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ABSTRACT
The physical properties of galaxies are encoded within their spectral energy distribution and require comparison with models
to be extracted. These models must contain a synthetic stellar population and, where infrared data is to be used, also consider
prescriptions for energy reprocessing and re-emission by dust. While many such models have been constructed, there are few
analyses of the impact of stellar population model choice on derived dust parameters, or vice versa. Here we apply a simple
framework to compare the impact of these choices, combining three commonly-used stellar population synthesis models and
three dust emission models. We compare fits to the ultraviolet to far-infrared spectral energy distributions of a validation sample
of infrared-luminous galaxies. We find that including different physics, such as binary stellar evolution, in the stellar synthesis
model can introduce biases and uncertainties in the derived parameters of the dust and stellar emission models, largely due to
differences in the far-ultraviolet emission available for reprocessing. This may help to reconcile the discrepancy between the
cosmic star formation rate and stellar mass density histories. Notably the inclusion of a dusty stellar birth cloud component in the
dust emissionmodel provides more flexibility in accommodating the stellar population model, as its reemission is highly sensitive
to the ultraviolet radiation field spectrum and density. Binary populations favour a longer birth cloud dissipation timescale than
is found when assuming only single star population synthesis.

Key words: galaxies:stellar content – dust, extinction – techniques: photometric

1 INTRODUCTION

Stellar population synthesis (SPS) models have been developed since
the late 1960s (Tinsley 1968) and used to interpret the optical com-
ponent of galaxy spectral energy distributions (SEDs). They exploit
stellar evolution theory to model a range of possible stellar popula-
tions and simulate their photometry, which can then be matched to
observations (for an extensive review, see Conroy 2013). SPS mod-
els have constantly evolved to incorporate developing knowledge
of stellar physics, including the physics of stellar atmospheres (e.g.
Falcón-Barroso et al. 2011). A more recent development has been to
include binary evolution pathways for stars in addition to those aris-
ing from isolated single star evolution (e.g. Belczynski et al. 2002,
2008; Stevenson et al. 2017; Eldridge & Stanway 2009; Eldridge
et al. 2017; Kruckow et al. 2018). Around 70 per cent of massive
stars are believed to interact as part of a binary over the course of their
evolution (e.g. Massey et al. 2009; Chini et al. 2012; Sana et al. 2012,
2013; Moe & Di Stefano 2017) and these can substantially affect the
interpretation of young stellar populations in particular (Eldridge &
Stanway 2009, 2012; Wofford et al. 2016).
Different stellar population synthesis models may incorporate dif-

ferent input physics and prescriptions for processes such as stellar
winds. Extant studies have compared and contrasted such models
when used to fit the ultraviolet-optical-near-infrared stellar emis-
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sion of galaxies, identifying the strengths and limitations of different
model grids (Wofford et al. 2016). Dependencies on highly uncertain
input assumptionswithin suchmodels (e.g. star formation history and
dust attenuation law) impact the accuracy of derived physical prop-
erties of galaxies (Lower et al. 2020). Previous work (e.g. Mobasher
et al. 2015) demonstrates that different SPS fitting procedures can
derive different values for the derived properties of galaxies. How-
ever, the effects of combining specific SPS models with different
dust emission models when fitting a full spectral energy distribution,
spanning from the ultraviolet (UV) to the mid-infrared (IR), have
been largely neglected.

Optical galaxy SEDs contain information about the properties and
evolution history of their stellar populations. However, further infor-
mation is contained within other regions of the electromagnetic spec-
trum. Models for the IR emission component of galaxy SEDs have
been developed in parallel to stellar population models. Recently, as
large multiwavelength datasets (including space-based observations)
have become available, IR emissionmodels have been combinedwith
UV, optical and near-IR stellar emission models to self-consistently
predict the far-UV to the far-IR (see e.g. Conroy 2013, and references
therein).

The IR emission is dominated by thermal continuum radiation
from dust grains. Dust grains play an important role in galaxies, af-
fecting the chemistry of gas in the interstellar medium (ISM), the
dynamics of star formation and attenuation of short wavelength ra-
diation from stars (Draine 2011). This is absorbed by both dust and
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ionized gas, and is reemitted by dust in the infrared as modified
blackbody emission (for a review see Draine 2003). It has been esti-
mated that around 30 per cent of stellar energy output is reradiated
by dust in local galaxies (e.g. Popescu & Tuffs 2002; Skibba et al.
2011; Viaene et al. 2016), and this fraction is higher in the dust-rich
galaxies identified as infrared-luminous sources.
Young stellar populations are born within giant molecular clouds

(for a review on the theory of star formation see McKee & Ostriker
2007); denser regions of gas and dust found within galaxies. These
birth clouds dissipate after a period of some millions of years, as
radiative pressure and heating from young stars disperses the gas
and dust (e.g. Chevance et al. 2020a,b). Despite their short lifetimes,
massive stars dominate the energy budget in most young stellar pop-
ulations. Their high density birth clouds lead to higher attenuation of
this hot starlight when compared to the more diffuse dust in the ISM
(e.g. Charlot & Fall 2000). This UV-dominated starlight is reemitted
at longer wavelengths making hot birth clouds an important element
of typical dust emission models.
Dust grains in the circum- and inter-stellar medium also reprocess

ultraviolet stellar radiation more efficiently than optical light (e.g.
Calzetti et al. 2000). Since young stellar populations of ages <10Myr
dominate the UV emission from a population, dust emission is thus a
tracer of young stellar populations and can be used as ameasure of the
star formation history (Kennicutt 1998; Bell 2003). Since the primary
heating source for dust grains is the stellar population embedded
within or surrounded by the grains, the infrared emission from a
population is intimately connected to the stellar heating source. This
connection between stellar and dust emission must be considered to
consistently predict their joint spectral energy distribution.
A range of methods have been suggested to self-consistently com-

bine stellar and dust emission models (for a review see Walcher et al.
2011). A simple approach is to use an energy-balance formalism,
whereby energy absorbed by dust attenuation in the UV and optical
is distributed across IR dust emission components, assuming 100
per cent efficiency and simple emission properties (i.e. blackbody
radiation) (Devriendt et al. 1999; da Cunha et al. 2008). A more so-
phisticated approach uses radiative-transfer calculations employing a
ray-tracing method (Efstathiou et al. 2000; Siebenmorgen & Krügel
2007). In any such method, assumptions must be made regarding
the distribution, composition, and usually also the temperature, of
dust grains as this governs the wavelength-dependence of their ree-
mission luminosity. However, all of the calculations modelling dust
emission components to date have been undertaken assuming SPS
radiation fields derived from single star evolution alone - a question-
able assumption given the frequency of multiplicity amongst young,
massive stars. In this work, we investigate whether there is a con-
nection between the choice of stellar population synthesis and dust
emission models, and the derived galaxy properties. We explore this
by fitting the photometry of luminous infrared galaxies in the local
Universe as a test case.
This paper is structured as follows. In Section 2, we present the

various stellar and dust emission models used for fitting and com-
parison, highlighting differences between the ultraviolet budgets of
stellar models available for attenuation by dust. We also discuss the
bagpipes SED fitting algorithm (Carnall et al. 2018) that is used
throughout. Section 3 presents the test sample selection and fitting
procedure, together with the main quantitative results of the galaxy
fits. These are discussed within Section 4, highlighting how well dif-
ferent model combinations have fitted to the observational sample.
In this section, we discuss the impact of the chosen models on the
derived parameters, the effect of varying birth cloud age on the re-
sulting fit, and implications for the cosmic star formation rate density

history. Section 5 presents limitations to our analysis. We present a
brief summary of our conclusions in Section 6.
Throughout we report galaxy photometry, converting this to fluxes

assuming a cosmological model in which ΩΛ = 0.7, Ω𝑀 = 0.3 and
𝐻0 = 70 km s−1Mpc−1 (the default parameters for the bagpipes
software, Carnall et al. 2018, discussed in Section 2.4).

2 MODELS

The analysis in Section 3 considers the combinations of three input
stellar population synthesis models with three dust reemission mod-
els. In each case an energy balance formalism is used to calculate the
amount of stellar light which is first attenuated and then re-emitted
by the dust. Here we introduce the models considered, and describe
the SED fitting methodology.

2.1 Stellar Models

2.1.1 Bruzual and Charlot stellar models

Bruzual & Charlot (2003, hereafter BC03) presents a stellar model
predicting the single-star-only evolution of stellar populations at ages
between 1 × 105 and 2 × 1010 yr, over the spectral range from 91Å to
160 `m. They used the Padova 1994 stellar evolution library (Alongi
et al. 1993; Bressan et al. 1993; Fagotto et al. 1994a,b; Girardi
et al. 1996), which is computed at various metallicities in the range
Z = 0.0001-0.1. This library is supplemented with thermally pulsing
asymptotic giant branch (AGB) evolutionary tracks (Vassiliadis &
Wood 1993), post-AGB evolutionary tracks (Vassiliadis & Wood
1994; Schoenberner 1983; Koester & Schoenberner 1986; Winget
et al. 1987), and unevolving main-sequence star models in the mass
range 0.09 ≤ 𝑚 < 0.6𝑀⊙ (Baraffe et al. 1998).
To describe the individual stellar spectra of any star, they combine

together the three libraries of ‘BaSeL’ (Kurucz 1992; Bessell et al.
1989, 1991; Fluks et al. 1994; Allard & Hauschildt 1995; Rauch
2002; Westera et al. 2002), ‘STELIB’ (Le Borgne et al. 2003), and
‘Pickles’ (Pickles 1998; Fanelli et al. 1992), where the former cov-
ers the whole spectral range while the latter two have higher spec-
tral resolution but only cover specific parts of the spectral range
(3200-9500 Å and 1205 Å-2.5 `m, respectively). Finally, to compute
the spectral evolution of stellar populations, they use the isochrone
synthesis technique (Charlot & Bruzual 1991; Bruzual & Charlot
1993) with a Chabrier (2003) initial mass function (IMF) prescrip-
tion. These models were created to help interpret spectra gathered
by modern spectroscopic surveys in terms of constraints on the star
formation history and metallicities of galaxies.
There is an updated 2016 version of the BC03 models (here-

after BC16)1 which is also tested. This version incorporates updated
PADOVA stellar evolutionary tracks computed with the PARSEC
code (Bressan et al. 2012) for stars with initial masses up to 350 𝑀⊙
(Chen et al. 2015) over the metallicity range Z = 0.0001-0.040. It
also introduces a new prescription for the evolution of thermally
pulsing AGB stars (Marigo et al. 2013) and the MILES library of
observed optical stellar spectra (with spectral range 3525-7500 Å) to
describe the properties of stars in the Hertzsprung-Russell diagram
(Sánchez-Blázquez et al. 2006; Falcón-Barroso et al. 2011). Ulti-
mately, this modifies how the SED spectra change with stellar age,
notably altering the ionizing radiation flux evolution as highlighted

1 Bruzual and Charlot models available at:
https://www.bruzual.org/bc03/
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in the appendix of Vidal-García et al. (2017). As these authors re-
port, the amount of ionizing flux varies between the two models in
part due to a change in the upper-mass limit for degenerate carbon
ignition, and hence post-AGB evolution, from 5 𝑀⊙ in the BC03
models to 6 𝑀⊙ in the BC16 models. Differences in the optical and
near-infrared parts of the spectra arise primarily from differences in
the prescriptions for post-main sequence stellar evolution (Bressan
et al. 2012; Marigo et al. 2013).
We account for nebular emission for the BC03 and BC16 models

by using the pre-installed nebular grid in bagpipes (Carnall et al.
2018, see section 2.4). The grid was generated using the BC16 mod-
els, following the methodology of Byler et al. (2017) and using the
Cloudy photoionization code (Ferland et al. 2017). This assumes H II
regions with a spherical shell geometry and a fixed hydrogen den-
sity of 100 atoms cm−3. We fix the nebular ionization parameter as
log𝑈neb = −3.0.
These BC16-derived nebular grids are applied to both the BC16

and the BC03 models, since these are inbuilt into the bagpipes anal-
ysis routine. While this means that the nebular emission is not going
to be strictly correct for the BC03 models, the main difference is a
slight over-prediction in the strength of emission due to extra blue
flux in the young stars of the BC16 model. Since the BC03 mod-
els are only considered to allow consistency and comparison with
previous work, this will not affect the main results, which focus on
comparisons between BC16 and BPASS models.

2.1.2 BPASS stellar models

In contrast to Bruzual andCharlotmodels, theBinary PopulationAnd
Spectral Synthesis (BPASS) stellar evolution and synthesis models
(Eldridge et al. 2017; Stanway & Eldridge 2018) include binary evo-
lution in addition to the single star evolutionary pathways. These
were built to explore the effects of binaries on supernovae progeni-
tors (Eldridge et al. 2013; Eldridge &Maund 2016) and the observed
spectra from young stellar populations, but also to provide a frame-
work which could allow for the analysis of the integrated light from
both distant and nearby stellar populations (Eldridge et al. 2008; El-
dridge & Stanway 2009, 2012). These models have gone on to have a
wide range of applications, including exploring the rate of compact
binary mergers and their role as gravitational wave progenitors (e.g.
Eldridge & Stanway 2016).
The BPASS version 2 stellar evolution models (Eldridge et al.

2017) are derived from a heavily modified descendent of the single
star evolution prescription fromHenyey et al. (1964) used in theCam-
bridge STARS code and its later iterations (Eggleton 1971; Eldridge
et al. 2008). The binary models are full, detailed stellar evolution
models, in which the interior structure of the star is modelled, but
which allow for mass-loss or gain through binary interactions. The
evolution of the binary separation and orbital angular momentum is
also tracked.
These are combined in a population synthesis, where we use

BPASS v2.2 (Stanway & Eldridge 2018). The distribution of stars is
defined by an IMF based on Kroupa et al. (1993) with a power-law
slope from 0.1 to 0.5 M⊙ of -1.30 which increases to -2.35 above this
to a maximum stellar mass of 300 M⊙ . Synthetic spectra for the stars
are drawn from the Kurucz models of Conroy et al. (2014). These are
supplemented with Wolf-Rayet stellar atmosphere models (Hamann
& Gräfener 2003; Sander et al. 2015) and O star models (Pauldrach
et al. 1998; Smith et al. 2002). Synthetic populations are generated
as simple stellar populations (i.e. single aged bursts) at ages of 1 Myr
to 100 Gyr in increments of log(age/yr) = 0.1 over the spectral range

from 1 to 100,000 Å, in 1 Å bins. These models are produced at 13
metallicities over the range Z = 10−4 - 0.04.
Nebular emission for the BPASSmodels are again calculated using

the Cloudy radiative transfer code (Ferland et al. 2017). This illumi-
nates a nebular cloud with the BPASS spectra. The cloud is assumed
to have electron density of 200 atoms cm−3 (log(𝑛𝐻 /cm−3) = 2.3), a
fixed nebular ionization parameter and a spherical geometry. A fixed
log𝑈neb = −3.0 was used in the fitting here. For the youngest stellar
populations, previous work has suggested that a log𝑈neb = −1.5 or
even −1.0 may be appropriate when considering the hard ionization
spectra of the youngest stellar populations with BPASS (Stanway
et al. 2016; Xiao et al. 2018). We did not vary 𝑈neb here since it
would have added an additional, poorly-constrained free parameter.
The nebular emission is then combined with the original spectra to
form a combined stellar and nebular SED model which is inserted
into the bagpipes fitting algorithm.

2.2 Attenuation of Stellar Models

Unattenuated stellar light curves for all models are plotted in Figure 1
for stellar populations at log(age/years)=6.5 and 7.0 (3.2 and 10Myr)
in the left and right panels, respectively. At 3Myr a stellar population
has a similar predicted spectrum in all the SPS models, but the
same is not true for a 10 Myr-old population. Instead, the BPASS
models predict a lot more flux shortwards of 912 Å (the ionization
edge of hydrogen) due to the inclusion of binary interactions which
prolongs the lifetime of O-type stars producing this ionising flux.
Binary interactions therefore increase the amount of flux which can
then be attenuated by dust, increasing the energy available to heat
dust grains and power infrared emission.
To incorporate the attenuation of starlight by dust, the Calzetti

et al. (2000) extinction law for local star-forming galaxies is applied.
The dust attenuation curve takes the overall functional form of

𝐹𝑖 (_) = 𝐹𝑜 (_) ∗ 10
0.4 𝐴𝑉 𝑘_

𝑅𝑉 , (1)

where 𝐹𝑖 (_) and 𝐹𝑜 (_) are the intrinsic and observed stellar flux
densities, 𝐴𝑉 is the attenuation in the V band (∼ 5500 Å) in magni-
tudes, 𝑘_ is the starburst reddening curve, and 𝑅𝑉 is the extinction
in the V band taken to be 𝑅𝑉 = 4.05. The functional form of 𝑘_ is
plotted in the top panel of Figure 1, in order to indicate the spectral
regions most heavily absorbed.
Attenuated SEDs of a 10 Myr stellar population are shown in

the first two panels of Figure 2, with the BC16 and BPASS models
shown in the left and centre plots, respectively, attenuated at different
levels of extinction between 𝐴𝑉=0.0-2.0 magnitudes. Attenuation is
stronger at shorter wavelengths, allowing for more energy to be trans-
ferred to the dust. Thus, having young, UV emitting stars around for
longer, as in the BPASS models, increases the amount of energy
absorbed by dust. This is illustrated in the final panel of Figure 2,
showing the amount of energy reprocessed by dust for an extinction
of 𝐴𝑉=1.0 mag at different stellar ages, given as the fractional dif-
ference to the BC03 model. The BPASS models increase the energy
absorbed and reemitted by dust at themajority of ages. The BC16 and
BC03 models differ due to the aforementioned changes in the stellar
evolution and atmosphere prescriptions. For example, the bump in
the BC16 model just before 100 Myr arises from the change in the
upper-mass limit for post-AGB evolution, changing the turnoff age
from 1 × 108 yr in the BC03 models to 6.7 × 107 yr in the BC16
models (Vidal-García et al. 2017).

MNRAS 000, 1–17 (2022)
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Figure 1. Comparison of the predicted SEDs from three different stellar population synthesis models: BC03 (orange), BC16 (red), and BPASS (blue). The left
panel shows the SED of a 3 Myr old population while the right panel shows that of a 10 Myr old population. Due to binary inclusion in the BPASS models,
they predict a lot more flux shortwards of 912 Å in the 10 Myr population compared to the BC03 and BC16 models. Included for reference in the right panel as
a black dashed line, with a scale to the right, is the wavelength-dependence of dust extinction (Calzetti et al. 2000).
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Figure 2. (Left and Centre) A 10 Myr stellar population attenuated by the Calzetti et al. (2000) extinction law at different levels of extinction for the BC16
(left) and BPASS (centre) models. The amount of extinction increases from the top, light green curve where 𝐴𝑉=0.0 (unattenuated curve) to the bottom, dark
blue curve where 𝐴𝑉=2.0 in steps of 0.5. (Right) The amount of energy attenuated and transferred to the dust (Δ𝐸) for infrared emission at different stellar
population ages for an extinction level of 𝐴𝑉=1.0, shown as the fractional difference to the amount of energy transferred in the BC03 model (Δ𝐸BC03). Plotted
is the energy when considering BC03 (dashed black), BC16 (solid pink with circles) and BPASS (solid blue with squares) stellar models. Symbols indicate the
time bins available in each model. Since the BC16 models contain a more finely sampled age grid, the curve varies more smoothly than the BPASS curve.

2.3 Dust Emission Models

2.3.1 da Cunha 2008 empirical model

An empirical, physicallymotivated prescription for the thermal emis-
sion from radiation-heated dust grains was presented in da Cunha
et al. (2008, hereafter dC08). Using the BC03 models and an at-
tenuation law following the sightline-averaged model of Charlot &
Fall (2000), they determine the amount of energy transferred into
dust emission using an energy balance formalism. This assumes that
all of the energy in photons absorbed by dust is reemitted with 100
per cent efficiency, but with a dependence on the dust temperature.
They then split the energy across multiple emission components.
These are a line-emission spectrum generated by transitions in poly-
aromatic hydrocarbons (PAHs), and three thermal continuum emis-
sion components: one in the mid-infrared generated by a hot dust
component, and two at longer wavelengths originating from warm

grain and cold grain components. PAH emission was incorporated
using an empirical spectral template derived from a local starburst
galaxy (M17), while the other components are modelled as grey-
body emission, given by Equation 10 in dC08. In a greybody, the
thermal blackbody, described by the Planck function, is modified by
a wavelength-dependent dust mass absorption coefficient, ^_, usually
approximated as ^_ ∝ _−𝛽 , where 𝛽 is the dust emissivity index.

The relative contribution of these components is determined by
the properties of the environment. In the dC08 model, the youngest
stars (ages < 10Myr) are considered to be embedded in a birth cloud,
which lacks the coolest emission component. However, all stars are
also affected by interstellar medium (ISM) dust, fromwhich emission
representing all four components are present. These two populations
are combined with the attenuated stellar emission to create an SED
which consistently models emission from the UV through to the
far-infrared.

MNRAS 000, 1–17 (2022)
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In this work, we modify the da Cunha et al. (2008) dust emission
prescription to generate an empirical model for dust emission, given
a total energy budget. The mid-infrared emission is modelled using
the sum of two equally weighted greybodies with temperatures 130
and 250 K, and 𝛽 = 1. The warm and cold grains are described as
greybodymodels with varying temperatures in the range 25-70K and
12-35 K, with 𝛽 = 1.5 and 𝛽 = 2 respectively. The chosen values of
𝛽 match those of dC08, but we consider a larger temperature range.
We also only fit for one warm grain temperature for both the birth
cloud and ISM dust component, to reduce the number of parameters.
Instead of using the dC08 PAH emission template, we use an

updated template spectrum from Bernhard et al. (2021). They use
archival infrared data from Herschel (Pilbratt et al. 2010) and Spitzer
(Houck et al. 2004) of 100 local (z < 0.3) AGN host-galaxies selected
from the 105-month Swift-BAT X-ray survey (Oh et al. 2018) to in-
form a new set of infrared emission templates. In order to extract the
intrinsic AGN IR emission, they initially build star-forming galaxy
emission templates from 55 galaxies pre-selected using the equiva-
lent width of the PAH emission feature at 6.2 `m in Spitzer data and
WISE W1 and W2 colours. They use this galaxy selection to build
eight templates for star-forming galaxies, one of which represents
galaxy PAH emission and this is the template we use in our model
for PAH emission.
When fitting this empirical model to observational data, all but one

of the relative contributions are fitted for in each of the birth cloud
and ISM components, while the last contribution is taken to bring the
total energy budget to unity. We take the mid-IR emission to be the
dependant variable, leaving the model with seven free parameters:
the warm grain temperature, T𝑊 ; cold grain temperature, T𝐶 ; PAH
contribution in birth cloud and ISM, Z𝐵𝐶

𝑃𝐴𝐻
and Z 𝐼𝑆𝑀

𝑃𝐴𝐻
; warm grain

contribution in birth cloud and ISM, Z𝐵𝐶
𝑊
and Z 𝐼𝑆𝑀

𝑊
; and the cold

grain contribution in the ISM, Z 𝐼𝑆𝑀
𝐶

.

2.3.2 Draine and Li 2007 model

In addition to the empirical dust emission model, two grids of spec-
tral energy templates from the literature are included, one of which
is the established dust model by Draine & Li (2007, hereafter DL07).
In contrast to the empirical model, these do not assume independent
dust emission components of different temperature. Instead a dust
cloud is irradiated by a stellar population, assuming a distribution in
dust composition, geometry and ionization parameter. They assume
a dust composition mixture of carbonaceous and amorphous silicate
grains, with embedded PAH material which is consistent with spec-
troscopic observations of PAH emission in nearby galaxies (Smith
et al. 2007). The size distribution of the grains is consistent with the
observed wavelength-dependent extinction in the local Milky Way
(Weingartner & Draine 2001) while the abundance of PAHs and the
strength of the radiation field are allowed to vary. The starlight in-
tensity is defined with the dimensionless scaling factor, 𝑈, which is
given by

𝑢a = 𝑈𝑢refa , (2)

where 𝑢a is the energy density per unit frequency of the starlight
radiation heating the grains, while 𝑢refa is the interstellar radiation
field estimated by Mathis et al. (1983) for the solar neighbourhood.
The bulk of the dust will be heated by a diffuse radiation field

generated by many stars, but there will be some dust which will be
located closer to luminous stars and thus receive a more intense ra-
diation field. To account for this, they use a power-law distribution in
intensity between𝑈𝑚𝑖𝑛 < 𝑈 < 𝑈𝑚𝑎𝑥 for a subset of the dust, while

the rest of the dust receives radiation intensity𝑈𝑚𝑖𝑛. This effectively
reproduces the properties of the dC08 model birth cloud, which is
exposed to more intense radiation and more strongly heated. When
comparing to the SED of galaxies in the SINGS field (Kennicutt et al.
2003), Draine et al. (2007) find that the data is reproduced satisfacto-
rily with a power-law slope in 𝑈 of -2 and𝑈𝑚𝑎𝑥 = 106. These were
adopted as canonical parameters. Thus, their model’s dust emission
spectrum shape is determined by three free parameters: the PAH
mass fraction, q𝑃𝐴𝐻 ; the lower cutoff of the starlight intensity distri-
bution,𝑈𝑚𝑖𝑛; and the fraction of the dust strongly heated by starlight
with intensity𝑈 > 𝑈𝑚𝑖𝑛, 𝛾.

2.3.3 Draine 2021 model

A newly released, updated set of templates provided by Draine et al.
(2021, hereafter D20) are also considered. These are conceptually
similar to the DL07 models, and contain similar assumptions. The
overall dust composition is modified to be dominated by a mixture of
amorphous silicate, other metal oxides, and hydrocarbons, a material
defined by Draine & Hensley (2021). A simple power-law is used
to capture the size distribution of the grains. There is also a PAH
population and an additional carbonaceous material added to fully
describe the total dust emission, where the PAH size distribution
is allowed to vary. Since interstellar PAHs are present in a range of
charge states (e.g. Bauschlicher et al. 2009; Peeters et al. 2017),model
grids were generated at low, standard and high ionisation states.
D20 consider several different descriptions for the starlight irradi-

ating the dust. These include BC03 models and BPASS models, at
various population ages from 3 Myr to 1 Gyr. D20 also consider a
solar neighbourhood spectrum representative of the typical radiation
field in the diffuse ISM. This is used as a reference for the heating
rate parameter; a dimensionless intensity parameter of a radiation
field,𝑈, given as

𝑈 = 𝛾∗
𝑢∗
𝑢′ref

, (3)

where 𝛾∗ is the spectrum-averaged dust grain absorption cross sec-
tion relative to the same quantity for the reference starlight spectrum
modified from Mathis et al. (1983), 𝑢′ref is the integrated energy
density for this spectrum, and 𝑢∗ is the energy density of the inci-
dent radiation field. This leaves four free parameters: the incident
starlight radiation model, the heating rate parameter U, the PAH size
distribution, and the PAH ionisation.
We adopt the publicly released model grids. We use the BPASS-

irradiated models with BPASS stellar SEDs, while the BC03-
irradiated templates are combined with the BC03 and BC16 stellar
SEDs. Since the irradiation varies with stellar age, and dust emission
models are not available for all ages in the stellar population synthe-
sis, some manner of reconciling these is required. Here we use the
dust models irradiated by a 3Myr-old stellar population to describe
birth cloud dust emission, while models irradiated by 1 Gyr-old stars
were taken as typical of the rest of the dust emission from the ISM.
Since the birth cloud and ISM dust have different heating sources and
intensities, we allow them to have different heating rate parameters,
𝑈, while the PAH size distribution and ionisation are constrained to
be the same to reduce the number of free parameters. Therefore, this
model has four free parameters: two heating rate parameters, 𝑈𝐵𝐶

and 𝑈𝐼𝑆𝑀 (one for birth cloud, one for ISM dust); the PAH size
distribution; and the PAH ionisation.
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2.4 SED Fitting Algorithm

Stellar and dust models were combined into composite stellar popu-
lations by utilising the Bayesian Analysis of Galaxies for Physical In-
ference and Parameter EStimation program (bagpipes, Carnall et al.
2018). This program contains Bayesian spectral fitting code combin-
ing the effects of stellar models, nebular emission, dust attenuation
and dust emission to model the integrated light from a galaxy from
the far-UV to the microwave regimes.
bagpipes accepts pre-defined SPS models in the form of a grid

of simple stellar-population models at a range of different ages and
metallicities. From this, for a given total mass and metallicity, it
creates complex populations by the application of a star formation
history (SFH), which can be constructed out of one or more analytic
functions. Nebular emission is included with the stellar component.
An energy balance formalism can then be applied to the current
emission model to account for dust attenuation and to calculate the
energy re-emitted by dust. Combining these two together, bagpipes
gives the total (stellar + nebular + dust emission) SED for the spec-
ified input parameters. When fitting to observational data, a prior
probability distribution must be specified for any parameter being
varied. The bagpipes output is a posterior probability distribution for
each fitted parameter, together with the Bayesian Likelihood for their
combination (see Carnall et al. 2018).
A likelihood function, L, describes the probability of obtaining

some observational data as a function of the parameters of the chosen
statistical model; it gives how well the parameters explain the data.
Constructed assuming uncertainties are Gaussian and independent,
the likelihood function used in bagpipes is given by (e.g. Hogg et al.
2010)

ln(L) = −0.5
∑︁
𝑖

ln(2𝜋𝜎2𝑖 ) − 0.5
∑︁
𝑖

( 𝑓𝑖 − 𝑓 H
𝑖

(Θ))2

𝜎2
𝑖

, (4)

where 𝑓 H
𝑖

(Θ) is the bagpipes predicted model corresponding to
observed fluxes 𝑓𝑖 with associated uncertainties 𝜎𝑖 . In order to get
the most probable parameterisation of the statistical model, the likeli-
hood ismaximised. This defines the resulting parameter space chosen
by bagpipes.
To compare models with different free parameters and construc-

tions, we used an estimate of goodness of fit given by the Bayesian In-
formation Criterion (BIC). This is defined asBIC = 𝑘𝑙𝑛(𝑛)−2𝑙𝑛(L̂),
where 𝑘 is the number of free parameters in the model, 𝑛 is the num-
ber of observations, and L̂ is the maximum value of the likelihood
function returned by bagpipes. The BIC is minimised by the best fit-
tingmodel to a given set of data, and penalisesmodels with additional
free parameters. We use this to discuss comparisons between dust
models with different parameterisations. We note that all the trends
and interpretations reported here are also seen when the Bayesian
evidence is instead used as a figure of merit.

3 APPLICATION TO INFRARED-LUMINOUS GALAXY
SAMPLE

3.1 Test Sample Data

We validate stellar and dust emission model combinations by fitting
the same set of data with the models described above, allowing a di-
rect comparison of the quality of fit on a single uniform data set. For
this purpose we consider a sample of galaxies with data extending
from the UV to far-IR. These are selected from Cosmic Evolution
Survey (COSMOS) observations (Scoville et al. 2007) which have

been compiled into the COSMOS2015 catalogue (Laigle et al. 2016).
This survey is selected due to its wide spectral coverage which in-
cludesGALEXUVdata; CFHT/Megacam, andSubaru/SuprimeCam
optical data; andCFHT/WIRCam, Spitzer/IRAC, Spitzer/MIPS,Her-
schel/PACS and Herschel/SPIRE infrared data. This gave a spectral
coverage from 1549 Å to 500 `m in the observed frame. We do not
include Y, J, H and Ks UltraVISTA observations as these did not
cover the whole of the COSMOS field.

TheCOSMOS2015 catalogue is selected as it contains an unbiased
sample of galaxies out to redshifts of 6. This includes a wide range
of galaxy types, and characterises the kind of analysis likely to be
performed over a large range of redshift in the future. We note that
other galaxy samples exist which explore the thermal far-infrared of
local galaxies in exquisite detail, characterising their dust properties
on a morphologically-resolved basis and at high signal-to-noise. We
do not use these as a validation sample at this stage, since such high
quality data would be atypical of the majority of galaxy surveys
for which SED fitting is routinely implemented. While COSMOS is
itself a high quality data set, it consists of fewer data points and lower
signal to noise for any given galaxy SED than is seen in very local
samples such as DustPedia (Davies et al. 2017).

In addition to the photometric data, the COSMOS2015 catalogue
includes value-added information such as galaxy stellar mass and
star formation rate, based on a template-fitting approach carried out
in the optical and using the BC03 stellar population synthesis library,
together with a fitted star formation history. The catalogue also in-
cludes photometric redshift estimates. These were calibrated against
the zCOSMOS survey as described in Laigle et al. (2016), which
assesses both the typical scatter of photometric versus spectroscopic
redshifts and the catastrophic failure rate as under 1 per cent.

To gather validation galaxies from the catalogue, selection cuts
were made. Galaxies which were flagged as having missing flux due
to being close to an image boundary or data collection being incom-
plete in the SuprimeCam V-band data were removed. We restrict the
sample to galaxies with a good spectral coverage in the infrared. We
require significant 100, 160, 250 and 350 `𝑚 Herschel PACS and
SPIRE filter detections, with a minimum signal-to-noise ratio of 3 in
each filter. The 500 `𝑚 SPIRE data was not included in this criteria
as few galaxies showed strong detections in this filter.We also require
full coverage in the UV, optical and infrared bands, a photometric
redshift estimate and a derived mass estimate from BC03 template
fitting, in order to permit galaxy subsamples to be established as a
function of mass and redshift, minimising evolutionary effects. Only
local galaxies (𝑧 < 0.5) were selected, primarily due to the relatively
shallow Herschel data, but also since previous dust models have
been calibrated with local galaxy samples. This selection procedure
reduced the sample of COSMOS galaxies to 419.

The remaining sample was checked for signs of active galactic nu-
clei (AGN) since we are not modelling AGN emission. Trump et al.
(2009) classified sources as AGN if 𝐿0.5−10 𝑘𝑒𝑉 > 3×1042 ergs s−1.
We apply this criterion to both Chandra and XMM/Newton obser-
vations collected in the COSMOS2015 catalogue. If the total X-ray
luminosity in the 0.5-10 keV region from either observations ex-
ceeded this criterion then that galaxy was classified as AGN. Only
one galaxy was identified as an AGN by this criterion and therefore
removed.

Thus the total sample considered in this analysis is 418 infrared-
luminous galaxies at 0 < 𝑧 < 0.5.
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Figure 3. The mass-redshift parameter space covered by infrared-luminous
galaxies in the COSMOS sample. Colour indicates a density map of the
parameter space. The number of galaxies within a bin increases as the colour
shifts from light green to dark blue, with the total given by the number
overlaid on each bin. Black rectangles indicates subsamples which stacked
into averaged spectral energy distributions and fitted with models. Where a
rectangle covers two bins, it indicates that those bins were combined into one
stack for fitting.

3.2 Methodology

Galaxies were binned by mass and redshift. We produce stacked
photometry for each bin, increasing the signal to noise (S/N) on the
mean photometric data points, and also allowing the creation of a
‘typical’ galaxy SED for that bin. This allowed modeling with a sim-
ple parametric star formation history (SFH), which averages over the
typically stochastic bursty star formation in any one galaxy. Stack-
ing also mitigates against any remaining low-luminosity AGN in the
sample. Galaxies were binned by Δ𝑧 = 0.05 in the range 0 < 𝑧 < 0.5,
and further subdivided in mass, with Δ(log(mass /𝑀⊙)) = 0.5 in the
range 108.5−12.0M⊙ . Several of the resulting bins had low number
statistics. To mitigate this, we occasionally combine adjacent pairs of
redshift bins. This resulted in 16 independent galaxy stacks, which
are illustrated by black rectangles in Figure 3; those covering two
bins indicate that these were combined into one stack. A handful
(29) of galaxies lie in sparsely populated regions of parameter space.
These were omitted from the final fitting procedure.
Within each bin, observational data for each galaxy (and its de-

rived properties from previous SED fitting) are taken from the
COSMOS2015 catalogue and combined with a luminosity weight-
ing based on the B-band SuprimeCam flux. This blue optical filter
weighting favours relatively young or star-forming galaxies, and thus
those with energy which can be redistributed to the infrared by dust.
A correction was made to account for Galactic extinction. Laigle

et al. (2016) calculate extinction for each object’s line-of-sight using
the Schlegel et al. (1998) values.Weuse a Fitzpatrick (1999) interstel-
lar attenuation law, for which 𝑅𝑉 = 3.1. Relative to other equatorial
fields, the main COSMOS field was chosen as it has an exceptionally
low and uniform galactic extinction (Scoville et al. 2007), so we take
the average extinction for each stacked galaxy group before applying
any correction to the stacked photometry.
To test the stellar and dust model combinations discussed in Sec-

tion 2 against these stacked observations, composite populationmod-
els were created and then fitted with bagpipes. These are formed
of two stellar populations: an old stellar population of a fitted age
> 0.1 Gyr and a less massive young stellar population with fixed
age 5 Myr. Both of these are modelled using a simple parametric,

Table 1. Parameter ranges considered when performing SED fitting with
bagpipes. If a single value is given the parameter was fixed.

Parameter Value/Range

Old stellar Age / Gyr 0.1 - 13
population SFH 𝜏 / Gyr 0.05 - 10

log(Mass/𝑀⊙) 3 - 13
Metallicity 𝑍⊙ = 0.02

Young stellar Age / Gyr 0.005
population SFH 𝜏 / Gyr 0.05 - 10

log(Mass/𝑀⊙) 3 - 13
Metallicity 𝑍⊙ = 0.02

Nebular emission log(𝑈neb) -3

Dust attenuation Law Calzetti et al. (2000)
𝐴𝑣 / mag 0 - 5

[ 2

Birth Cloud Age Fixed

delayed-tau SFH, which defines a star formation rate, SFR ∝ 𝑡𝑒−𝑡/𝜏 ,
where 𝑡 is the time elapsed between the onset of star formation and
the epoch of observation and 𝜏 is a parameter describing the expo-
nential decay timescale of the star formation rate. The age of the
old stellar population was fitted for along with the mass and 𝜏 pa-
rameter of both populations, while the metallicity was fixed at Solar
(𝑍⊙ = 0.02) to reduce the number of free parameters. SED fitting is
typically only weakly dependent on assumed stellar metallicity. We
also select a single dust attenuation law (Calzetti et al. 2000) and birth
cloud attenuation multiplicative factor, [. Attenuation in the V-band,
𝐴𝑉 , was allowed to vary. Our procedure is summarised in Table (1)
which gives the fitting ranges for all the variable parameters.
The uncertainties on photometric flux measurements are typically

very small. For fitting with discrete grids of photometric models, this
is problematic since it is very possible that no single model will pass
through the very narrow range of measurement uncertainties. To ac-
count for overall calibration uncertainties and finite model sampling,
the photometric uncertainties were increased, where required, to a
maximum S/N of 20 for all filters except for the IRAC, PACS and
SPIRE filters where a maximum S/N of 10 is chosen. The infrared
filters have larger typical errors due to increased source confusion
and hence larger systematic uncertainties.
For any given fitting procedure, the birth cloud age was fixed.

However this was varied between runs in order to evaluate how the
birth cloud affected themodelling for the different stellar populations.
All model combinations were fitted with maximum birth cloud ages
of either 3 or 5 Myr. These timescales are representative of the likely
birth cloud dispersal ages of young stellar populations (see Chevance
et al. 2020b). In the analysis to follow, we adopt 3 Myrs for the birth
cloud in BC03 or BC16 models, since in these the ultraviolet flux
drops dramatically in this time period, and further increases in birth
cloud lifetime will have negligible impact on the dust reemission.
BPASS stellar populations remain ultraviolet-luminous for longer
time periods, and we fit these with a 5Myr birth cloud by default.
This point will be discussed further in Section 4.3.
We fit for the free parameters of each dust model, as described

in Section 2.3. The fitting ranges are specified in Table (2). The
DL07 and D20 models parameter ranges are limited by the publicly-
available grids. The parameter range for the dC08 model has been
selected to encompass the expected properties of the galaxies in the
sample.
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Figure 4.Model combinations fitted to stacked galaxy data from the bin at z=0.25-0.35 and log(M/𝑀⊙)=10.0-10.5 with a 5 Myr birth cloud age. Each fit has the
best fit spectrum (orange line) plotted in the top panel with the photometric flux calculated in each filter used to constrain the model (orange dots), over-plotted
with the observational data (blue dots). Errors have been included for the observational data but are too small to be seen. The bottom panel for each fit shows
the normalised residuals in each photometric filter. These are calculated as the difference between the observational (O) and model (E) data, normalised by the
uncertainty in the observational data (𝛼O). The model combinations shown are BPASS with D20 (top left), BPASS with DL07 (bottom left), BC03 with dC08
(top right), and BC16 with DL07 models (bottom right). Note that the models have been redshifted to the mean redshift of the bin (z = 0.298). The thickness of
the orange line represents the uncertainty in the model, highlighting the range of model parameters which are consistent with the observations.

Table 2. All dust emission models fitting ranges for each parameter in the
model.

Model Parameter Range

DL07 q𝑃𝐴𝐻 / % 0.5 - 4.5
U𝑚𝑖𝑛 0.1 - 25
𝛾 0 - 0.5

dC08 T𝑊 / K 25 - 70
T𝐶 / K 12 - 35
Z † 0.001 - 0.99

D20 log(U𝐵𝐶 ) 0 - 7
log(U𝐼𝑆𝑀 ) 0 - 7
PAH size Small, Standard, Large

PAH ionisation Low, Standard, High

† Z 𝐵𝐶
𝑃𝐴𝐻

, Z 𝐼𝑆𝑀
𝑃𝐴𝐻

, Z 𝐵𝐶
𝑊
, Z 𝐼𝑆𝑀

𝑊
and Z 𝐼𝑆𝑀

𝐶
are fit independently, but over the

same parameter range in each case.

3.3 Impact of Model Choices on Derived Parameters

As discussed above, we consider fits with three stellar models (BC03,
BC16, BPASS) and three dust models (DL07, dC08, D20), giving
nine independent combinations.
In Figure 4, we give examples of the models with the maximum

likelihood when fit to galaxy observations in a bin at z=0.25-0.35
and log(M/𝑀⊙)=10.0-10.5, assuming a birth cloud age of 5Myr. Fits
using all nine different combinations of the 3 stellar and 3 dustmodels

are also shown in the Appendix (Figure A1). The observational data
are well reproduced with the four model combinations shown in
Figure 4. However, there are certain combinations which show larger
residuals, such as the combination of BPASS stellar and DL07 dust
models. The optical residuals are systematically offset from zero
to balance the poor fit in other parts of the spectrum in this case.
This is indicated on the figure by the thickness of the shaded line
which gives the uncertainty and thus highlights the range of models
and model parameters which are consistent with the observational
dataset. Most of the uncertainty appears between the MIPS 24 `𝑚

and PACS 100 `𝑚 filters due to a gap in the photometric coverage.
This uncertainty is associated with the dust temperature parameters
(see Section 4.4), which for the DL07 and D20 models is defined
by the incident starlight radiation intensity and fraction of strongly
heated dust. Similar best-fitting spectra are found for all other mass-
redshift subsamples or when using a 3 Myr birth cloud dispersal age.
In the Appendix we show an example of a corner-plot (Figure A2),
illustrating this parameter degeneracy.

We compare the BIC values of the best fits in Figure 5. These are
calculated as the difference to the BC16 and DL07 model combina-
tion with a 3 Myr birth cloud age. We show the BC16 and BPASS
stellar models with the DL07 and D20 dust models for both a birth
cloud age of 3 Myr and 5Myr. Each point represents a different com-
bination of mass- and redshift-range selection and is plotted at the
mean redshift of the galaxies included. Lower BIC values and hence
a lower BIC difference indicates the preferred model out of the two.
This highlights the poor combination of BPASS stellar and DL07
dust models, this time over all galaxy sub-selection bins fit. This
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Figure 5. BIC values for a selected combination of models, calculated as
the difference to the BC16 and DL07 model combination with a 3 Myr birth
cloud maximum age. The top row is for BC16 stellar models while the bottom
is for the BPASS models, and these are combined with DL07 dust emission
models in the first column and D20 dust models in the second column. The
blue squares show the resulting BICs for a 3 Myr birth cloud age while the
orange circles are for a 5 Myr birth cloud age. Lower BIC values and hence
lower BIC differences indicate that is the preferred model.

combination has the highest BIC values out of all the combinations
evaluated. While there is a slight increase in BIC with redshift, the
BPASS and D20 model combination shows a similar goodness-of-fit
to the BC16 and D20 model combination. The BPASS stellar models
produce a better match to the data with a 5Myr birth cloud age rather
than a 3 Myr age. A BIC comparison plot including all nine model
combinations is given in Figure B1. The older BC03 stellar models
show similar BIC trends to the BC16 models, while the dC08 dust
models produce trends similar to the D20 grid.
We compare the best-fit stellar parameter space recovered when

using three of the better fitting model combinations in Figure 6. For
comparison we also show the best-fit values from the COSMOS2015
catalogue, where physical properties were derived using synthetic
spectra generated from BC03 models using a Chabrier (2003) IMF.
Twometallicities (Solar and half-Solar)with two different attenuation
curves, one using theCalzetti et al. (2000) extinction law and the other
being a curve with a slope _0.9, were considered. The COSMOS
fitting assumed a SFH of form 𝑆𝐹𝐻 = 𝜏−2𝑡𝑒−𝑡/𝜏 , as described in
Ilbert et al. (2015).
Figure 6 shows the COSMOS2015 catalogue values for the indi-

vidual galaxies which satisfy our selection criteria (grey dots), and
the mean values weighted by B-band luminosity of each galaxy in
each sub-selection bin (filled triangles). These are compared to the
bagpipes parameter output (unfilled symbols) when using D20 dust
models with BPASS for a 3 Myr (squares) and 5 Myr birth cloud
ages (circle), and when combined with BC16 models for a 3 Myr age
(cross). The colours represent different mass bins for clarity.
The resulting stellar parameters show dependence on the input
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Figure 6. Resulting best-fit stellar parameters of age (top panel), mass (upper
middle), dust extinction (lower middle) and SFR (bottom) from bagpipes
to create models which match the observations. COSMOS2015 parameters
are included for individual galaxies in the sample as grey dots, and the B-
band luminosity weighted average value for each sub-sample are plotted as
filled triangles. The open symbols are the best-fit values from bagpipes using
the D20 dust model, with BPASS stellar models being represented by the
square and circle for a 3 and 5 Myr birth cloud age respectively, while the
cross represents the BC16 combination for a 3 Myr birth cloud. The colours
represent the different mass bins for clarity, where the log(M/𝑀⊙) = 9.5-10.0,
10.0-10.5, 10.5-11.0, and 11.0-11.5 bins are shown in light blue, orange, dark
blue, and black, respectively. Errors are included only on the COSMOS2015
values for clarity.

model assumptions. The extinction estimated using BPASS models
always falls lower, by an average of E(B-V) = 0.07, than both the
COSMOS2015 and BC16 value, which are generally in good agree-
ment with one another. Due to the harder ionising spectrum of the
BPASSmodels, less dust reprocessing is required to achieve the same
amount of dust emission. Hence lower extinctions are favoured by the
best-fittingmodels. In general, the 5Myr birth cloud agemodels have
lower derived extinctions by E(B-V) = 0.03 on average, as expected
since the longer lifetime leads to more radiation being reprocessed
as dust emission. The extra flux available for reprocessing in BPASS
models also permits the mass of the galaxy chosen by bagpipes to be
slightly lower (0.14 ± 0.02 dex, averaged across the whole sample)
than the BC16 models for all bins, as shown in the upper middle
panel. Nonetheless, stellar mass is generally recovered robustly, with
typically less than 0.2 dex of uncertainty introduced by dependence
on model choices. Inferred star formation rates (SFRs) show good
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agreement between the COSMOS2015 fitting values and those using
BC16 models. SFRs from BPASS fitting are typically lower, with an
average offset of 0.31± 0.17 dex. While there is some variation from
subsample to subsample, the lowest mass galaxies typically show
larger differences between SPS model fits and those in the highest
mass bins are smaller. The age of the stellar populations show the
most striking differences. Stellar ages derived from bagpipes fits are
reduced by a factor of 2-3 compared to the COSMOS2015 value, for
the majority of bins.
We note that we have assumed a simple parametric SFH and Solar

metallicity in all cases. Laigle et al. (2016) use a more sophisticated
approach than this, which gives rise to many of the specific differ-
ences found in the derived age and SFR of galaxies. However, the
goal of this work is to evaluate the impact of stellar and dust model
combinations rather than derive the precise stellar population for a
given galaxy. As such, we have considered stacked galaxies in order
to smooth out galaxy-specific variation, permitting us to assume a
simple parametric SFH and fixed metallicity. Our focus is on the ex-
tent of differences between model outputs, rather than their specific
values.
The main result presented here is that the assumed input physics

of modelled SEDs can have a considerable effect on the physical
parameters derived for a galaxy, or stacked spectrum, depending on
whether the input physics is the stellar models, SFH or birth cloud
age chosen. For example, varying the birth cloud age between 3 and
5 Myr can alter the final physical parameters, especially the derived
extinction of moderate redshift galaxies where the difference in BIC
values in Figure 5 becomes noticeable.

4 DISCUSSION

4.1 Optimising the Star-Dust Relationship

We have shown in Figures 4 and 5 that there are combinations of stel-
lar and dust emission models which lead to poorer matches against
observations. In the specific case of BPASS stellar SEDs with DL07
dust emission, there is a large difference in fitting performance.When
DL07 created their model grid, they tested them by fitting to galax-
ies selected from the SINGS galaxy survey (Kennicutt et al. 2003).
This is a collection of 75 nearby galaxies with comprehensive in-
frared imaging to capture and characterise the infrared emission
from galaxies across a range of galaxy properties and star formation
environments. After fitting this sample, DL07 assumed a maximum
starlight radiation intensity, 𝑈𝑚𝑎𝑥 , and the power-law slope in the
intensity distribution for their models, reducing the number of free
parameters and removing the requirement to model an independent,
high temperature birth cloud. The bulk of the dust (i.e. ISM compo-
nent) is just illuminated by a fixed𝑈𝑚𝑖𝑛.
We have shown here that the BC03 andBC16 stellarmodels fit well

to observations when combined with these dust models. However,
such simplifying assumptions may be inappropriate when consider-
ing the BPASS stellar models. The properties of a birth cloud dust
component, along with the harder ionising spectra of the BPASS
models is seen to have an effect in Figure 5. A longer lived birth
cloud allows for more of the hard ionizing flux to be captured and
thus improves the fits to the observations for the BPASS and D20
model combination. However, in the BPASS with DL07 model com-
bination, the stellar light intensity distribution from BPASS has no
effect on the shape of the dust emission model - only its total energy,
rather than its range of ionization potentials, is considered. Without
a birth cloud in DL07 models, there is no specific component which

can reprocess the extra ionizing flux in the BPASS stellar spectra.
Doing so would require additionally varying the currently-fixed stel-
lar intensity distribution - however this would still need to be related
in some way to the stellar population.
BC03 andBC16 stellarmodels have considerably less ionizing flux

at ages of 3-5 Myrs, such that the limited flexibility in treating young
starlight has little effect. On the other hand, fits with BPASS will
be particularly sensitive to this prescription in this study, especially
since our target galaxies are typically highly luminous, and more
intensely star forming than was true of the SINGS galaxy sample.
This emphasises the need to relate the dust emission to the stellar
emission SED.
Figure 5 suggests that fits obtained with BPASS typically have

slightly higher BIC values than those obtained with other stellar
models. This arises primarily due to large residuals in fits to the near-
infrared (1.5-5 `m) bands. In this wavelength range, the composite
emission spectrum is dominated by the combination of stellar and
nebular gas emission. The poor fits here may indicate that either a
modified treatment of giant branch stellar atmospheres is required in
BPASS, or that the fixed nebular gas prescription used in this study is
inappropriate for the COSMOS galaxies, and a much higher ioniza-
tion potential component should have been included. This spectral
region is highly sensitive to the details of the assumed giant branch
stellar wind and mass loss prescription, and also to the details of any
binary interaction prescription since it is on the giant branch thatmost
such interactions take place. However, the BIC discrepancy appears
to increase with increasing redshift, and is thus associated with more
intense, younger stellar populations, which suggests that the nebular
ionization parameter may instead be at fault. The nebular emission
was fixedwith the ionization parameter value chosen tomatch typical
local galaxies fit previously using the lower ultraviolet flux output
of the BC03 and BC16 models, meaning the same effect is not ob-
served in the performance of those models. However, BPASSmodels
may require a larger nebular ionisation parameter when fitting (see
Section 5.1).

4.2 Impact on Inferred Stellar Population Uncertainties

Figure 6 showed how the stellar parameter space varies depending on
the input stellarmodel, birth cloud age or SFHparameterisation. Each
of these gives similar but different results for the physical parameters
of a galaxy. The mass of the galaxies is typically consistent between
models at the level of ∼0.2 dex, since this is primarily determined by
the flux normalisation of the predicted model. The BPASS models
are consistent with those derived by the COSMOS teamwith a typical
scatter of 0.05 dex. There is a larger typical discrepancy between the
COSMOS2015 derived properties and those from our fits using the
BC16 models. This arises primarily due to changes in the adopted
stellar atmosphere models between BC16 and BC03, together with
the different wavelength coverage of the data being fit, and different
fitting methodologies. The optical continuum mass-to-light ratio,
which for BPASS is lower than that of BC16 at a fixed age, has a
systematic effect on the resulting mass of the galaxy. This results
in BPASS mass estimates falling below those using BC16 stellar
templates by, on average, 0.15 dex, when the same fitting algorithm
(bagpipes) is used. Extinction also shows a systematic offset, since the
harder ionizing spectrum of BPASS models requires less extinction
to produce the same total emission spectrum. This results in the
BPASS 3 and 5 Myr birth cloud age models requiring extinctions
lower by E(B-V) = 0.064 ± 0.022 and 0.087 ± 0.026, respectively,
compared to the BC03 stellar models with a 3 Myr birth cloud age.
The age of the population shows a less systematic trend than the
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Figure 7. BIC values for all galaxy composites fitted with BPASS and D20
model combination at assumed birth cloud ages between 1 and 10Myr, shown
as the difference to the 5 Myr model. The dashed lines are shown for clarity
to indicate trends. Symbols indicate models assuming a 1 (thick crosses), 3
(triangles), 5 (thin crosses), 7 (circles) and 10 Myr (squares) birth cloud age.

other parameters, as the input parameter space and the history of the
galaxy play a stronger role in determining this property. However, all
galaxy mass and redshift bins are broadly consistent with bagpipes
derived stellar population ages in the range 0.5-2 Gyr.
In this study, we have adopted simple parametric star formation

histories in order to permit direct comparison between different in-
put models. A more detailed, usually non-parametric SFH is often
required to fully map the evolution and merger history of any given
galaxy (Carnall et al. 2019; Leja et al. 2019). However, the system-
atic trends identified above will persist regardless of star formation
history.

4.3 Birth Cloud Lifetimes

The survival timescale of the dusty stellar birth cloud is an important
parameter, since an increased survival lifetime before the birth cloud
dissipates results in more young, UV luminous stars experiencing
increased extinction. It thus increases the amount of energy available
to be reradiated by dust. From Figure 5, we have noted an improve-
ment in fits using BPASS stellar templates when using a 5 Myr birth
cloud age instead of a 3 Myr age, while no such improvement is seen
for the BC16 models.
To explore this further, we ran additional fitting procedures on the

BPASS and D20model combination to explore a larger range of birth
cloud lifetimes. We show the results in Figure 7, which gives the BIC
values for all galaxy composites, but now permitting the maximum
birth cloud ages to vary between 1 and 10 Myr. The figure shows the
improvement in fit quality, quantified as the difference compared to
the BIC when a 5 Myr birth cloud is assumed.
Modelswith birth clouds that dissipate after just 1Myr consistently

show higher BICs, suggesting a worse fit. Figure 7 indicates that the
BICs typically decrease to a minimum around 5 Myr (a few galaxy
composites are best fit at 3 or 7 Myr). When the birth cloud survival
age is increased beyond this, there is little variation or improvement
in the fits. Hence a birth cloud, its correct lifetime and the extra
extinction it causes is clearly a required component of physically
accurate models.

As Figure 5 indicated, the sensitivity to birth cloud lifetime is par-
ticularly acute when using BPASS stellar population templates and
when looking at the very young stellar populations which dominate
with increasing redshift. This is unsurprising. A BC16 stellar pop-
ulation at 3Myr has already emitted the vast bulk of its ultraviolet
photons, and hence birth clouds with ages less than this dominate the
energy budget for dust emission. Increasing the birth cloud survival
age does not substantially increase the available reprocessed energy.
By contrast, BPASS populations continue to be strongly ionizing,
and to have luminous ultraviolet emission to ages exceeding 10Myr.
Thus, neglecting stars at slightly higher ages potentially leads to an
underestimate of the integrated dust emission luminosity. Beyond
5Myr, further increase to the birth cloud lifetime results in no fur-
ther improvement of the fit. Instead, this results in a large amount
of reprocessed ultraviolet energy and hence excess dust emission be-
yond that required by the data; as a result, the galaxy SED fitting
process favours older stellar populations. This reduces the available
ultraviolet flux that can be reprocessed, to compensate for the more
efficient reprocessing.
The stellar population at ages of 5-10Myrs has still not exhausted

its ultraviolet energy budget, which instead declines slowly and con-
tinuous between 3 and 10Myrs (as shown in Figure 1). Thus this
behaviour cannot be attributed to the stellar population. The ob-
served trends in fitting quality may, then, indicate that the intrinsic
lifetime of dense, highly extincting, dusty birth clouds is of order
5 Myrs. After this, radiative pressure and heating from the young
stellar population dissipates the dense birth cloud. Previous work has
investigated the lifetime of birth clouds and found similar ages of 1-
5Myr for their dissipation after massive stars formed (e.g. Hollyhead
et al. 2015; Corbelli et al. 2017; Chevance et al. 2020a). While this
is still debated and molecular clouds can have lifetimes of several
tens of Myrs (e.g. Kawamura et al. 2009; Miura et al. 2012), the key
is how quickly they disperse after the massive stars formed, as these
will dominate the UV emission and hence the infrared emission from
birth clouds.
In summary, using too short a birth cloud lifetime forces an SED-

fitting algorithm to increase the attenuation to match any observed
far-IR fluxes, worsening the fit to the UV-NIR continuum. This is
particularly problematic for SPS models in which the UV-luminous
lifetime of stars is extended.

4.4 Warm Grain Temperature Variations

Figures 8 and 9 show the variation in the derived temperatures for
the warm and cold grains (T𝑊 and T𝐶 ) in the dC08 model. Figure
8 shows fits using BPASS with a 5 Myr birth cloud, while Figure 9
fits BC16 stellar models with a 3 Myr birth cloud age. In both cases,
results are shown for two independent bins in stellar mass. Both stel-
lar models are seen to have an increasing T𝑊 with redshift while
T𝐶 is approximately constant over this redshift range. The cold grain
temperatures do not vary significantly between BPASS and BC16
fits, but the same is not as true for the warm grain temperature. At
low redshifts, the derived T𝑊 for the two stellar models is consis-
tent within its uncertainties, but this is no longer true at the higher
redshifts.
These temperatures are constrained in the fit almost entirely by

data from the Herschel space telescope. Herschel photometric data
was taken by the COSMOS programme at 100, 160, 250 and 350 `m
in the observer frame. These bands straddle the peak of the dust
curve for the cold dust component, since a cold grain temperature of
T𝐶 = 23 K has a greybody emission spectrum peaking at 126 `m. By
𝑧 = 0.5, this has redshifted to 189 `m, resulting in all four wavebands
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Figure 8. Best fit parameters for the dust grain temperatures of the dC08
model when fitted with BPASS stellar models with a birth cloud age of
5Myr. The top panel is the best fit temperature for the warm grain component,
while the bottom panel is the temperature for the cold grain component. The
symbols represent the median value of the probability distribution, while the
errors equate to the 16 and 84 percentiles of the distribution. Only the results
for the log(M/𝑀⊙)=10.0-10.5 (orange squares) and 10.5-11.0 (blue circles)
galaxy stacks are shown to remove effects relating to the mass of the galaxy
samples, and the other mass ranges contain too few redshift bins to draw any
conclusions. Note that the warm grain minimum fitting temperature is 26 K
while the cold grain maximum temperature is 30 K.

providing a strong constraint on the shape of the cool dust emission
curve.
For a warm dust grain temperature between T𝑊 = 30 and 45 K

the emission curve would peak between 97 and 64 `m in the rest
frame. Thus the warm grains are only strongly constrained by the
100 `m observation at 𝑧 = 0, and unless the temperature is at the
lower end of the potential range, this remains true at 𝑧 = 0.5. If
the temperature difference between the two grain components is
small, the uncertainties on the relative contribution of each will be
large, since the two dust emission curves blend. This is the scenario
favoured in the BPASS stellar population model fits, in which the
warm dust temperature does not exceed 31K. Fits using the BC16
stellar models favour a much warmer dust component of 50K, but its
precise temperature remains poorly constrained since only one data
point substantially influences the fit. This results in the increased
uncertainty range in the inferred SEDs shown in Figure 4 between
24 and 100 `m. Further observations in this challenging wavelength
regime are required to better constrain the derived parameter space
for a given input stellar model prescription.
Only having one photometric observation allows for more varia-

tion in the derived value of a parameter. In order to match to this
observation point, a blackbody spectrum can modify its shape and
energy by changing the temperature of the model, or by increasing
the intensity of the starlight radiation spectrum. Due to the harder
ionising spectrum of BPASS, more energy is being re-radiated by
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Figure 9. Same as Figure 8, but with the best fit parameters taken from fitting
observations with the BC16 stellar models with a 3 Myr birth cloud age. The
grey crosses overlay the median values from Figure 8.

the dust than in the BC16 models, and so a lower temperature is
required to match the observed flux of the single observation point.
Conversely, for the BC16 models, the blackbody spectrum requires a
higher temperature to produce the same amount of flux. This leads to
the higher median in the temperature for the BC16 than the BPASS
models. However, with more observations, this discrepancy may be
reduced.

4.5 Implications for the Cosmic Star Formation Rate Density
History

One of the most important and widely calculated properties of galaxy
stellar populations to arise from SED fitting analyses is the shape and
calibration of the cosmic star formation rate density (CSFRD) evolu-
tion with redshift. This is determined through the analysis of volume-
complete or corrected galaxy surveys, in which the instantaneous
star formation rate of each galaxy is inferred from the luminosity of
emission lines, SED template fitting, or from the thermal infrared
luminosity, or a combination of these methods. Each of these SFR
conversions is fundamentally calibrated against a stellar population
synthesis model which relates ionizing photon production rate to star
formation rate given stated assumptions. A long standing dilemma
arising from these analyses is that the integral of the CSFRD should
recover the in-situ stellar mass density at a given redshift. As Madau
& Dickinson (2014) noted, compilations of observational data now
predict a relatively smooth CSFRD which can be parameterised as a
function of redshift, but which overpredicts the cosmic stellar mass
density by ∼ 0.2 dex at low to intermediate redshifts. The mass den-
sity itself is also derived primarily from SED template fitting.
Wilkins et al. (2019) evaluated the impact of BPASS binary pop-

ulation synthesis models on these quantities, using the same v2.2.1
models used here, but adopting a very simplified dust emission
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model. They found that the effect of BPASS binary population syn-
thesis calibration is to reduce the normalisation of the CSFRD by
∼ 0.16 dex, while the mass density is reduced by ∼ 0.05 dex. These
recalibrations were based on stellar population models derived from
simple assumptions of a constant SFR over timescales of >100Myrs.
The results in Section 3.3 imply that the star formation rates of the

infrared luminous galaxies that dominate star formation at 0 < 𝑧 <

0.5 are actually∼ 0.31±0.18 dex lower usingBPASSfitting thanwith
single-star stellar population synthesis models. Considering only the
best-characterised galaxies increases the significance of this offset,
with galaxies in the range 10.5<log(M/M⊙)<11.0 showing an offset
in SFR of 0.33±0.06 dex, although in our highest mass bin the offset
reduces in both size and significance.
Figure 6 also shows that the offset has a slight dependence on

redshift, with BPASS-derived SFRs coming closer to those derived
by the COSMOS team with increasing redshift. There could be a
number of reasons for this trend. The typical star formation rate of the
galaxies in each subsample increases with redshift, meaning that the
stellar SED becomes increasingly dominated by the youngest stellar
population. This acts to diminish the uncertainties associatedwith the
adopted star formation history, reducing a simple parameterisation
of rising or falling star formation rates to essentially a short lived
burst. At lower redshifts, the typical star formation rate is also lower,
leading to a bigger uncertainty in establishing the contribution to the
rest-frame optical and ultraviolet SED from slightly older underlying
stellar populations. These cannot securely be accommodated in a
simple parametric star formation history without added uncertainty.
These slightly older (∼100Myr - 1Gyr) populations are also the
most likely to show the impact of binary stellar evolution processes
extending the luminous lifetimes ofmoderatemass stars. Our analysis
suggests lower stellar masses using BPASS by 0.14 ± 0.02 dex (or
0.13 ± 0.02 dex in the mass bin above). These results are broadly
consistent with those of Wilkins et al. (2019), with the extra offset
in SFR suggested by this work balanced by a similarly increased
offset in stellar mass. Thus the results here suggest that (if these
results are representative of those at higher redshift) the local CSFRD
integral and mass density can be reconciled, as Wilkins et al. (2019)
suggested, as long as binary population synthesis and careful dust
modelling is considered.

5 LIMITATIONS AND UNCERTAINTIES

5.1 Assumptions in the Stellar Component

The metallicity assumed for each galaxy was Solar (𝑍 = 0.020).
While there is dispersion in the metal enrichment of galaxies, the
local galaxy population has been shown to have typical metallicities
which are approximately Solar (Gallazzi et al. 2005, 2021). The
well-known mass-metallicity relationship at 𝑧 ∼ 0 would suggest
that our lowest mass galaxy composites might be better represented
by a lower metallicity stellar population. However, we do not see any
evidence for poorer fits amongst these lowmass bins than their higher
mass counterparts. It is likely that, while fitting the stellar population
with lower metallicities might slightly improve modelling of the
optical region, small differences in the stellar prescription would not
have affected the dust emission fitting which often dominates the
uncertainties.
The stellar population models incorporated a simple prescription

for the emission of reprocessed ionizing radiation by nebular gas.
The nebular gas density and geometry was fixed, as was its ionization
parameter which was held constant at log(𝑈neb) = −3. This value has

been shown to be typical of nearby galaxies when using the BC03 and
BC16models (Chevallard & Charlot 2016; Carton et al. 2017; Vidal-
García et al. 2017). However, we noted in Section 2.1.2 that the harder
ionizing spectra of BPASSmodels at a given age may require a larger
nebular ionization parameter of log(𝑈neb) = −1.5 or−1.0 (Xiao et al.
2018). Fully constraining the nebular gas properties would add an
additional four or more free parameters to our fitting procedure, and
we chose to fix these in order to provide a direct comparison between
the assumed stellar and dust models. We note that inclusion of the
higher ionization potential of binary stellar populations might have
increased the emission in the near-infrared part of the spectrum,
producing a slightly better fit to the data. However the differences
in likelihoods and thus BICs between models is dominated by the
dust emission curve, rather than the few affected near-infrared data
points.
We also assumed a simplified, parametric star formation history

for the galaxy composites. These were selected to include relatively
massive, infrared luminous galaxies and so included both an old
underlying and a recently star-forming population. The age of the
young stellar population is difficult to derive (Soderblom et al. 2014).
A burst-like stellar population ages rapidly, and its UV (and hence IR)
emission is strongly sensitive to age. An assumed single age burst at
1Myr would produce very different emission to the same burst seen
at 10 Myr. The young population was therefore assumed to have a
composite stellar population modelled as delayed-tau SFH with an
age of 5 Myr. Since massive stars have lifetimes < 10 Myr, such a
composite population around an age of 5 Myr is representative of the
majority of UV emission. If we were concerned with the detailed star
formation histories of individual galaxies, a more robust result might
be obtained by fitting a fully non-parametric star formation history,
but this would add substantially to the number of free parameters
and degeneracies in the best fitting models. Since the data being
fitted here are typically composites of ∼15-50 galaxies, we expect
slight differences in the detailed star formation histories to cancel one
another out, and hence that a simple parameterisation will provide
a reasonable fit to the composites, enabling a more straight forward
comparison between different stellar and dust model assumptions.
Finally, we note that the different model combinations required

different assumptions regarding the existence and impact of dense,
highly extincting stellar birth clouds. The composition and grain
characteristics of these birth clouds represent a key assumption. Birth
cloud dust is known to cause more extinction than ISM dust, lead-
ing, for example, to the higher extinction applied to nebular lines
than the continuum in the Calzetti et al. (2000) extinction law. This
was accounted for, in all of the dust models, with an [ parameter
which instructs the bagpipes fitting software of how much additional
extinction to apply to young stellar populations. However, there is
no general consensus on the quantitative difference between the two
dust components. While some previous work has found large dif-
ferences in the strength of birth cloud extinction (e.g. Calzetti et al.
2000; Förster Schreiber et al. 2009; Kashino et al. 2013; Kreckel
et al. 2013; Price et al. 2014; Talia et al. 2015), others have found
values much closer to the ISM extinction (e.g. Erb et al. 2006; Daddi
et al. 2007; Reddy et al. 2010, 2012; Kashino et al. 2013; Shivaei
et al. 2015; Puglisi et al. 2016). The original work by da Cunha et al.
(2008), based on the prescription of Charlot & Fall (2000), accom-
modated the birth cloud by adopting a much steeper dust attention
law for the youngest stars. This led to an integrated excess in the
reprocessed energy of a factor of ∼ 2, which is very similar to the
0.4 magnitude additional extinction applied by Calzetti et al. (2000)
to nebular regions in their extinction law. We thus adopted a scaling
factor of 2.0.

MNRAS 000, 1–17 (2022)



14 G. T. Jones et al.

In this analysis we only tested the BPASS binary stellarmodels, but
other binary models are starting to appear in the literature (e.g. Göt-
berg et al. 2018, 2019; Fragos et al. 2022). We expect that, in general
terms, the evolution of binary populations will be similar between
these models, as also found by Götberg et al. (2019). However, we
note that the detailed implementation of binary phenomena such as
mass transfer, common envelope evolution, supernova kicks and the
subsequent disruption of binaries, are handled differently in different
codes. Thus while a population of stripped helium stars will emerge
in any binary population synthesis, which dominate the broad trends
in the population evolution, the precise timing and contribution to the
total luminosity will depend on the details of the formalism adopted.

5.2 Limitations to the Dust Emission Models

All of the dust emission models have built-in assumptions to simplify
them. These assumptions affect their ability to fit to observations in
ways which we outline here.
The dC08 generated emission models are a combination of four

emission components, each of which have their own parameterisa-
tion. While dC08 fit to observations of high Galactic latitude dust
emission in the Milky Way to constrain parameters associated with
the ambient ISM component, this is not strictly valid for galaxies
which differ substantially in star formation history and metallicity to
the Milky Way. Hence we leave them all as adjustable parameters.
This means our empirical dust emission model has 7 free parameters,
which is equal to the number of photometric observations available
to constrain the infrared region of the SED. Thus the dust models are
underconstrained, leading to a wider range of dC08 models which
can map to observations when compared to other dust models con-
sidered here. This was highlighted in Figure 4. To relieve pressure
on the fit, we fixed some parameters when generating the empirical
model, such as requiring the birth cloud and ISM component to use
the same warm grain temperature. In practice the birth cloud may
have hotter dust due to closer proximity to stellar irradiation.
The model of DL07 made assumptions about how to incorporate

different dust emission due to close proximity to stellar radiation. For
this, they assumed that some dust grains are illuminated by a mini-
mum (ISM-like) radiation field while the rest receive increased (birth
cloud-like) radiation following a power-law slope distribution up to
a fixed maximum radiation field. An additional parameter allows the
relative contribution from these two components to be determined.
In doing this, it means that all stellar energy attenuated is com-
bined into a total dust energy, before being redistributed by thermal
processes. Thus, when the prescription varies for young stellar pop-
ulations, i.e. increased ionising flux from binary stars, there is no
specific dust component which can absorb these variations. Instead,
the whole dust emission spectrum is modified, causing problems
when fitting with certain stellar population synthesis models. This
lack of a clearly-defined birth cloud component may make the dust
emission prescription of DL07 too simplistic to be applied when
considering BPASS stellar population models.
D20 dust emission models were generated by illuminating the dust

with different aged stellar populations to determine the evolution
of the dust emission shape. We adopted dust models generated by
radiation from a 3 Myr and 1 Gyr stellar population to simulate the
birth cloud and ISM components respectively. However, a correct
prescription should self-consistently generate dust models for all
available stellar population ages (41 timesteps in the case of BPASS
models) and then have the same stellar SFH applied to work out the
contribution from each dust emissionmodel. Due to a limited number
of models in the publicly available grid generated with differently

aged stellar spectra, thiswas not feasible.However, the use of only two
models is a reasonable approximation as the young stellar population
in our star formation history prescription had a fixed age of 5 Myr
and the older population was allowed to vary over ages of a few Gyr,
at which ages the stellar population changes only slowly. As a result
stellar populations in this age range generate approximately the same
ultraviolet and blue-optical radiation fields as that which generated
the dust models used.

6 CONCLUSION

In this paper we have presented an analysis of the joint impact of
assumed stellar irradiation spectrum and dust emission prescription
on the interpretation of galaxy properties including age, extinction,
mass, SFR and dust temperatures. We have used a sample of infrared
luminous galaxies at 0 < 𝑧 < 0.5 drawn from the COSMOS sur-
vey (Scoville et al. 2007; Laigle et al. 2016) as a demonstration and
evaluation tool. To allow a direct comparison between combinations
of stellar and dust model assumptions, we fit these with a simple
parameterised star formation history, using the SED fitting tool bag-
pipes (Carnall et al. 2018). We summarise our principle conclusions
as follows:

(i) When fitting a multiwavelength galaxy SED extending to sub-
millimeter wavelengths, the derived properties of the stellar popu-
lation depends not only on the stellar population synthesis models
deployed, but also on the dust emission prescription.
(ii) Conversely, the derived dust properties in such a fit, depend

not only on the dust emission curve but also the stellar population.
This affects parameters such as the dust temperature (see Figure 9).
(iii) The fitting procedure adopted here, results in a consistently

younger inferred stellar population for a given set of galaxy photom-
etry than was found by the COSMOS2015 programme. All galaxy
mass and redshift bins are broadly consistent with bagpipes derived
stellar population ages in the range 0.5-2Gyr.
(iv) Stellar masses inferred using the bagpipes algorithm, when

the FIR is fit simultaneously with optical and ultraviolet fluxes, are
consistent with those derived by the COSMOS team with a typi-
cal scatter of 0.2 dex. However, masses inferred using BC16 are
0.14 ± 0.02 dex higher than those inferred using the BPASS stel-
lar population models. This arises due to the extra ultraviolet flux
available in the BPASS models, rather than differences in the stellar
models at long wavelengths.
(v) Binary population synthesis corrections to the cosmic star

formation rate density calibration and the stellar mass densities es-
timated from SED fitting may help to reconcile the discrepancy
between these empirical quantities.
(vi) The simple star formation history prescription adopted here

favours lower dust extinctions than found by the COSMOS2015 fit-
ting algorithm, but the offset depends on stellar population syn-
thesis models. BPASS models produce more ultraviolet luminosity
for a given mass and therefore require extinctions lower by E(B-
V) = 0.064 ± 0.022 than the BC16 models given the same prescrip-
tion.
(vii) All of the stellar and dust model combinations considered

here provide reasonable fits to the data. However, the lowest values
of the Bayesian Information Criterion are obtained using the Bruzual
and Charlot models together with the DL07 dust model grid which
was informed by its radiative spectrum. However, the lack of bi-
nary stellar evolution pathways in this population synthesis raises
questions over its reliability in young, massive star dominated pop-
ulations. The BPASS models typically show a higher (and therefore
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weaker) Bayesian Information Criterion value. The best fits to the
data were obtained using the D20 dust emission models which were
specifically irradiated by BPASS spectra, and therefore consider dust
reemission self-consistently. This emphasises the interdependence of
dust and stellar population synthesis models.
(viii) When fitting with binary stellar populations, the longer

ultraviolet-luminous epoch after stellar birth renders energy balance
calculations sensitive to the dispersal timescale of the dusty stellar
birth cloud. Optimal fits were obtained with a dispersal timescale
of at least 5Myrs. By contrast, irradiation by BC03 and BC16 stel-
lar models shows no dependence on the birth cloud lifetime beyond
3Myrs.
(ix) Fits using the dC08 dust prescription when the BC16 stellar

model is used to irradiate the cloud require warm grain temperatures
between 30 and 50K, with a weak indication of rising temperature
with redshift. By contrast for irradiationwithBPASS, the samemodel
requires dust temperatures in a narrow range of 26-31K, as a result
of the stronger ultraviolet emission.

As a consequence of these results, we strongly recommend that
the irradiating spectrum be considered as an integral element of
dust emission modelling. It is important that further investigations
be made into the impact of stellar assumptions on the reprocessing
of energy by dust. The analysis here has used a simple star forma-
tion history to allow direct comparisons over a large model grid.
It is possible that the differences observed between model combi-
nations would be reduced were more flexibility be permitted in the
star formation histories. However in this case the uncertainty would
be transferred to the evolutionary history and interpretation of the
galaxies themselves.
We note that this study has been limited to the intensely star

forming galaxies observable through the far-infrared in the very local
Universe. New facilities, notably the James Webb Space Telescope,
will soon be providing new constraints on the mid-infrared portion of
the dust emission curve in these local galaxies, and beginning to place
constraints to somewhat higher redshift. Meanwhile observations
with the Atacama Large Millimeter Array (ALMA) are beginning to
build a catalogue of typical star forming galaxies at CosmicNoon and
beyond for which multiple continuum data points are now available
in the mid- to far-infrared.
A very recent analysis by Burgarella et al. (2022) for example, has

used the CIGALE SED fitting code to explore the properties of a
large sample of infrared-detected high redshift galaxies identified in
the ALPINE survey. As the results here have demonstrated, any such
analysis is subject to systematic offsets due to the model grid used,
and going into the high redshift regime, the dust emission and stellar
emission spectra may both vary due to differences in the chemical
composition, structure and stellar population parameters, which is a
key area for further investigation.
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APPENDIX A: MODEL FITS

Figure A1 shows the fits to the galaxy observations in the bin z=0.25-
0.35 and log(M/𝑀⊙)=10.0-10.5 for all model combinations, assum-
ing a birth cloud age of 5 Myr. Each plot contains the mean residual
when averaging over all observations and the mean optical residual
when averaging over only the optical and near-IR filter observations
(i.e. those where the stellar spectrum dominates). The figure high-
lights that all model combinations can reproduce the observations
with reasonable agreement, but the BPASS stellar model with DL07
dust emission model is the worst fit, with much larger residuals, espe-
cially in the optical photometric points to counter-act the poor fitting
in other regions of the SED.
In Figure A2 we show an example of a posterior probability dis-

tribution corner plot from bagpipes fitting of an individual stacked
SED from the bin at z=0.25-0.35 and log(M/𝑀⊙)=10.0-10.5 using
the BPASS stellar and DL07 dust emission model combination. This
demonstrates the dust temperature-related parameter degeneracies
which lead to thickening of the best-fitting spectrum in Figure 4. The
young stellar population parameters of mass and delayed-tau param-
eter of the SFH are the constrained the poorest due to a combination
of the young population not being dominant enough to be separated
from the older population and the dust emission model having no
separate birth cloud component, in which the amount of flux from
the young stellar population is a key component.

APPENDIX B: BICS

Figure B1 shows the BIC values for all model combinations and all
stacked galaxy samples, for both a 3 and 5 Myr stellar birth cloud
age. These are shown as the difference to the BC03 and DL07 model
combination with a 3 Myr birth cloud age. A lower BIC value and
hence a lower BIC difference indicates that model is the preferred one
out of the two being compared. There is little difference between the
BIC values for the BC03 and BC16 models, meaning that the slight
prescription changes to the single evolution code has not altered the
fitting performance. The dC08 dust emission models have similar
trends to the D20 models but lie at slightly higher BIC values. This is
due to the first termof theBayesian InformationCriterionwhich takes
into account the number of parameters in the model, k, and increases
as the number of parameters increases. For the DL07, dC08 and D20
dust models, k = 9, 13, and 10 respectively. Therefore, since the dC08
model has a larger number of parameters, the BIC value increases
creating this slight offset compared to the other models.

This paper has been typeset from a TEX/LATEX file prepared by the author.
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Figure A1. Best-fit models from different stellar and dust emission model combinations fitted to stacked galaxy data from the bin at z=0.25-0.35 and
log(M/𝑀⊙)=10.0-10.5 with a 5 Myr birth cloud age. The rows contain the different stellar models of BC03 (top), BC16 (middle) and BPASS (bottom), each
combined with the different dust emission models of DL07 (left column), dC08 (middle column) and D20 (right column). Each combination has plotted the
best-fit spectrum (orange line) along with the expected photometric flux in each filter for that spectrum (orange dots), overlaid with the observation data in
each filter (blue dots). Errors have been included for the observational data but are too small to be seen, while the thickness of the orange line represents the
uncertainty in the model. Each plot also contains the mean normalised residual when averaging over all photometric filters and the optical normalised residual
when averaging only over the optical and near-infrared filters (i.e. those where the stellar spectrum dominates). Note that the models have been redshifted to the
mean redshift of the bin (z = 0.298).
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Figure A2. An example of a posterior probability distribution corner plot from bagpipes fitting of an individual stacked SED from the bin at z=0.25-0.35 and
log(M/𝑀⊙)=10.0-10.5 using the BPASS stellar and DL07 dust emission model combination. The first five columns/rows are the stellar parameters, with the
first three related to the age, mass and 𝜏-parameter of the SFH associated with the older stellar population (osp), while the next two relate to the mass and
𝜏-parameter associated with the young stellar population (ysp) of age 5 Myr. The last four columns/rows are the dust parameters, starting with the extinction, 𝐴𝑉

in magnitudes, followed by the three DL07 dust emission model parameters of 𝛾, qPAH, andUmin. The top panel in each column shows the probability distribution
of that parameter, with the 16%, 50% and 84% quartiles shown as the dashed lines. All other panels shows the two-dimensional probability distribution of the
overlapping parameters in that row and column. This demonstrates the degeneracies which lead to thickening of the best-fitting spectrum in Figure 4.
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Figure B1.BICvalues for allmodel combinations, calculated as the difference
to the BC03 and DL07 model combination with a 3 Myr birth cloud age. The
rows contain the different stellar models of BC03 (top), BC16 (middle) and
BPASS (bottom), each combined with the different dust emission models of
DL07 (left column), dC08 (middle column) and D20 (right column). The
blue squares show the resulting BICs for a 3 Myr birth cloud age while the
orange circles are for a 5 Myr birth cloud age. Lower BIC values and hence
lower BIC differences indicate that is the preferred model.
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