the smaller sample of individual galaxies with
AGPHYS fits and/or due to the lower fraction of galaxies with a

pectroscopic redshift (Fig. 1 ). Ho we ver, Fig. 12 implies that the
ust densities derived from the larger sample used in this work are
ess affected by this incompleteness compared to D11 . 

In Fig. 13 , we compare our dust mass densities as a function of
edshift with Driver et al. ( 2018 ), D11 , B18 , Dunne et al. ( 2003 ),
nd Pozzi et al. ( 2020 ) scaled to our assumed cosmology and κ500 
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Figure 10. Top panel: comparison of the low redshift ( z < 0 . 1) DMFs from 

this work ( MAGPHYS -based in blue, 2MBB stacked in black) with those from 

the literature. We compare with (i) the blind, local z < 0 . 01 galaxy sample 
from Clark et al. ( 2015 ), (ii) the all-sky local star-forming galaxies from the 
bright Planck catalogue from Clemens et al. ( 2013 ), (iii) the ground-based 
submm measurements of local optical galaxies from Vlahakis et al. ( 2005 ), 
(iv) the 222 FIR-selected galaxies out to z < 0 . 1 from the H- ATLAS surv e y 
(D 11 ), and (v) the pV max DMF from the optically selected galaxies in H - 
ATLAS from B18 . Schechter fits to the data are shown by the solid lines. 
Bottom panel: comparison of the low-redshift dust mass density ρd from this 
work with those from the literature. The dust density parameter measurements 
are scaled to the same cosmology, with diamonds representing dust-selected 
measurements, and circles representing optically selected samples. The solid 
error bars indicate the published uncertainty whilst the transparent error bars 
indicate the total uncertainty derived by combining the published uncertainty 
and the cosmic variance uncertainty for that sample (where known). The 
shaded regions in black and purple emphasize the range of ρd derived from 

this work with width showing the error from the combination of cosmic 
variance and statistical uncertainty. 
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sing data compiled by P ́eroux & Howk ( 2020 ). Over the same
edshift range as the D11 analysis, Driver et al. ( 2018 ) found no
volution in ρd . Conversely Pozzi et al. ( 2020 ) and D11 instead
ound a rapid increase in the dust mass density of galaxies at low
edshifts ( z < 0 . 7). This work indicates that there is evolution in the
ust mass density in this redshift regime, though the characteristic 
ust mass M 

∗
d we find here evolves by at most a factor of 3 between

 < z < 0 . 5 compared to the factor of 8 quoted in D11 . This result is
obust even if we discount the two (poorer-sampled) highest redshift 
ins. There are further two things to note: (i) our Schechter fits to the
MBB stacked DMF slightly underestimate the high dust mass end 
and hence we may be underestimating the amount of evolution) and
ii) as mentioned earlier, the fit parameters M 

∗
d and φ∗ are correlated.

or (i), we see that the MAGPHYS SFs do not suffer as large an
underfit’ at high M d and yet there also, we only see a factor of 2
 volution in M 

∗
d , lo wer than in D11 . For (ii), we can look instead at

he change in ρd , where we find the dust mass density, ρd , 5 billion
ears ago is twice as high as present-day compared to the factor of 3
uoted in D11 . 

 DI SCUSSI ON  

.1 Caveats when deriving dust masses from stacking 

hilst stacking may be a helpful tool in divining general trends
etween properties for a large number of galaxies, we note that the
lobal properties of the stacked SED may not in fact be representative
f all of the galaxies in the sample. Also, a single mass-weighted
emperature could arise from very different SED shapes, and so we
re assuming that the stacked SED is a good representation of the
nderlying data set in terms of the cold and warm temperatures,
s well as the fraction of the total luminosity assigned to each
omponent. We simulated the effect of potential scatter in the mass-
eighted temperatures produced by fitting a 2MBB fit to a stacked
ED by generating many pairs of temperatures and masses that 
roduce given mass-weighted temperatures. We have found that 
ven when stacking galaxy SEDs with the same mass-weighted 
emperature, the scatter in the resulting mass-weighted temperatures 
erived from the subsequent 2MBB fit can be around 3 K. As
entioned earlier, the sensitivity to cold dust is hampered at higher

edshifts because of the intrinsic range of rest-frame frequencies 
robed. We could therefore be missing a whole class of galaxies
rom our analysis, either because they are simply too faint to be
etected, or because only their warm dust is observable with our
urv e y constraints. 

.2 What other than mass could be driving the evolution in 

ust mass density with redshift? 

.2.1 Eddington bias in the DMF? 

ere, we check whether the scatter due to uncertainties in the dust
asses of individual galaxies could introduce an Eddington bias 

nto the DMF. This may occur if the underlying errors in dust mass
catters galaxies into neighbouring dust mass bins in either direction, 
ombined with a non-uniform volume density across the mass bins. 
o v eday et al. ( 1992 ) showed that this bias ef fecti v ely convolv es the
nderlying DMF with a Gaussian with width equal to the size of the
catter in the variable of interest (here dust mass) to give the observed
MF. Following B18 , we fit an SF convolved with a Gaussian to the
MFs, where we estimate the width of the Gaussian using the mean

rror around the knee of the function in the different redshift bins.
We use the MAGPHYS -derived DMF in order to test for this bias since
he errors in dust mass are larger than the 2MBB method.) The mean
rror is estimated from half the difference between the 84th and 16th
ust mass percentiles derived from MAGPHYS , these correspond to 1 σ
f the uncertainties are Gaussian. The errors are 0.13, 0.20, 0.20, 0.22,
nd 0.22 dex. The resulting deconvolved SFs have higher χ2 values in
ll redshift bins except for the first (0 < z < 0 . 1). The deconvolved
Fs still show evolution in the DMF, with redshift with the dust
MNRAS 535, 3162–3180 (2024) 
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Table 5. Best-fitting SF values for the DMFs from the optically selected sample from B18 and the FIR-selected sample in this work o v er the same area of the 
sky at z < 0 . 1. B18 used two different estimators V max and BBD (the bivariate brightness distribution, Wright et al. 2017 ). Here, we compare both the estimators 
for the statistical functions ( V max and PC00) and the two dust mass estimates ( MAGPHYS and two-temperature component MBB fits to the stacked luminosities). 
Errors in ρd are derived from the fits to the DMF and do not include cosmic variance. 

DMF z < 0 . 1 
Surv e y log M 

∗
d α φ∗ ρd 

(10 7 h 2 70 M �) (10 −3 h 3 70 Mpc −3 dex −1 ) (10 5 h −1 
70 M � Mpc −3 ) 

Optically selected 
B18 V max 4.65 ±0.18 −1.22 ±0.01 6.26 ±0.28 1.51 ±0.03 
B18 BBD 4.67 ±0.15 −1.27 ±0.01 5.65 ±0.23 1.51 ±0.03 
FIR selected 
This work V max MAGPHYS 7.58 ±0.02 −1.12 ±0.04 1.68 ±0.12 1.26 ±0.09 
PC00 MAGPHYS 3.82 ±0.20 −1.15 ±0.03 8.18 ±0.56 1.47 ±0.13 
This work V max 2MBB stacked 7.43 ±0 . 01 −1.11 ±0.01 2.42 ±0.07 1.03 ±0.03 
PC00 2MBB stacked 2.55 ±0.09 −1.11 ±0.04 11.58 ±0.53 1.37 ±0.08 

Figure 11. The DMF from top panel: the masses derived by the 2MBB 

stacking method, and bottom panel: the MAGPHYS -based dust masses pro- 
duced using the V max (diamonds), and PC00 (circles) estimators for five 
redshift slices. SF fits to the PC00 and V max DMFs for each redshift slice are 
shown as solid and dashed curv es, respectiv ely. Error bars are derived from a 
bootstrap analysis. 
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ass density, ρd increasing by a factor of 2.4 [3.6] o v er 0 < z < 0 . 3
0 < z < 0 . 5]. In terms of the characteristic dust mass, the evolution
s reduced by 30 per cent in the redshift range 0 < z < 0 . 3, but the
volution is similar o v er 0 < z < 0 . 5. 
NRAS 535, 3162–3180 (2024) 
.2.2 Evolution in dust temperature? 

sing the relationship M d ∝ T −2 . 4 ( D11 ), we can estimate the
hange in temperature required in order for the evolution of ρd to
e flat across our z bins (i.e. equal to the low-redshift dust density).
or the 2MBB stacked masses, the mass-weighted temperature at
ach of the higher redshift slices, in turn, would have to be 23.2,
4.7, 26.7, and 29.8 K. For the MAGPHYS -based masses, we found
hat all redshift slices have a mass-weighted temperature of 20 K.
his may be due to the possibility that MAGPHYS is returning the
rior dust temperature in faint FIR sources; this bias would act to
atten any underlying trend in dust temperature with redshift, thereby
nhancing the evolution in ρd . In order for there to be no evolution
n ρd with redshift, the MAGPHYS -based mass-weighted temperatures
ould need to be 23.0, 24.8, 26.9, and 26.1 K in each redshift slice.
lthough we do observe some evolution in dust temperature with
 in our stacked SEDs, we require a much stronger evolution with
emperature than we observe in both MAGPHYS and stacking in order
or the change in dust density with redshift to be explained via dust
emperature alone. 

.2.3 Possible bias in the submillimetre colours of Herschel 
ources? 

t is also possible that any evolution in temperature with redshift
ould be underestimated if the effect of confusion on the flux
easurements in the H -ATLAS catalogue are not properly accounted

or. Contamination can also arise because of galaxy lensing (e.g.
egrello et al. 2017 ), whereby the light from a higher redshift source

an be deflected by an intermediate redshift one towards the observer.
 typical dust SED with temperatures around 20 K will peak at

round 120 μm the observed frame at z = 0 . 1, but the same source at
 = 0 . 5 would peak at 180 μmin the observed frame. This means that
ontamination from high redshift sources gets stronger with longer
avelengths, compounded by the increasing Herschel beam size.
ecent work by Dunne et al. ( 2020 ) using ALMA and Herschel data
as shown that this effect could represent up to 13, 26, and 44 per
ent of the flux contribution of the measured flux at 250, 350, and
00 μm, respectively 8 at z ∼ 0 . 35. The fraction of contamination
ould evolve with redshift, since the probability that a galaxy will be
 lens peaks around z ∼ 0 . 3 −0 . 4, and at lower redshifts galaxies are
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Table 6. Best-fitting SF values for the DMFs derived in five redshift bins using the PC00 estimator and two methods for determining dust masses ( MAGPHYS 

and stacking). 

Method z log M 

∗ α φ∗ ρd 

( h 2 70 M �) (10 −2 h 3 70 Mpc −3 dex −1 ) (10 5 h −1 
70 M � Mpc −3 ) 

Value Error CV 

0 . 0 −0 . 1 2.55 ±0.09 −1.11 ±0.04 11.58 ±0.53 1.37 ±0.08 ±0.18 
0 . 1 −0 . 2 7.61 ±0 . 01 

0 . 01 −1.11 2.28 ±0.07 1.82 ±0.06 ±0.25 
PC00 2MBB 

stacked 
0 . 2 −0 . 3 7.8 ±0 . 01 

0 . 01 −1.11 1.63 ±0.05 2.01 ±0.06 ±0.22 

0 . 3 −0 . 4 7. 95 ±0 . 02 
0 . 02 −1 . 11 1 . 37 ± 0 . 14 2 . 38 ±0 . 24 ±0 . 68 

0 . 4 −0 . 5 8 . 07±0 . 01 
0 . 01 −1 . 11 1 . 32 ± 0 . 10 3 . 03 ±0 . 23 ±0 . 88 

0 . 0 −0 . 1 3.82 ±0.20 −1.15 ±0.03 8.18 ±0.56 1.47 ±0.13 
0 . 1 −0 . 2 7.58 ±0 . 02 

0 . 02 −1.15 4.70 ±0.32 2.04 ±0.14 
PC00 MAGPHYS 0 . 2 −0 . 3 7.91 ±0 . 01 

0 . 01 −1.15 2.46 ±0.04 2.47 ±0.04 
0 . 3 −0 . 4 8 . 09 ±0 . 01 

0 . 01 −1 . 15 1 . 20 ± 0 . 05 2 . 97 ±0 . 12 
0 . 4 −0 . 5 8 . 25 ±0 . 02 

0 . 02 −1 . 15 0 . 77 ± 0 . 10 2 . 76 ±0 . 36 

Notes. The error column indicates the error derived from a bootstrap analysis, and the CV column highlights the uncertainty due to cosmic variance. The 
corresponding values for the V max estimator are shown in Table B2 . We include the fraction of the sources with photometrically derived redshifts. We have 
listed the highest redshift bins in italics to acknowledge the poorer sampling of galaxies at the knee of the function and the extrapolation to low masses based 
on the redshift zero bin – note that the fit errors quoted for these bins likely underestimate the uncertainty. 

Figure 12. The dust mass density ρd as a function of redshift derived in 
this work for the stacked dust masses and the MAGPHYS dust masses with the 
highest redshift bins shown as transparent markers to acknowledge the poorer 
sampling of galaxies in these bins at the knee of the function and at lower 
masses. Error bars are derived from combining the errors from the DMF fit 
and the cosmic variance at each redshift. The D11 results corrected for our 
cosmology are also shown. The solid lines indicate the best fits ρd ∝ (1 + z) n 

to each data set. The shaded regions indicate the 1 σ spread in the best-fitting 
power law values. 
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nlikely to be affected by lensing (e.g. Ofek, Rix & Maoz 2003 ). It
s possible then that the higher redshift bins may be biased to lower
ust temperatures due to the artificial increase in the flux at longer
avelengths from contaminating lensed sources. We can probe this 
y looking at the FIR colours with redshift. The 100-to-160- μm rest-
rame luminosity ratio is seen to increase with redshift (Fig. 14 ),
ut the same is not true for the 250–500- μm ratio beyond a redshift
f 0.1. The increase we observe in mass- and luminosity-weighted 
ust temperatures in the higher redshift slices therefore appear real, 
ut the effect could be somewhat underestimated by our stacking 
rocess. A larger sample of galaxies with high-quality spectroscopic 
edshifts and FIR measurements is needed to confirm the Dunne et al.
 2020 ) result. 
 C O N C L U S I O N  

e have been able to derive the dust density in redshift bins out
o z = 0 . 5 using an FIR-selected sample o v er a larger area of sky
factor of 12) and with an order of magnitude more galaxies than
sed in previous analyses. We measure dust properties for 29 241
IR-selected galaxies using two different methods. We find that: 

(i) The mass-weighted dust temperature appears to increase with 
uminosity at low redshifts when we use the 2MBB to the galaxies
tacked in luminosity and redshift bins. 

(ii) There is a strong increase in the luminosity-weighted tempera- 
ure in the higher redshift slices. We are unable to determine whether
his evolution was driven by increasing redshift, or simply due to the
bserved increase in luminosity with redshift. 
(iii) There is a tendency for the MAGPHYS SED-fitting routine to 

ssign lower dust masses to low-luminosity galaxies and higher dust 
asses to high-luminosity galaxies compared to the two-temperature 

omponent MBB fits to the stacked luminosities. 

We measure the LF and DMF in five redshift slices across our
ample out to z = 0 . 5. 

(i) We find reasonable agreement in the evolution with redshift of 
he luminosity with Dye et al. ( 2010 ), who performed a similar
nalysis using 1688 sources in the H -ATLAS SDP field. The
volution of the luminosity density in our sample can be fit by the
elationship ρL ∝ (1 + z) 6 . 8 ±2 . 4 out to redshift 0.5. 

(ii) We find that using either the MAGPHYS -based masses or the
MBB stacked masses, the dust density parameter evolves out to 
 = 0 . 3 and tentatively out to z = 0 . 5, and the evolution is stronger
sing the MAGPHYS -based masses. The evolution of the dust density
 v er the full redshift range is described by ρd ∝ (1 + z) 2 . 5 ±0 . 6 and
d ∝ (1 + z) 3 . 0 ±0 . 6 for the 2MBB stacked masses and MAGPHYS -
ased masses, respectively. 
(iii) We attempt to account for Eddington Bias by fitting a 

econvolved SF to the dust mass volume density. In this scenario, the
volution of the dust mass density with redshift remains similar, but
he evolution in the characteristic dust mass is reduced (to a factor of
.4, from a factor of 3) in the range 0 < z < 0 . 3. 
(iv) We show that the LF and DMF both evolve with redshift

 v er the redshift range 0 < z < 0 . 3 as originally seen in D 11 and
MNRAS 535, 3162–3180 (2024) 
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M

Figure 13. We compare the evolution of dust mass density to several literature estimates which have all been scaled to our assumed cosmology including 
Vlahakis et al. ( 2005 ), D11 , Clemens et al. ( 2013 ), B18 , Driver et al. ( 2018 ), Pozzi et al. ( 2020 ), and P ́eroux & Howk ( 2020 ), with statistical errors shown (see 
the legend for details). The shaded region shown for this work (magenta) is the uncertainty derived by combining the errors from the DMF and the cosmic 
v ariance. The Dri ver et al. ( 2018 ), P ́eroux & Ho wk ( 2020 ), and Pozzi et al. ( 2020 ) data v alues are taken from the re vie w paper of P ́eroux & Ho wk ( 2020 ) (their 
fig. 12, supplementary table 6). The dust mass densities shown here assume the same dust absorption coefficient factor, κλ for D11 , B18 , Driver et al. ( 2018 ), 
Clemens et al. ( 2013 ), and Vlahakis et al. ( 2005 ). Pozzi et al. ( 2020 ) instead assume a κλ that is a factor of 2 lower than the others, yielding dust mass densities 
a factor of 2 higher than their published numbers if scaled to this work. 

Figure 14. The ratio of 100- and 160- μm luminosity (scaled by a factor of 4, 
circles ), and 250- and 500- μm luminosity ( diamonds ) as a function of redshift 
for the stacked SEDs for our L − z bins. The errors in each wavelength were 
added in quadrature. 

l  

t  

e  

t  

t  

e  

t  

t  

e  

e  

d  

m  

b

A

W  

c  

t  

g  

o  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/535/4/3162/7885351 by guest on 10 D
ecem

ber 2024
NRAS 535, 3162–3180 (2024) 
ater in Pozzi et al. ( 2020 ). We find clear evidence of evolution in
he dust density o v er the past 3 Gyr, and tentative evidence that the
volution continues out to 5 Gyr. The evolution we derive is weaker
han that found in the smaller FIR-selected surv e y of D 11 . Due to
he poorer sampling of the DMF in the highest redshift bins and the
xtrapolation required to derive the dust mass density, particularly in
he redshift range 0 . 4 < z < 0 . 5, we cannot rule out the possibility
hat the dust density evolution remains flat at these redshifts (Driver
t al. 2018 ). Since the dust temperature does not evolve strongly
nough with redshift to explain the observed evolution in the dust
ensity of the Universe, we conclude that an increase in the dust
ass content of the Universe over cosmic time is the driving force

ehind the evolution of the LF and DMF with redshift. 
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Figure A1. Grid comparing different redshift estimates for galaxies used in 
this work. Spectroscopic redshifts were collected from GAMA, SDSS DR7 
and DR8, 2SLAQ LRG and QSO samples, 2dF, and 6dF. Three estimates of 
photometric redshifts are also shown, H -ATLAS using the ANNZ software, 
and from KiDS, ANNZ 2, and MLPQNA . 
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PPENDIX  A :  C O M PA R I S O N  O F  REDSHIFT  

STIMATES  

he different redshift estimators available for our sample are com-
ared in Fig. A1 to check for any systematic biases that may
e introduced in our estimates of dust mass. MLPQNA is more
ightly correlated with the GAMA spectroscopic redshifts, but
ince it is trained on relatively bright and nearby sources this is
nsurprising. 
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PPENDIX  B:  ESTIMATING  DUST  MASSES  

1 Blackbody fits to the stacked SEDs 

he fit properties from the one dust temperature component MBB fit
o the stacked SEDs 1MBB are provided in Table B1 with example
igure B1. The stacked luminosity SEDs for the L − z bins for left : the lowest
anels: for luminosity bin L 3 with increasing redshift from top to bottom panels. T
omponents of the two temperature fit, T d , w and T d , c . 
EDs shown in Fig. B1 . An example of the MCMC results from the
MBB for the highest L − z luminosity bin in the lowest redshift
lice is provided in Fig. B2 . 

2 The dust mass function 
MNRAS 535, 3162–3180 (2024) 
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Figure B2. An example of the one- and two-dimensional projections of the probability distributions from fitting a 2MBB using MCMC sampling of the posterior 
for the highest L − z luminosity bin in the lowest redshift slice ( L 5 , z 0 ). Shown are the total dust mass M d , tot in 10 7 M �, mass-weighted dust temperature T d , MW 

in K and the fraction of the dust mass in the cold component, i.e. M d , c /M tot . 

Table B1. The best-fitting SED parameters derived for the stacked galaxies in each of our L − z bins for the one temperature 
component MBB fit. 

�z � log L 250 N T d log M d β χ2 

(W Hz −1 ) (K) (M �) 

0.002–0.1 21.6–22.2 27 23.2 ±0.3 5.32 ±0.02 1.5 ±0.0 0.84 
0.002–0.1 22.2–22.9 167 22.4 ±0.2 6.38 ±0.01 1.5 ±0.0 1.64 
0.002–0.1 22.9–23.6 1147 24.1 ±0.4 7.05 ±0.01 1.5 ±0.0 0.18 
0.002–0.1 23.6–24.3 2201 23.3 ±0.4 7.43 ±0.01 1.8 ±0.0 0.17 
0.002–0.1 24.3–25.0 199 24.0 ±0.4 7.88 ±0.01 1.9 ±0.1 0.42 
0.1–0.2 23.7–25.3 7739 24.0 ±0.4 7.91 ±0.01 1.8 ±0.0 0.81 
0.2–0.3 24.2–25.4 6365 25.7 ±0.4 8.42 ±0.01 1.6 ±0.0 2.46 
0.3–0.4 24.5–26.1 5861 27.2 ±0.2 8.76 ±0.01 1.5 ±0.0 5.66 
0.4–0.5 24.7–25.8 5535 27.7 ±0.1 9.06 ±0.01 1.5 ±0.0 9.24 

Table B2. Best-fitting SF values for the DMFs derived in five redshift bins using the V max estimator and two methods for determining dust masses ( MAGPHYS 

and stacking). 

method z log M 

∗ α φ∗ ρd 

( h 2 70 M �) (10 −2 h 3 70 Mpc −3 dex −1 ) (10 5 h −1 
70 M � Mpc −3 ) 

0 . 0 −0 . 1 7.43 ±0 . 01 
0 . 01 −1.11 ±0.01 2.42 ±0.07 1.03 ±0.02 

0 . 1 −0 . 2 7.64 ±0 . 01 
0 . 01 −1.11 1.97 ±0.05 1.66 ±0.02 

V max 2MBB stacked 0 . 2 −0 . 3 7.83 ±0 . 11 
0 . 16 −1.11 1.34 ±0.41 1.78 ±0.54 

0 . 3 −0 . 4 8 . 00 ±0 . 02 
0 . 02 −1 . 11 1 . 10 ± 0 . 12 2 . 13 ± 0 . 13 

0 . 4 −0 . 5 8 . 06±0 . 01 
0 . 01 −1 . 11 1 . 37 ± 0 . 05 3 . 04 ± 0 . 07 

0 . 0 −0 . 1 7.58 ±0 . 02 
0 . 02 −1.12 ±0.04 1.68 ±0.12 1.26 ±0.02 

0 . 1 −0 . 2 7.73 ±0 . 01 
0 . 01 −1.12 1.92 ±0.05 2.03 ±0.02 

V max MAGPHYS based 0 . 2 −0 . 3 7.92 ±0 . 01 
0 . 01 −1.12 1.42 ±0.05 2.32 ±0.05 

0 . 3 −0 . 4 8 . 09 ±0 . 01 
0 . 01 −1 . 12 1 . 20 ± 0 . 07 2 . 84 ± 0 . 09 

0 . 4 −0 . 5 8 . 23 ±0 . 01 
0 . 01 −1 . 12 0 . 86 ± 0 . 05 2 . 83 ± 0 . 13 

Notes . Uncertainty estimates are derived from a bootstrap analysis. The uncertainty due to cosmic variance is listed in Table 6 . We have listed the highest redshift bins in 
italics to acknowledge the poorer sampling of galaxies in these bins at the knee of the function and the extrapolation to low masses based on the redshift zero bin – note 
that the errors quoted for these bins likely underestimate the uncertainty. 

This paper has been typeset from a T E 

X/L 

A T E 

X file prepared by the author. 

© 2024 The Author(s). 
Published by Oxford University Press on behalf of Royal Astronomical Society. This is an Open Access article distributed under the terms of the Creative Commons Attribution License 

( http://cr eativecommons.or g/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/535/4/3162/7885351 by guest on 10 D
ecem

ber 2024

http://creativecommons.org/licenses/by/4.0/

	1 INTRODUCTION
	2 THE DATA
	3 ESTIMATING DUST PROPERTIES
	4 DERIVING STATISTICAL FUNCTIONS
	5 RESULTS
	6 DISCUSSION
	7 CONCLUSION
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES
	APPENDIX A: COMPARISON OF REDSHIFT ESTIMATES
	APPENDIX B: ESTIMATING DUST MASSES

