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ABSTRACT

We have developed a pipeline called mentari to generate the far-ultraviolet to far-infrared spectral energy distribution
(SED) of galaxies from the Dusty SAGE semi-analytic galaxy formation model (SAM). Dusty SAGE incorporates dust-
related processes directly on top of the basic ingredients of galaxy formation like gas infall, cooling, star formation,
feedback, and mergers. We derive a physically motivated attenuation model from the computed dust properties in
Dusty SAGE, so each galaxy has a self-consistent set of attenuation parameters based on the complicated dust physics
that occurred across the galaxy’s assembly history. Then, we explore several dust emission templates to produce
infrared spectra. Our results show that a physically-motivated attenuation model is better for obtaining a consistent
multi-wavelength description of galaxy formation and evolution, compared to using a constant attenuation. We
compare our predictions with a compilation of observations and find that the fiducial model is in reasonable agreement
with: (i) the observed z = 0 luminosity functions from the far-ultraviolet to far-infrared simultaneously, and hence
(ii) the local cosmic SED in the same range, (iii) the rest-frame K-band luminosity function across 0 < z < 3, and
(iv) the rest-frame far-ultraviolet luminosity function across 0 < z < 1. Our model underproduces the far-ultraviolet
emission at z = 2 and z = 3, which can be improved by altering the AGN feedback and dust processes in Dusty SAGE.
However, this combination thus worses the agreement at z = 0, which suggests that more detailed treatment of such
processes is required.

Key words: galaxies: formation — galaxies: evolution — galaxies: luminosity function, mass function — (ISM:) dust,
extinction

1 INTRODUCTION radiation (Hollenbach & McKee 1979). Therefore, dust and
star formation in a galaxy are often correlated. A description
of stellar populations, dust and gas in a galaxy can be in-
ferred from its far-ultraviolet to far-infrared (panchromatic)
emission. The spectral energy distribution (SED) describes
the intensity of this emission as a function of wavelength. A
significant fraction of light from a star-forming galaxy is ex-
pected to be absorbed by dust and re-emitted in the infrared.
Therefore, many star forming galaxies are often firstly dis-
covered in the infrared. This importance of dust is even more
substantial at high redshift, where star formation is more ac-
tive.

The state of a galaxy during its evolution depends on various
non-linear processes between its components: gas, stars, black
holes, dust and metals. This evolution starts with pristine gas
falling into the dark matter halo, then cooling to form a disk.
Star formation occurs in the galactic disk, polluting the disk
with metals and dust. Massive stars evolve into supernovae
and reheat the surrounding gas. This heating suppresses fu-
ture star formation and is known as feedback. Energy from
the accretion disk around a supermassive black hole also acts
as a source of feedback that can prevent future star forma-
tion.

Dust makes a vital contribution to the conditions for star
formation: it acts as an efficient gas coolant (Ostriker & Silk
1973; Dwek 1987), provides surfaces for the formation of
molecular hydrogen, and shields the molecules from ionizing

Molecular clouds, the site of star formation, are generally
dustier than the diffuse interstellar medium. Young stars,
which contribute most of the ultraviolet emission, are still
embedded in these clouds. Their light is more heavily affected
than the light from older stars whose birth clouds have dis-
rupted (Charlot & Fall 2000). In the Charlot & Fall (2000)
* E-mail: dian.triani@cfa.harvard.edu model, birth clouds have a higher optical depth than the dif-
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fuse ISM to account for the thicker dust. While dust in the
diffuse ISM can affect the light from both young and older
stars, dust in birth clouds is only important for stars below
an age limit, typically 10 Myr.

Dust is an essential element that shapes the galactic SED
across the panchromatic window. An attenuation curve de-
scribes how dust absorbs and scatters starlight in the far-
ultraviolet to optical wavelengths. In general, the attenuation
decreases with increasing wavelength. A popular attenuation
curve that is often adopted is an empirical curve obtained
from starburst galaxies (Calzetti et al. 2000). However, obser-
vations of our Galaxy and neighbouring galaxies show vari-
ation in the extinction curves (Gordon et al. 2003), which
is expected due to different dust properties of each galaxy.
Therefore, we need to be careful when adopting a fixed at-
tenuation curve (such as the Calzetti curve) as it might not be
the best representation of the dust properties in a galaxy. An-
other commonly used model is Charlot & Fall (2000), which is
theoretically based and allows for varying of the attenuation
curve parameters.

The absorbed light is then re-emitted by dust at much
longer wavelengths in the infrared region. The shape of the
infrared SED depends heavily on the dust grain properties,
such as its temperature distribution, grain size and grain com-
position. There are various infrared spectral libraries, includ-
ing those derived empirically, theoretically, and both. Empir-
ical spectra often only have one parameter determining the
changes (e.g., Rieke et al. 2009) while theoretical templates
are multi-dimensional (Draine & Li 2007; da Cunha et al.
2008), and semi-empirical templates sit in between (e.g., Dale
et al. 2014, with two parameters).

Given the importance of dust in multiple parts of the
panchromatic SED, a proper dust treatment is critical for in-
ferring galaxy properties from multi-wavelength observations
and constructing synthetic SEDs from theoretical galaxy for-
mation models. SED modelling codes are made to interpret
the observations and derive many fundamental galaxy prop-
erties, such as stellar mass, star formation rate, gas mass, and
dust mass. Such codes typically consist of recipes for the star
formation history, stellar population synthesis model, dust
attenuation, and dust emission, and use a fitting technique
to assign galaxy properties based on the observed photome-
try. Currently, many SED codes explore different assumptions
for both stellar and dust emission. For example, while most
SED codes adopt a parametric formula for the star forma-
tion history, Pacifici et al. (2012, 2015) use stochastic star
formation from a semi-analytic model (SAM) and combine
it with dust attenuation prescriptions. The SED generation
code, PROSPECT (Robotham et al. 2020), allows the flexible
construction of star formation and metallicity histories and
provides two options for stellar population templates. Varia-
tions in the dust assumption were explored by MAGPHYS
(da Cunha et al. 2008), which includes the Charlot & Fall
(2000) attenuation model and synthetic multi-dimensional
infrared templates (da Cunha et al. 2008, 2015), and Cigale
(Burgarella et al. 2005), that use the Calzetti et al. (2000) at-
tenuation model and adopts the infrared templates of Draine
& Li (2007) and Dale et al. (2014).

In addition to inferring galaxy properties from observa-
tions, it is also important to generate mock SEDs from
the theoretical modelling of galaxy formation to completely
understand how different physical processes change galaxy
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emissions. Mock catalogues are also critical when develop-
ing an upcoming galaxy survey program and an accurate
dust treatment is needed to generate realistic catalogues.
Unfortunately, both hydrodynamical and semi-analytic mod-
els often treat dust attenuation in an ad-hoc manner as a
post-processing step to produce simulated SEDs (e.g., Hen-
riques et al. 2015; Vogelsberger et al. 2019). Such models
usually make predictions only in the optical to near-infrared
wavelength range. However, in the past decade, galaxy sur-
veys have broadened their wavelength coverage to the far-
ultraviolet to far-infrared. These surveys include Galaxy And
Mass Assembly (GAMA, Driver et al. 2009) for local galaxies
and the Cosmic Assembly Near-infrared Deep Extragalactic
Legacy Survey (CANDELS, Koekemoer et al. 2011) for high
redshift galaxies. Such surveys, along with the wealth of data
obtained in the ultraviolet (GALEX, Martin et al. 2005), op-
tical (SDSS, 2dFGRS, York et al. 2000; Colless et al. 2001),
near-infrared (2MASS, Skrutskie et al. 2006), mid and far-
infrared (WISE, Wright et al. 2010) challenge the theoretical
models to provide predictions of galaxy emission across the
entire panchromatic window.

Radiative transfer codes have been developed to better
model the interplay between stars, gas and dust in produc-
ing panchromatic galaxy emission (Silva et al. 1998; Jonsson
et al. 2010). These codes require information about the dis-
tribution of stars, dust and gas as inputs. Silva et al. (1998)
used a simplified galaxy model that consists of a bulge and
a disk component. Other work has taken the description of
galaxies from hydrodynamic simulations (Jonsson et al. 2006;
Lanz et al. 2014). Although more accurate, such modelling
requires expensive computational resources. When consider-
ing cosmological scales and very large numbers of galaxies,
some effective approximation needs to be made.

SAMs offer an alternative method to model galaxy for-
mation and their emission across cosmological scales for a
cheaper computational cost. Baugh et al. (2005) coupled
the GALFORM SAM with a full radiative transfer code,
GRASIL (Granato et al. 2000). Their model predictions in
the far-ultraviolet to near-infrared were in good agreement
with observations. But, there was tension in the far-infrared
wavebands, where the model underproduced the bright end
of the far-infrared luminosity function. Lacey et al. (2016)
found that this tension persists even with an updated ver-
sion of GALFORM and a different far-infrared emission
model. They suggested changes to starbursts’ stellar initial
mass function (IMF) as a possible resolution.

The SAM of Somerville et al. (2012) used a different ap-
proach to produce the far-ultraviolet to far-infrared emis-
sion from simulated galaxies. They convolved the predicted
star formation and metallicity histories from the SAM with
the stellar population synthesis code of Bruzual & Charlot
(2003), then used the two-component attenuation model of
Charlot & Fall (2000) and explored several infrared templates
to predict dust effects on the SED. Somerville et al. (2012)
scaled the attenuation parameters with computed physical
properties such as the gas-phase metallicity, cold gas mass
and disk radius. The scaling was tuned to match the ob-
served ultraviolet luminosity functions at z = 0, and the em-
pirical relation between Lig/Luv and the bolometric lumi-
nosity; Lir is the total luminosity emitted by dust in mid-to
far-infrared, and Luyv is the far-ultraviolet luminosity. The
authors were able to reproduce the observed far-ultraviolet
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to near-infrared luminosity functions but underproduced the
number of submillimetre galaxies, independently confirming
the tension found in GALFORM.

Lagos et al. (2019) followed the approach of Somerville
et al. (2012) to adopt the Charlot & Fall (2000) attenu-
ation model when predicting the panchromatic SED from
their SHARK SAM. But instead of tuning the parameters
to match the observations, they used a correlation between
the parameters and dust surface density from Trayford et al.
(2020). This correlation was extracted from the coupling of
the EAGLE hydrodynamic simulation and a radiative trans-
fer code. However, because SHARK did not directly track
dust mass or dust surface density, they tested several pre-
scriptions to compute dust mass from the gas mass and gas-
phase metallicity when deriving the attenuation. The authors
then added dust emission from the Dale et al. (2014) infrared
template. With this, they were able to simultaneously repro-
duce the observed far-ultraviolet to far-infrared emission from
galaxies, without the need to change the IMF.

Predictions for the panchromatic SED from a SAM can be
improved by computing the dust mass directly in the model
instead of using gas mass and metallicity to proxy dust mass.
Several SAMs have incorporated a detailed dust prescription
which includes stellar dust production, grain growth, and
dust destruction by supernova shocks (e.g., Popping et al.
2017; Vijayan et al. 2019; Triani et al. 2020). These mod-
els can reproduce the observed dust mass function and dust
scaling relations at various redshifts. However, the work of
producing SEDs from such models is yet to be made.

In this paper, we use the Dusty SAGE SAM from Tri-
ani et al. (2020) to predict the galaxy emission in the far-
ultraviolet to far-infrared wavelength range. We adopt the
attenuation model of Charlot & Fall (2000) and derive the
attenuation parameters using several approaches, including
utilising the dust mass directly computed by Dusty SAGE.
We then explore several infrared templates using different
techniques.

This work is captured in a new pipeline called mentari to
generate the panchromatic SED from Dusty SAGE. mentari is
designed to be user friendly and includes a web app version®
which allows users to combine spectra from the GALAXEV
stellar population library (Bruzual & Charlot 2003), apply
the attenuation model of Charlot & Fall (2000) and add
infrared emission from Dale et al. (2014). The full version
of mentari? has functions to extract galaxy properties from
Dusty SAGE directly, provides an additional infrared template
from Safarzadeh et al. (2016), and convolves the simulated
SED through telescope filters to produce synthetic fluxes or
AB magnitudes.

The main goal of this work is to investigate the impor-
tance of dust in various wavelengths across the panchromatic
windows. We focus on the emission of local galaxies because
Dusty SAGE is calibrated only to the properties of galaxies
at redshift z = 0. We explore several prescription of dust at-
tenuation and dust templates and investigate their behaviour
in different wavelengths. We also discuss the contribution of
stellar and AGN emission in the corresponding wavebands.
Although, our approach in modeling AGN emission is far too

I https://share.streamlit.io/dptriani/mentari_web/main
2 https://github.com/dptriani/mentari

simplistic and would not be the main theme of this paper. We
plan to improve our SED model to include a more realistic
AGN model in the near future.

This paper is organized as follows: in Section 2 we sum-
marise the ingredients of the Dusty SAGE SAM, including how
we model dust. In Section 3 we introduce our new SED gener-
ation pipeline, mentari. Then, we present our predictions for
the panchromatic SED and luminosity functions in Section
4. We discuss the comparison of our various prescriptions in
Section 5 and provide conclusions in Section 6.

2 THE Dusty SAGE SEMI-ANALYTIC MODEL

The Dusty SAGE semi-analytic model has been described in
detail in Triani et al. (2020, 2021) and is developed from the
SAGE model of Croton et al. (2006, 2016). We refer readers
to those papers for further details. The code for Dusty SAGE
is open source and publicly available®. The model includes
tracking for dust mass in addition to the usual processes
for galaxy evolution modelling. This section provides a brief
overview of these processes.

2.1 The Millennium N-body simulation

In this work, we run Dusty SAGE on the dark matter merger
trees constructed from the Millennium N-body simulation
(Springel et al. 2005). The Millennium simulation follows the
cosmological parameters from the first-year WMAP results
(Spergel et al. 2003). Tt contains 2160® particles with a mass
resolution of 8.6 x 108h~! Mg within a box of side-length
500h 1 Mpc.

The merger tree construction for Millennium were carried
out with the L-HALOTREE code (Springel et al. 2005). Ha-
los were found using the friends-of-friends procedure (Davis
et al. 1985) and subhalos are identified using the SUBFIND
algorithm (Springel et al. 2001). Subhalos are defined to have
at least 20 particles.

2.2 Galaxy formation model

Dusty SAGE follows the majority of baryonic processes laid
out in the SAGE model, including (i) baryonic infall; (ii) gas
cooling; (iii) reionization heating; (iv) star formation; (v) su-
pernova feedback; (vi) active galactic nuclei (AGN) feedback;
(vii) mergers and disk instabilities; and (viii) chemical enrich-
ment; although Dusty SAGE uses updated prescriptions for
star formation and chemical enrichment. We summarise each
of these processes in the following text.

Dusty SAGE divides baryons in a halo into distinct mass
reservoirs. The main gas reservoirs include the cold gas in
the galactic disk (the interstellar medium, ISM), hot gas in
the halo, and ejected gas, which has been heated and expelled
out of the system. Mass is exchanged between these reservoirs
following the evolutionary processes of the system.

Dusty SAGE applies a universal baryon fraction to all sim-
ulated halos. The total baryonic mass in the halo depends
on this fraction times the halo virial mass. If the virial mass
increases, infall gas mass is added to the hot gas reservoir to

3 https://github.com/dptriani/dusty-sage
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maintain the baryon fraction. If the virial mass decreases, gas
is removed from the ejected gas reservoir (if present), then if
the ejected gas has depleted, hot gas is removed.

During the epoch of reionization, gas accretion in low mass
systems is suppressed due to the photoionization heating of
the intergalactic medium (IGM), to the extent that thermal
pressure prevents gravitational collapse onto lower mass sub-
halos. Dusty SAGE follows the approach presented in Gnedin
(2000) to reduce the baryon fraction for halos below a fil-
tering mass to account for this suppression. The filtering
mass changes with redshift. The parameters for this approach
are the redshift when reionization began (zo) and the red-
shift when the Universe was fully reionized (z,). Dusty SAGE
adopts zo = 8 and z, = 7 from Kravtsov et al. (2004).

In the standard galaxy formation paradigm, the infalling
baryons are heated to the virial temperature. These baryons
cool down and collapse into the disk due to the halo’s angular
momentum conservation. To compute the mass of cooling gas
at each time step, Dusty SAGE assumes a “cooling radius”,
inside which gas can cool. The cooling radius is defined using
the dynamical time of the system and depends on the cooling
function from Sutherland & Dopita (1993). A cooling rate is
then calculated by assuming an isothermal density profile for
the hot gas.

Cold gas differentiates into atomic and molecular hydrogen.
In the galactic disk, star formation is fueled by molecular gas.
Dusty SAGE adopts the relation between the surface density
of the star formation rate (Xsrr) and molecular hydrogen
(X#,) from Kennicutt & Evans (2012):

YSFR = €SFXH,,

where esp = 0.005 Mylr_1 is the default value for the star
formation efficiency.

Stars produce heavy elements that enrich the surround-
ing ISM. Dusty SAGE adopts the chemical enrichment model
of Arrigoni et al. (2010) where the contribution of different
stellar sources is computed self-consistently. We assume that
single stars with mass range 1 — 8 Mg release their metals
into the ISM via strong stellar winds when they reach the
asymptotic giant branch (AGB) phase which can typically
range from 200-400 Myr, depending on the redshift. 40% of
stars with a mass between 3 and 16 M are binaries (Frangois
et al. 2004) and expel their metals via type Ia supernovae (SN
Ia). Massive stars (16 - 100 M) end up as type II supernovae
(SN II) and eject their metals in the explosion.

Dusty SAGE uses a Chabrier (2003) initial mass function
(IMF) to calculate the mass distribution of AGB stars, SN Ia
and SN II at every star formation episode. A grid of stellar
yield is applied to each of the stellar sources. We use the C, N
and O yields from Karakas (2010) for AGB stars; C, O, Mg,
Si, S, Ca and Fe yields from Woosley & Weaver (1995) for
SN II stars; and Cr, Fe and NI yields from Seitenzahl et al.
(2013) for SN Ia stars.

Energy from supernovae can reheat the surrounding gas
and move it to the halo, which drives galactic outflows and
suppresses future star formation. In low mass systems with
a shallow potential well, supernova feedback can eject all
the gas in the disk and halo. The ejected gas is not avail-
able for future star formation until it is reaccreted back into
the disk. In more massive systems, the AGN is a more ef-
fective source for feedback. Following Croton et al. (2006,
2016), Dusty SAGE applies two modes of AGN feedback: the
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radio-mode and quasar-mode. In radio-mode feedback, gas
accretion onto the supermassive black hole (SMBH) emits
energy that heats the halo gas and offsets the cooling pro-
cess. Quasar-mode feedback is triggered by mergers or disk
instabilities with a sudden supply of fresh gas from the galaxy.
Rapid gas accretion onto the SMBH results in a quasar that
can heat and eject gas from the disk or the entire system.

Within Dusty SAGE, mergers and disk instabilities move
material from the disk to the spheroid component, which of-
fers a means to track morphology. For mergers, if the pro-
genitor mass ratio is above a threshold, a major merger oc-
curs: the disk of both galaxies are disrupted and the stars are
placed in the spheroid of the combined system. The disrup-
tion is not so severe if the mass ratio is below this threshold,
known as a minor merger event. Mergers and disk instabilities
can create rapid star formation events known as “starbursts”.
The newly formed stars are placed in the spheroid.

2.3 Dust mass tracking

Dusty SAGE includes new prescriptions to explicitly track
dust mass as an additional component. Dust related pro-
cesses mainly occur in the galactic disk, including stellar dust
production, grain growth via accretion and grain destruction
by supernovae. However, we also include dust destruction via
thermal sputtering in the halo and ejected reservoir. We touch
on these processes below. More detail is given in Triani et al.
(2020).

e Stellar dust production
Condensation of metals in stellar ejecta is the dominant dust
production mechanism in galaxies at early times (Triani et al.
2020). The condensation efficiency depends on the environ-
mental condition in each ejecta. While most of the dust
formed in AGB winds survives, the reverse shock can destroy
newly formed dust in SN II (Micelotta et al. 2016). We apply
a lower condensation efficiency for SN II dust than the AGB
dust to account for these effects. Observations have found an
absence of dust in SN Ia ejecta (Gomez et al. 2012; Dwek
2016), likely due to the high velocities of the ejecta and the
short timescale of the event. Therefore, we assume that no
dust is formed in the SN Ia ejecta.

e Grain growth in molecular clouds
In high-density molecular clouds, dust grains grow in size and
mass by accreting refractory materials as their mantle (e.g.,
Jones et al. 2016, 2017). The mantle is loosely bound and
prone to destruction. The grain growth rate in Dusty SAGE is
adopted from Popping et al. (2017) and Asano et al. (2013)
and depends on the existing dust mass, metallicity and the
volume density of the molecular clouds.

e Grain destruction by supernovae
Supernovae blast waves efficiently cycle dust grains in the
ISM back to the gas phase metals. The grain destruction is
done primarily via grain-grain collisions and thermal sput-
tering (Dwek & Scalo 1980; Zhukovska 2014; Slavin et al.
2015). The timescale for such destruction events is described
in Dwek & Scalo (1980); McKee (1989) as:

Mism
’
fSNMswept RSN

where Mism is the total mass of cold gas in the ISM, fsn
is the ratio of the destroyed dust to the swept dust mass

(1)

Tdestruct —
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and describes the efficiency of dust destruction by supernova,
Mswept is the total gas mass swept by a supernova and Rsn
is the supernova rate.

o Dust astration in stars
The dust content of the ISM is reduced by star formation ac-
tivity. When stars form in a dust-enriched molecular cloud,
they trap the dust inside. Such a process is called astration.
The rate for dust astration is proportional to the star forma-
tion rate multiplied by the dust-to-gas (DTG) ratio of the
molecular cloud.

e Dust in inflows and outflows
Gas outflows due to feedback carry dust and metals out of the
interstellar medium, polluting the halo and ejected reservoirs.
When ejected gas is reincorporated back to the system, it also
brings its associated dust. This gas flow is assumed to have
a similar dust-to-gas (DTG) ratio as its origin (i.e., the gas
outflow from the ISM will have the same DTG as the ISM
gas, gas in cooling will have the same DTG as the halo).

e Dust destruction in the halo and the ejected reservoir
Reheated dust in the halo and ejected reservoir is sub-
jected to further destruction by thermal sputtering and grain-
grain collisions (Draine & Salpeter 1979). This destruction is
more efficient with increasing gas density and temperature.
Dusty SAGE assumes an isothermal density profile for hot gas
in the halo, with temperature at the virial value. The nature
of the ejected reservoir is less understood. For simplicity, we
assume a uniform density profile and the virial temperature.

3 THE mentari SED GENERATOR TOOL

We have developed a new tool, mentari, to generate galaxy
SEDs from Dusty SAGE. In this paper, we focus on simulated
galaxies with stellar mass M, > 10®Mg. The generated SED
covers the far-ultraviolet to far-infrared wavelength and in-
cludes stellar emission, dust attenuation and re-emission in
the mid and far-infrared.

3.1 Stellar emission

mentari uses the stellar population synthesis code of Bruzual
& Charlot (2003, BC03) to construct the stellar emission
in the ultraviolet to near-infrared wavelength range. The
BCO03 code consists of single-age or simple stellar popula-
tions (SSPs) in 221 age grids ranging from 0.1 Myr to 20 Gyr
with metallicity values of Z = 107%,4 x 107%,4 x 1072,8 x
1072,0.02, and 0.05. We adopt the Chabrier (2003) IMF to
describe the mass distribution of an SSP in mentari.

When generating the stellar emission, mentari accepts star
formation and metallicity histories in a tabulated form. This
way, it can work with either a parametric or non-parametric
star formation histories. Unique for Dusty SAGE, mentari
provides a function to extract the star formation and metal-
licity histories directly from the simulation output. Figure 1
shows examples of the star formation history of spiral galaxies
(top panel) and elliptical galaxies (bottom panel) extracted
from Dusty SAGE. Morphology is defined using a bulge-to-
total (BTT) ratio below 0.4 for spirals and above 0.8 for
ellipticals. We select galaxies with stellar mass M. > 10'°
Mg for each category. Most spiral galaxies are still actively
forming stars, while elliptical galaxies have lower current star

Redshift
1

0 0.2 0.5

SFR (Mg /yr)

50

Lookback time (Gyr)

Figure 1. Example star formation rates of spiral galaxies (top
panel) and elliptical galaxies (bottom panel) as a function of look-
back time extracted from Dusty SAGE. Shown are 10 random galax-
ies with stellar mass M, > 1010 Mg, for each category. Morphology
is defined using a bulge-to-total (BTT) ratio below 0.4 for spirals
and above 0.8 for ellipticals.
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Figure 2. Top. Stellar mass of a Dusty SAGE galaxy as a func-
tion of lookback time. Blue dots show the stellar mass at 64 time
steps from Dusty SAGE, while the red dots are located at the 221
age grids of the BC03 template. Bottom. Stellar metallicity of
a Dusty SAGE galaxy as a function of lookback time. Grey lines
indicate the metallicity grids of the BC03 template, which are
Z =10"%4%x10"%,4%x1073,8 x 1073,0.02, and 0.05. Because of
the coarse metallicity grids, we do an interpolation to the metallic-
ity history from the Dusty SAGE timesteps (blue dots) in a similar
fashion as in the stellar mass history, then pull the interpolated
metallicity to the closest grid point (red dots).

formation rates. Their histories consist of several bursts of
various durations and intensities.

The time grid in the SSP is chosen to be that which most
closely maps from the model. However, each BC03 age inter-
val can differ from the timescale between snapshots from the
model output. mentari interpolates the ingested star forma-
tion history to the age grid provided by the BC03 template,
which is equivalent to rebinning the star formation history
onto the BC03 age grid. A star formation history (star for-
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mation rate as a function of time, SFR(t)) from Dusty SAGE
can be very stochastic, thus interpolating the SFR(t) can lead
to inconsistent total stellar mass across the history. To avoid
this, mentari converts the SFR(t) into a cumulative stellar
mass history and uses it in the interpolation. This approach
takes advantage of the narrow time steps in the BC03 age grid
so that the chosen SSP in each step adequately describes the
stellar population for the duration of the time step.

When constructing the cumulative mass history, the stel-
lar mass formed at a snapshot is computed by multiplying
the star formation rate with the time interval to the previous
snapshot, corrected by the fraction of mass returned to the
ISM by stellar evolution. The total stellar mass at a snapshot
is calculated as the sum of masses formed across all snapshots
from the initial formation to that particular snapshot. The
top panel of Figure 2 shows an example of mentari interpo-
lation to a smooth stellar mass history; blue dots show the
stellar mass at 64 timesteps from Dusty SAGE, while red dots
are the 221 age grids of the BC03 template. The bottom panel
shows the remapping of the computed metallicity history
from Dusty SAGE. The BCO03 template has only six metal-
licity values to choose from, indicated with the grey lines,
limiting our ability to model the stellar populations. First,
we interpolate the metallicity history from the Dusty SAGE
timesteps (blue dots) in a similar fashion as in the stellar
mass history. Then, we snap the interpolated metallicity to
the closest grid value (red dots). This approach improves the
simple assumptions adopted in many SED codes, which ei-
ther fix the metallicity to a default value (often solar value)
or allow the user to vary it but keep it constant across the
history. In principle, we could mix the stellar spectra from dif-
ferent metallicities (see e.g. Robotham et al. 2020). However,
this approach is computationally more complicated and dif-
fers from interpolation because metallicity effects at a fixed
age are not linear. Therefore, we decided to pick the most
appropriate metallicity from the BC03 grid at each timestep,
which still allows for metallicity variation across a galaxy’s
history.

3.2 Dust attenuation

Attenuation of the stellar light by dust depends on the star
dust geometry and the thickness of dust between the stars
and the observer. In galaxies, the light from young stars
undergoes heavier attenuation because such stars are still
embedded in their molecular clouds with high density dust.
mentari adopts the two-component dust attenuation model
of Charlot & Fall (2000, CF00). The model considers atten-
uation by the diffuse dust in the ISM and the dust in stellar
birth clouds.

We have tested several methods to compute the attenu-
ation parameters from Dusty SAGE. We expand each of the
methods below. Some techniques use the dust surface den-
sity as the basis to compute the attenuation parameters. To
compute dust surface density from Dusty SAGE, we use:

Mdust
2 l ’
TT0.5,dust0.5,dust

Z:dust - (2)
where Mayst is the total dust mass in the ISM, 9.5 qust is the
dust half-mass radius, and lo.5,qust is the projected minor axis.
The dust half-mass radius is defined as ro.5,dust = CTdisk. We
choose a default value of C = 0.16 to match the observed
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dust surface density profile of SDSS galaxies (Ménard et al.
2010). The outer disk radius is defined as rqisk = 3ARvir/V/2,
which is three times the disk scale length (Mo et al. 1998)
using the Milky Way as a guide (van den Bergh 2000). A
is the spin parameter of the halo (Bullock et al. 2001) and
Ryir is the halo virial radius. The minor axis is defined as
l0.5,dust = Siné X (r0.5,dust — Tedge—on) + Tedge—on, ¢ 1S the
inclination which we assign randomly to each galaxy, and
Tedge—on = T'0.5,dust/7-3. In computing the edge-on projected
radius, the factor 7.3 comes from the relation of scale-height
to scale-length observed in local galaxy disks (Kregel et al.
2002).

8.2.1 Fized attenuation parameters following Charlot € Fall
(2000)

The effective attenuation curve depends on stellar age as the
birth clouds dust only affect the light from young stars. The
optical depth is given by:

" Trsm (A /55004 ) msm
7- f—
* s (A /55008) MM 4 75 (A /55004 )72

3)
where Tism and T are the optical depths at 5500A for the
diffuse ISM and birth cloud components, respectively. nism
and 7npc are the powerlaw indexes for both components and ¢
is the age threshold for stars embedded in their birth clouds.
The default parameters in Charlot & Fall (2000) are 1ism =
0.3, 7Bc = 1, msm = nBc = —0.7.

8.2.2 Varying attenuation parameters following Lagos et al.
(2019)

We follow the method laid out in Lagos et al. (2019) to com-
pute the Charlot & Fall (2000) attenuation parameters. La-
gos et al. (2019) computed multiwavelength emission from
simulated galaxies in the SHARK SAM (Lagos et al. 2018)
using the PROSPECT SED generator tools. They adopted
a parametrization of the Charlot & Fall (2000) model from
the coupling of the EAGLE hydrodynamical simulation with
the SKIRT radiative transfer code (Trayford et al. 2020).
The diffuse ISM attenuation parameters, 7isym and nism, were
found to vary with dust surface density, Xqust. We use the
median and 1-o scaling relations in Trayford et al. (2020)
to determine 1rsm and misv from the dust surface density of
each galaxy in Dusty SAGE.

Lagos et al. (2019) adopted the scaling of birth cloud opti-
cal depth with metal mass surface density from Lacey et al.
(2016) but modified it to use the dust surface density instead.
However, since SHARK does not calculate dust properties of
galaxies, they multiplied the gas-phase metal mass with an
assumed dust-to-metal ratio to infer the total dust mass. In
mentari, we directly use the dust mass and gas mass to com-
pute the optical depth,

fDTGE as,cl
£ : (4)

TBC = TBC,0
JormmwZe XMw el

Here, mBc,0 = 1 is the default birth cloud optical depth in
Charlot & Fall (2000), fore = Maust/Mgas is the dust-to-

gas mass ratio in Dusty SAGE, and the cloud surface density
Ygas,cl is defined as the maximum value between the cloud

for t' > to,
for t/ S to,
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surface density of the Milky Way (Smw,a = 85M@p672) and
the ISM gas surface density Xgas. We use the dust half mass
radius to compute the gas surface density in this equation.
We adopt a solar metallicity of Zg = 0.0189 and the dust-
to-metal ratio of the Milky Way of fprm = 0.33. Using this
formula, a typical spiral galaxy will have a birth cloud optical
depth TBC ~ TBC,0-

3.2.8 Varying attenuation parameters following Somerville
et al. (2012)

We have also tested the scaling relations proposed by
Somerville et al. (2012) to compute the optical depth of both
the diffuse ISM and birth clouds. However, instead of using
a metal mass surface density to determine the optical depth
(Equation 3 in Somerville et al. 2012), we alter their prescrip-
tion to use a dust mass surface density instead:

= 70X dus
TISM - To2idust (5)
TBC = UBCTISM-
7o and upc are treated as free parameters to match the ob-
served ultraviolet luminosity function. We find a good agree-
ment with 790 = 0.3 and pusc = 6.0, not too far from the values
used by Somerville et al. (2012) (79 = 0.2 and psc = 4.9).

3.3 Infrared emission

As described above, dust absorbs a fraction of the starlight
in the ultraviolet to near-infrared. This energy increases dust
temperature, which the dust grains reradiate in the mid to
far-infrared. Therefore, the total infrared luminosity of a
galaxy should be equal to the total absorbed starlight, known
as the “energy balance” principle. The shape of the infrared
SED correlates with the dust temperature, which is regulated
by the grain size distribution and the intensity of the inter-
stellar radiation field.

There are various techniques to construct an infrared SED
template. Like the stellar spectral template, the infrared tem-
plate can be constructed using synthetic or empirical spectra
or some combination of both. Templates with compiled ob-
served spectra often use only one or two parameters that drive
the variation in the infrared spectra (e.g., Rieke et al. 2009;
Dale et al. 2014). Meanwhile, templates with synthetic spec-
tra have more free parameters that can change the infrared
spectral shape, usually related to the physical properties of
the dust and interstellar radiation field (e.g., Draine & Li
2007; da Cunha et al. 2008). This work explores how dif-
ferent approaches in computing infrared SEDs result in the
spectral shape and galaxy luminosity function.

We provide two infrared templates developed using differ-
ent approaches in mentari. The first is the two-dimensional
template of Dale et al. (2014) which is built on a semi-
empirical model. In the template, a local SED is con-
structed using three dust components: large grains, “very
small grains", and polycyclic aromatic hydrocarbons (PAHs).
The thermal properties of each component depends on their
size distribution. Large grains are assumed to be in ther-
mal equilibrium, so their emission is modelled using a mod-
ified black body spectrum, contributing largely to the far-
infrared regime. “Very small grains” are stochastically heated
and are responsible for the broad mid-infrared continuum.

PAHs are molecules excited by a single UV photon on their
CH vibrational, stretching and bending modes. Hence, they
emit in specific broad lines associated with those modes. The
Dale et al. (2014) model assumes two compositions for grains:
graphite and silicate.

The underlying physics of the model is that a mass of dust
(dMyq) is heated in ‘local’ radiation fields with an intensity
range of 0.3 < U < 10°, with U = 1 representing the heating
intensity of the Solar Neighborhood. The total infrared SED
is the average of all local SEDs comprising it, combined using
a power-law equation:

dMy o U™SF qU. (6)

asr is the parameter that determines the contribution of the
various local SEDs. This model is calibrated using a set of
observational constraints. The Dale et al. (2014) template
also parametrises the fraction of AGN emission, which we
currently fix at zero.

When deciding which spectral set to be applied in a galaxy,
mentari adopts the correlation between the asr parameter
with the total infrared luminosity (Lir) of the galaxy. From
the energy balance principle, the total infrared luminosity is
computed from the total attenuated luminosity:

Lir = / (LS — Ly)dA, (7)
912A

where L3 is the intrinsic stellar spectrum before attenuation
and L) is the spectrum after applying an attenuation curve.
We use the correlation provided in Rieke et al. (2009) to
compute QSF fI‘OIn LIR:

QgsF = 10.096 — 0.741 lOg L[R. (8)

Because the Rieke et al. (2009) relation is capped at log Lir =
11.6, we assume that galaxies with total infrared luminosity
higher than this cap to have the same asr with those with
log LIR =11.6.

The second template used in mentari is presented in Sa-
farzadeh et al. (2016). This template comprises far-infrared
SEDs built using the 3D dust radiative transfer code SUN-
RISE (Jonsson et al. 2010) and a hydrodynamical simula-
tion suite (Hayward et al. 2011, 2012, 2013, 2014; Lanz et al.
2014). The coupling of a radiative transfer code with the
output of a hydrodynamical simulation currently provides
the most rigorous description of the infrared radiation pro-
cess. A set of radiative transfer equations considers various
grain properties and can accurately model the geometry be-
tween stars and dust, dust scattering and absorption, and
dust re-emission. However, running such extensive calcula-
tions requires substantial computational power. Therefore,
Safarzadeh et al. (2016) made an effort to parameterise the
theoretical SEDs.

Safarzadeh et al. (2016) grouped the simulated SEDs based
on their infrared luminosity and dust mass, resulting in a to-
tal of 22 grids. Then, they computed the median SED for
each grid (see their Figure 11). The infrared luminosity and
dust mass are chosen as the main parameters based on an
evaluation using a principal component analysis (PCA) tech-
nique. They explored the influence of several galaxy proper-
ties on the shape of far-infrared SEDs. The properties include
star formation rate, total infrared luminosity, AGN luminos-
ity, and dust mass. The total infrared luminosity and dust
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mass are chosen as the model parameters because the au-
thors found that they are the two most important factors
determining the infrared spectral shape.

mentari uses the total infrared luminosity computed us-
ing Equation 7 and the computed ISM dust mass from
Dusty SAGE to decide which grid to use from the Safarzadeh
et al. (2016) template. Figure 3 shows a comparison of in-
frared SEDs from the Dale et al. (2014) template and that of
Safarzadeh et al. (2016). In the mid-infrared, we only plot
the Dale et al. (2014) spectra since the Safarzadeh et al.
(2016) template only provides far-infrared spectra. The tem-
plate from Dale et al. (2014) takes the AGN fraction (facn)
and total infrared luminosity (LIR) as free parameters. fagn
determines the mid-infrared part of the spectrum while LIR
affects the normalisation. In this work, we use fagn = 0 for
all model variants so our mid-infrared results should be taken
as a lower limit. The Safarzadeh et al. (2016) template has
the total LIR and dust mass as its parameters. At a fixed
LIR, the luminosity in both templates reflects very different
grain temperature distributions.

We chose these two templates because they only have two
parameters, which minimise the uncertainty that arises from
having to fix multiple parameters that are not directly avail-
able from Dusty SAGE and mentari. Dale et al. (2014) has
been used extensively in previous SED modelling codes and
the IR SED is mainly driven by the total infrared luminos-
ity, which we can compute using the energy balance princi-
ple in mentari. We pick the Safarzadeh et al. (2016) tem-
plate because it is derived theoretically, offering a different
approach than Dale et al. (2014). It also has only two pa-
rameters: the total infrared luminosity, which we derive from
mentari, and the total dust mass which we take from the
output of Dusty SAGE.

3.4 Model variants

We explore a variety of prescriptions and templates with
mentari to test our ability to reproduce several key observa-
tions. Our model variants are described in Table 1. We change
several parameters in each variant, focusing on the dust at-
tenuation and infrared emission prescriptions. We provide a
model variant with pure stellar spectra and no attenuation
nor infrared template, called the “Unattenuated” variant. We
adopt three attenuation formulas in other model variants.
Our “Default” model uses the scaling for the Charlot & Fall
(2000) dust attenuation parameter from Lagos et al. (2019)
(which follows the birth cloud dust scaling from Lacey et al.
(2016) and the diffuse ISM dust scaling from Trayford et al.
(2020)).

We also explore the scaling for birth clouds and the ISM
optical depth from Somerville et al. (2012) in the “Somerville”
model variant. In this variant, we apply nsc = —1.3 proposed
by previous authors (da Cunha et al. 2008; Wild et al. 2011)
to match the observed ultraviolet luminosity function better.
For our “CF00” variant, we adopt the original parameter set
of Charlot & Fall (2000). When alternating attenuation pa-
rameters, we always utilise the mid-infrared template of Dale
et al. (2014) and the far-infrared template of Safarzadeh et al.
(2016) to keep consistency. In all models, we use mism = —0.7
from Charlot & Fall (2000).

In addition to exploring several attenuation prescriptions,
we also investigate two far-infrared templates: Safarzadeh
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et al. (2016) (the “Default” model) and Dale et al. (2014)
(the “Dale” model). When alternating infrared templates, we
use the attenuation scaling from Lagos et al. (2019) and the
mid-infrared templates from Dale et al. (2014). Table 1 de-
scribes each model variant and specifies the line style for each
variant in the following figures.

4 GALAXY EMISSION FROM
FAR-ULTRAVIOLET TO FAR-INFRARED

In this section, we present galaxy emission from the
Dusty SAGE semi-analytic model combined with the mentari
SED generator. We want to test how our various model vari-
ants compare with the observations of the global galaxy pop-
ulation. First, in Section 4.1 we investigate the z = 0 lumi-
nosity functions from the far-ultraviolet to far-infrared. Then,
in Section 4.2 we present the cosmic SED (CSED) at redshift
z = 0. In Section 4.3 we predict the evolution of the lumi-
nosity function from redshift z = 0.5 to z = 3. All luminosity
functions are shown in the rest-frame wavelength at the spec-
ified redshift.

4.1 Dust contribution on panchromatic emission at
z=0

Emission of a galaxy in different wavelength provide us infor-
mation about the properties of its constituent. In this work,
we are testing how dust affect the galaxy emission across the
panchromatic window. To achieve this, we compare the lu-
minosity functions and CSED of model galaxies constructed
using different dust prescriptions listed in Table 1. We also
discuss the contribution of other galaxy components such as
stars and AGN when appropriate.

We present our predicted SDSS and K-band luminosity
functions at z = 0 in Figure 4. These bands are mainly dom-
inated by direct stellar radiation and where dust attenuation
is simplest. The observational values for the SDSS bands are
taken from Driver et al. (2012). In these bands, all models
provide excellent agreement with the observations, which is
expected because Dusty SAGE is tuned to match the z = 0
stellar mass function. The gap between models with differ-
ent attenuation parameters decreases towards the K-band,
demonstrating the decrease of attenuation with increasing
wavelength. In the last panel, we compare our prediction
for the z = 0 K-band luminosity function with Driver et al.
(2012); Cole et al. (2001) and Huang et al. (2003). Regard-
less of the attenuation parameters, all model variants produce
similar results, which shows that dust attenuation has a neg-
ligible effect on galaxy emission here.

Figure 5 shows the comparison of our z = 0 luminosity
functions for the GALEX far-ultraviolet (FUV) and near-
ultraviolet (NUV) bands with the observational results of
Driver et al. (2012) and Arnouts et al. (2005). The luminosity
function at these bands is primarily a test of the amount of
attenuated star formation in the z = 0 Universe. We present
the prediction from our four model variants with different at-
tenuation prescriptions described in Table 1. As expected, the
Unattenuated model (solid cyan lines) gives the worst agree-
ment with the observations. Compared to the observational
datasets from Arnouts et al. (2005) and Driver et al. (2012)
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Figure 3. Comparison of the dust emission templates of Dale et al. (2014) and Safarzadeh et al. (2016). The blue, orange, and green lines
are from Dale et al. (2014) templates with AGN fraction fagn = 0,0.5, and 0.8 as indicated in the legend. The red line is from Safarzadeh
et al. (2016) template. Note that this template only provide spectra in the far-infrared regime. The three panels show the templates for

total infrared luminosities of 10° Lg, 1019 Lg, and 101! Lg.

Table 1. Summary of the SED model parameters explored in this work.

name TBC nBC TISM NISM far-IR template line style
Varying attenuation

Unattenuated - - - - - cyan solid
Default Lagos et al. (2019) -0.7 Trayford et al. (2020) Trayford et al. (2020)  Safarzadeh et al. (2016) black solid
Somerville Somerville et al. (2012)  -1.3  Somerville et al. (2012) -0.7 Safarzadeh et al. (2016) dotted red
CF00 1.0 -0.7 0.3 -0.7 Safarzadeh et al. (2016)  dash-dotted blue
Varying infrared

Default Lagos et al. (2019) -0.7 Trayford et al. (2020) Trayford et al. (2020)  Safarzadeh et al. (2016) black solid
Dale Lagos et al. (2019) -0.7 Trayford et al. (2020) Trayford et al. (2020) Dale et al. (2014) dashed green

at the far and near-ultraviolet, the model with CF00 con-
stant attenuation parameters (dash-dotted blue lines) over-
produces bright galaxies with AB magnitudes of Map > —18,
indicating that the attenuation in this variant is too small.
In the far-ultraviolet, scaling the attenuation parameters with
the computed dust masses from Dusty SAGE, represented by
our Default model (solid black lines) and Somerville model
(dotted red lines), improves the match with the datasets from
Arnouts et al. (2005) and Driver et al. (2012). Although these
models still overproduce the number density of the brightest
galaxies compared to Arnouts et al. (2005). This overproduc-
tion occurs in the near-ultraviolet waveband as well.

We now move to the wavelength range where stellar emis-
sion starts to become insignificant. The mid-infrared is con-
tributed by both dust emission and AGN. We investigate how
both constituents affect the luminosity function at different
filters.

Figure 6 presents our predicted z = 0 mid-infrared lumi-
nosity functions for the Spitzer IRAC 3.6um, 4.5um, 5.8um
and 8.0pum bands. Here, we compare with the measurement
of Dai et al. (2009). Figure 6 shows the variations driven
by the attenuation models, which are not as significant as in
the ultraviolet. Here, we use the same mid-infrared templates
from Dale et al. (2014) on all model variants. In the 3.6pm
and 4.5um restframes, our models provide a good match with
the observations. However, all of our model variants under-
produce the galaxy emission in the IRAC 5.8um and 8.0um
bands.

The mismatch in the mid-infrared is particularly compli-

cated. Figure 3 shows that the mid-infrared SEDs contain
aromatic features from the PAH molecules and are influenced
heavily by the AGN fraction parameter. The mid-infrared
emission from AGN comes from reprocessing the energetic
photons by its dusty torus (Franceschini et al. 2002; Dwek
& Krennrich 2013); hence, increasing the AGN fraction will
enhance the mid-infrared flux. Leja et al. (2018) reveal that
at least 10% of the mid-infrared flux in local galaxies is con-
tributed by galaxies that host AGN. The accounting of AGN
emission is particularly crucial because a sizable proportion
of the galaxy population has significant AGN components.
35% of SDSS galaxies are classified to contain composite or
AGN source based on the Baldwin-Phillips-Terlevich (BPT)
diagram (Kauffmann et al. 2003). Using SED-fitting, Thorne
et al. (2022) detected significant AGN emission (fagn > 0.1)
in 28.7% of galaxies in GAMA survey and 41.5% in the DEV-
ILS survey. Although, the percentage in DEVILS should be
treated as an upper limit due to its incomplete far-infrared
data.

Our model (Figure 6) adopts fagn = 0 when applying
the infrared template from Dale et al. (2014), so it should
be treated as the lower limit in the IRAC 5.8um and 8.0um
bands where AGN contamination is non-negligible. In addi-
tion, the scaling relation from Rieke et al. (2009) that we use
to convert the total LIR from mentari to the a-parameter
in the Dale et al. (2014) template is based on the observa-
tion of pure star-forming galaxies only. A future improvement
of this work will include using a realistic AGN fraction and
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modified scaling relation appropriate for AGN host galaxies
to generate infrared spectra.

We present the z = 0 far-infrared luminosity functions in
Figure 7 and 8, including the MIPS 24um; PACS 160um;
SPIRE 250pm, 350pm, 500pm; and SCUBA 850um bands.
Observational values are taken from Marchetti et al. (2016);
Marleau et al. (2007); Rodighiero et al. (2010); Patel et al.
(2013); Eales et al. (2010); Dye et al. (2010); Negrello et al.
(2013); Dunne et al. (2000), and Vlahakis et al. (2005). In
these bands, dust re-emission of the absorbed light in the ul-
traviolet to optical bands dominate the spectrum. Figure 7
shows how the variation in far-infrared bands are driven by
the attenuation prescriptions while Figure 8 shows the vari-
ation is driven by the different far-infrared templates. Note
that we do not plot the unattenuated emission here because
the pure stellar spectra does not extend to these wavelength
ranges.

Figure 7 shows that across the far-infrared restframe, our
Default and Somerville model variants (solid black and dot-
ted red lines, respectively) provide a good fit within the error
bars of the observed datasets. These variants use the dust
mass from Dusty SAGE to compute the attenuation parame-
ters of birth clouds and diffuse ISM. On the other hand, the
CF00 model (dash-dotted blue line) that uses constant atten-
uation parameters adopted from Charlot & Fall (2000) un-
derpredicts the number of bright galaxies across these bands.
The ultraviolet and optical luminosity functions (Figure 5
and 4) show that the CF00 model gives the smallest amount
of attenuation compared to the other models, which explains
the lack of emission in the infrared wavebands. This supports
our conclusion for the need to compute attenuation param-
eters self-consistently to reproduce the observed far-infrared
emission from galaxies.

In Figure 8, we plot the Default model that uses the Sa-
farzadeh et al. (2016) far-infrared template (black solid lline)
and the Dale model (green dashed line). While in MIPS 24um
both models slightly underpredicts the observational data, in
all other panels the data lies between the Default model and
the Dale model. In general, the Dale model is in better agree-
ment with the observation below the knee of the luminosity
functions, where the Default model slightly underproduces
the emission. However, the Dale model overpredicts the num-
ber density for the bright infrared galaxies above the knee,
and the observational points lie closer to the Default model.

Overall, we have presented how our model variants predict
the z = 0 luminosity function ranging from the far-ultraviolet
to far-infrared. The CF00 model variant with constant atten-
uation parameters slightly overestimates the ultraviolet emis-
sion and systematically underpredicts the number of bright
far-infrared galaxies while reproducing the optical to near-
infrared galaxy emission reasonably well. This tension in the
far-infrared is found with many previous SAMs (Baugh et al.
2005; Lacey et al. 2016; Somerville et al. 2012). Some sug-
gest that varying the IMF is a necessary solution. We find
that adopting a dust mass computed rigorously in a SAM
to calculate the attenuation parameters solves this problem
without the need to invoke a varying IMF. The same result
is shown in Lagos et al. (2019). These authors use the ob-
served dust-to-metal ratio from Rémy-Ruyer et al. (2014) to
compute dust mass for each galaxy from its metal mass, then
derive the attenuation based on the inferred dust mass.
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Figure 4. Luminosity functions at z = 0 for the SDSS ugriz and
K-bands. We show four model variants as defined in the upper
part of Table 1: the cyan, black, red dotted and blue dash dotted
lines are our Unattenuated, Default, Somerville and CF00 models,
respectively. The symbols with error bars are the observational
values from Driver et al. (2012), Cole et al. (2001) and Huang
et al. (2003), as indicated in the legend.

4.2 The local CSED

This section discusses galaxies’ cosmic spectral energy distri-
bution (CSED) at z = 0. To compute the CSED, we add the
restframe spectra of every single galaxy from Dusty SAGE at
z = 0 and normalise based on the co-moving volume of the
simulation. In Figure 9, we compare the local CSED from our
four model variants (see Table 1) with the observed CSED of
Andrews et al. (2017) using the GAMA survey (Driver et al.
2009).

In general, our results show a good agreement with the
observed CSED across the ultraviolet to far-infrared wave-
lengths, but each variant performs differently. Our Somerville
model gives the best match in the far and near-ultraviolet,
while our Default model overestimates the emission by 0.05—
0.1 dex. The overestimation is more significant for the CF00
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Figure 5. Luminosity functions at z = 0 for the GALEX FUV
and NUV bands. We show four model variants as defined in Table
1: the cyan, black, red dotted and blue dash dotted lines are our
Unattenuated, Default, Somerville and CF00 models, respectively.
The symbols with error bars are the observational values from
Driver et al. (2012) and Arnouts et al. (2005), as indicated in the
legend.
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Figure 6. Luminosity functions at z = 0 for the IRAC 3.6um,
4.5pum, 5.8um and 8.0pm bands. We show four model variants with
different attenuation formulas as described in Table 1: the cyan,
black, red dotted and blue dash dotted lines are our Unattenuated,
Default, Somerville and CF00 models, respectively. The symbols
with error bars are the observational values from Dai et al. (2009),
as indicated in the legend.

model, which is expected because, as we have shown, the
constant attenuation parameters used in this variant provide
less attenuation than the other models. The excellent match
of the Somerville model variant is also expected because we
scale the attenuation parameters here to match the ultravio-
let luminosity function.
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Figure 7. Luminosity functions at z = 0 for the MIPS 24um,
PACS 160pm, SPIRE 250um, 350pum, 500pm and SCUBA 850um
bands. We show three model variants with different attenuation
formulas as described in Table 1: the black, red dotted and blue
dash dotted lines are our Default, Somerville and CF00 mod-
els, respectively. The unattenuated model doesn’t extend to this
wavelength regime. The symbols with error bars are the observa-
tional values from Marchetti et al. (2016), Marleau et al. (2007),
Rodighiero et al. (2010), Patel et al. (2013), Eales et al. (2010),
Dye et al. (2010), Negrello et al. (2013), Dunne et al. (2000) and
Vlahakis et al. (2005), as indicated in the legend.

Across the SDSS u and g band wavelengths, all model vari-
ants agree well with the observations. The differences between
the model variants are less than that seen in the far and
near-ultraviolet bands but still show the critical effects of at-
tenuation. Our model provides excellent agreement with the
observed CSED at optical wavelengths. However, we system-
atically underpredict the emission closer to the near-infrared,
although the gap is only ~ 0.05 dex. This systematic differ-
ence is also found in galaxies from the EAGLE simulation
(Baes et al. 2019).

In the mid-infrared, our model performs poorly. As men-
tioned above, the mid-infrared emission is particularly diffi-
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Figure 8. Luminosity functions at z = 0 for the MIPS 24pum,
PACS 160pm, SPIRE 250pm, 350pum, 500pm and SCUBA 850um
bands. We show two model variants with different infrared tem-
plates as described in Table 1: the black lines represent our Default
model and the green dashed lines mark the Dale model. The sym-
bols with error bars are the observational values from Marchetti
et al. (2016), Marleau et al. (2007), Rodighiero et al. (2010), Patel
et al. (2013), Eales et al. (2010), Dye et al. (2010), Negrello et al.
(2013), Dunne et al. (2000) and Vlahakis et al. (2005), as indicated
in the legend.

cult due to the many complicated ingredients of the spectrum,
including PAH (see Figure 3) and AGN emission (Frances-
chini et al. 2002; Dwek & Krennrich 2013). Because we lock
the AGN fraction in our model at zero, our prediction should
be treated as lower limit. In the far-infrared region, especially
below 250um, our Default model prediction lies within the
uncertainties of the observed measurements. In this regard,
our model variants using the SUNRISE infrared templates
(Safarzadeh et al. 2016) better match the observations com-
pared to that with the infrared templates of Dale et al. (2014)
(green dashed line), which overestimate the observations by
~ 0.35 dex. This could be caused by the different param-
eters used in both templates. The main parameters for the
Safarzadeh et al. (2016) templates are the total infrared lumi-
nosity and dust mass. We have computed dust mass directly
from Dusty SAGE, and we assume the total infrared luminos-
ity directly from the total attenuated spectra. On the other
hand, Dale et al. (2014) use the o parameter and AGN frac-
tion as their main parameters. We fix the AGN fraction to
zero when incorporating the template into mentari. Then, we
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use the relation presented in Rieke et al. (2009) to compute
the a parameter from the total infrared luminosity, which
might add uncertainty to the results. However, at the longest
wavelengths, > 500um, our Safarzadeh et al. (2016) model
variants underestimate the observed values by ~ 0.3 dex.
Baes et al. (2019) also found the same tension with their EA-
GLE data. This is possibly due to the lack of observational
measurements beyond 24um, so the compiled CSED of An-
drews et al. (2017) could be poorly constrained.

Overall, Figure 9 shows that our model has succeeded in
extending the semi-analytic model prediction for the galaxy
SED to both the ultraviolet and infrared ends. This is a ma-
jor advance considering our predecessor, SAGE, and many pre-
vious SAMs only provide predictions in the optical to near-
infrared bands, from SDSS u to the K-band, where the stellar
emission dominates. Our rigorous dust treatment has allowed
us to achieve a more realistic prediction naturally, without
the need to invoke more exotic solutions such as a varying
IMF, as suggested by previous works.

4.3 Redshift evolution of the luminosity functions

The z = 0 luminosity functions test the ability of mentari
to derive the observed SED from the fundamental properties
of galaxies (e.g., stellar mass, age, metallicity, dust mass).
However, we are also interested in understanding the critical
processes across galaxy history that result in their present
properties. Comparing our predicted redshift evolution with
the observations will reflect how successful the model is in
implementing the complicated physical processes of galaxy
formation. However, please note that the Dusty SAGE SAM
used in this work is only calibrated using observational con-
straints from local galaxies. Therefore, our predictions at high
redshift are not meant to reproduce the observational value
but rather to serve as a tool to understand the complex be-
haviour of stars and dust in producing the galaxy emission
across cosmic time.

4.3.1 Effects of attenuation prescription

In this section, we analyse our results based on the model
variants described in section 3.4. In Figure 10, we show the
evolution of the K-band luminosity function out to z = 3.
We can see that all model variants provide similar values,
reflecting that the attenuation effect is not essential in this
band. We compare our SAM with the observed measurements
of Cirasuolo et al. (2010); Saracco et al. (2006) and Caputi
et al. (2006). At z = 0.5, we find excellent agreement with the
observed values. From z = 1 to z = 3, our predictions are not
as good as those at the lower redshifts but agree reasonably
well with the observations. This is surprising given the free
parameters in Dusty SAGE were only chosen to match the
galaxy properties at z = 0.

At z > 1, we slightly overproduce the number of galax-
ies below the knee of the K-band luminosity function. Our
results are similar to the findings of many previous SAMs
(Fontanot et al. 2009; Cirasuolo et al. 2010; Henriques et al.
2011a; Somerville et al. 2012). A study by Fontanot et al.
(2009) explored three independent SAMs and found that all
produced lower mass galaxies too early, resulting in an over-
abundance of faint galaxies at high redshift. Introducing a
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Figure 9. Our predicted Cosmic Spectral Energy Distribution at z = 0.0. We show four model variants as defined in Table 1: the
cyan, black, red dotted and blue dash dotted lines are our Unattenuated, Default, Somerville and CF00 models, respectively. The green
dashed lines mark the Dale model which use a different far-infrared template to the Default model (black line). The shaded areas are the
observational values from Andrews et al. (2017), as indicated in the legend.

scaling for the reincorporation timescale of ejected gas with
redshift and galaxy/halo properties has been found to resolve
this tension in Henriques et al. (2013). However this “solu-
tion” does not work in SAGE and Dusty SAGE, or similarly the
Somerville SAM (Rachel Somerville, private communication).
So unfortunately appears unique to the Henriques model only
and the way it was constructed.

At z = 2 and z = 3, our prediction for the brightest galax-
ies (MaB,k < —24) are somewhat lower than the observed
values. The low contribution of Asymptotic Giant Branch
(AGB) stars in the Bruzual & Charlot (2003) stellar pop-
ulation model might be responsible for this difference. The
AGB phase of stellar evolution is poorly mapped, but it
significantly affects the near-infrared flux. Previous studies
have found that using the Maraston (2005) stellar popula-
tion model in a SAM can resolve the number discrepancy of
the brightest K-band galaxies at z = 2 and z = 3 (Henriques
et al. 2011b; Gonzalez-Perez et al. 2014).

Figure 11 shows our predicted far-ultraviolet luminosity
functions from z = 0.5 to z = 3, compared with the observa-
tional results of Arnouts et al. (2005); Reddy & Steidel (2009)
and Sawicki & Thompson (2006). At z = 0.5 and z = 1.0, all
of our models with attenuation show reasonable agreement
with the observations. In these model variants, our galaxies
get fainter in the ultraviolet as redshift increases. This is con-
sistent with the finding of the SHARK SAM (Lagos et al.
2019) which predicts an increasing attenuation from z = 0 to
z=3.

Our model variants with attenuation (solid black, dashed
blue and dotted red lines) systematically underproduce the
number of galaxies in the far-ultraviolet at z = 2 and z = 3,

with a ~ 0.5 dex offset. Meanwhile, the Unattenuated variant
with pure stellar spectra at these redshift closely follows the
observational estimate, showing that the model produces just
enough UV luminous galaxies at these redshifts, requiring
very little or no attenuation at all. The underproduction of
UV luminosity functions grew more significant as the redshift
increased, a characteristic also found on previous SAMs (Guo
& White 2009; Somerville et al. 2012).

Observations have found the existence of dust in high red-
shift galaxies, which obscures the stellar light and heavily in-
fluences the far-ultraviolet emission. The mismatch with our
predicted luminosity functions at z = 2 and z = 3 might be
caused by an insufficient early star formation rate, inaccurate
dust mass, or the combination of both. The problem of the
low star formation rate was encountered by Guo & White
(2009) who used a SAM to predict the high redshift galaxy
population. The authors found that the “physical” SFR from
their model at z = 2 and z = 3 was significantly lower than
the values they derived using dust-corrected UV magnitudes
from the same model. The root of the problem was the poor
representation of the mean attenuation factor they used to
derive the “mock observed SFR”.

Dusty SAGE uses a compiled observational SFR from
Somerville et al. (2001) as a constraint. The compilation is
derived from various observations using optical nebular emis-
sion lines and the far-UV continuum as the SFR tracer. How-
ever, some fraction of star formation activity might also be
hidden by dust and can only be observed with infrared trac-
ers. Figure 1 in Casey et al. (2018) shows that the obscured
SFR from infrared observations is higher than the value de-
rived in UV. The hidden star formation might be the reason
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for the mismatch between the observed luminosity function
and predicted by mentari. Unfortunately, current infrared
data are severely incomplete at z ~ 2.5, limiting our under-
standing of the star formation activity in the early Universe.
Due to this incompleteness, we refrain from using the infrared
data as a constraint of Dusty SAGE as it will cause inconsis-
tency between our local and high-redshift results.

The challenge in the infrared also extends to the mea-
surement of the dust properties of galaxies. Dusty star-
forming galaxies are rarely found due to their high obscura-
tion (Whitaker et al. 2017), so current far-infrared and sub-
millimetre surveys are biased towards the brightest galaxies
(Casey et al. 2014). Figure 12 shows our prediction for inte-
grated infrared luminosity from 8 — 1000pm at z = 0,0.5,1.0
and 2.0. While our default model provides a good match with
observation at z = 0, the discrepancy is clear at higher red-
shifts.

Besides SFR, another possible cause for the mismatch is
an inaccurate prediction of dust content at high redshift from
Dusty SAGE. Figure 3 in Triani et al. (2020) shows that the
dust mass functions predicted by Dusty SAGE at z > 1 are
systematically lower than that observed. The mismatch of
dust mass function at high redshift is found in most galaxy
formation models with detailed dust treatments (McKinnon
et al. 2017; Popping et al. 2017; Vijayan et al. 2019; Triani
et al. 2020). We will explore how star formation and dust
properties influence the luminosity function in both K-band
and far-UV in Section 4.3.2 below.

4.8.2 Effect of Dusty SAGE parameters

In this section, we explore the processes and parameters in
Dusty SAGE sensitive to the UV and K-band luminosity func-
tions, especially at high-redshift. The purpose is not to solely
match the high redshift observations but rather to under-
stand what aspects of the physics the observations appear
most sensitive to.

Our prediction for the luminosity function at z > 0 in
Section 4.3 suggests that the model produces too low a star
formation rate and an insufficient dust mass at high redshift.
To rectify the SFR problem, we focus on the processes in
Dusty SAGE that regulate star formation activity. We find
that an influential parameter governing the star formation
rate at high redshift is the radio-mode AGN feedback effi-
ciency (RME). The main power source of the radio mode is
the accretion of materials onto the supermassive black hole.
The energy from the accretion heats the surrounding gas in
the halo and suppresses the cold gas supply, leading to the
eventual quenching of the star formation activity. The RME
dictates how efficiently matter is converted into energy to
heat the surrounding gas. Lowering the efficiency results in
lower heat, so more gas can cool and be converted into stars,
increasing the SFR.

The treatment of radio-mode feedback in cosmological
models, including Dusty SAGE, is simplistic and it is often
unclear how the model relates to the physical feedback mech-
anisms. This is because current cosmological models do not
resolve the scales needed to resolve the accretion of mat-
ter onto the black hole and the ejection of an AGN wind.
Schaye et al. (2015), for example, found that the behaviour of
AGN feedback in the EAGLE simulation changed with resolu-
tion, even when all parameters were kept constant. Although
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Figure 10. Our predicted K-band luminosity functions at z =
0.5,1.0,2.0,3.0. We show four model variants with different at-
tenuation formula as described in Table 1: the cyan, black, red
dotted and blue dash dotted lines are our Unattenuated, Default,
Somerville and CF00 models, respectively. The symbols with er-
ror bars are the observational values from Cirasuolo et al. (2010),
Saracco et al. (2006), and Caputi et al. (2006), as indicated in the
legend.

it is tricky to compare observed AGN feedback efficiencies
with such theoretical prescriptions in galaxy evolution mod-
els (Harrison et al. 2018), observations of warm outflow gas
density suggest that it is far below the 5 — 10% range usu-
ally adopted in cosmological simulations (e.g., Santoro et al.
2020). In our investigation, we lower the efficiency to 1% from
its fiducial 8% value. The olive dashed line in Figure 13 and
14 shows this model with lower efficiency.

To increase the dust mass at high redshifts in the low RME
model, we turn off the destruction via shocks generated by
supernovae. The origin of dust, especially in early galaxies, is
still an active research topic. Therefore, there is no clear indi-
cation on which dust-related mechanisms need to be included
in the model. At these epochs, we find this is the simplest way
to ensure the increase of dust mass. The brown line in Figure
13 and 14 presents the model with low RME and no dust
destruction.

Figure 13 shows the redshift evolution of the K-band lumi-
nosity function from the model with low RME (olive dashed
line) and model with both low RME and no destruction
(brown dotted line) compare to the default model (black solid
line). Both new model variants overproduse the z = 0 lumi-
nosity function but improve the agreement at higher redshift.
At z = 0.5, the low RME model slightly overproduces the
bright end of the luminosity function, indicating the need of
more attenuation. The model with no dust destruction, and
hence higher dust mass and attenuation, solve this tension.



Dust contribution to the panchromatic galaxy SED 15

107!

1072

1073

10~

1071
§  Arnouts et al. 2005

}  Reddy et al. 2009
¥ Sawicki et al. 2006

¢ (Mpc™> mag™?)

1072

10—3

10~

Figure 11. Our predicted far-ultraviolet luminosity functions at
z = 0.5,1.0,2.0,3.0. We show four model variants with different
attenuation formula as described in Table 1: the cyan, black, red
dotted and blue dash dotted lines are our Unattenuated, Default,
Somerville and CF00 models, respectively. The symbols with error
bars are the observational values from Arnouts et al. (2005), Reddy
& Steidel (2009) and Sawicki & Thompson (2006), as indicated in
the legend.

At z = 1 and z = 2, the model with low RME provide a
reasonable agreement with the observation.

Figure 14 shows the redshift evolution of the far-UV lu-
minosity function, with lines marking the same model ver-
sions as Figure 13. In the UV, the model with low RME is
in reasonable agreement with the observations at z = 2 but
overproduces the number density of galaxies at z < 2. This
overproduction indicates that we have too much star forma-
tion activity that produce UV photons and need more dust
to absorb their emission. Our second alternate model with
no dust destruction by SN shocks and low RME, is shown as
the brown dotted line in Figure 14. As expected, this variant
is in better agreement with the observation at z = 0.5 and
z=1.

Unfortunately, these new parameter combinations suc-
cesses do not extend to z = 0. They struggle to match the
z = 0 observations because of too high of a SFR, which
leads to overproduction of the bright end of both the K-band
and UV luminosity functions. Hence, the best-fit Dusty SAGE
model has different parameter sets at different redshifts. This
initial investigation confirms the difficulty of theoretical mod-
els with the treatment of AGN feedback and dust formation.
It is possible that these feedback and dust processes evolve
with redshift, unlike our current prescriptions in Dusty SAGE.
Our future work will focus on these aspects. We will explore
the interactions of our dust and star formation prescriptions,
and other model aspects, across a broader redshift range.
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Figure 12. Our predicted luminosity functions for the total in-
frared emission (8 — 1000um) at z = 0,0.5,1.0,2.0. We show four
model variants with different attenuation formula as described in
Table 1: the cyan, black, red dotted and blue dash dotted lines are
our Unattenuated, Default, Somerville and CF00 models, respec-
tively. The symbols with error bars are the observational values
from Rodighiero et al. (2010); Le Floc’h et al. (2005), and Caputi
et al. (2007) as indicated in the legend.

These improved prescriptions will allow additional discrimi-
nation of the accuracy of the galaxy model and provide new
ways to explore the physics and what may be missing at dif-
ferent redshifts.

5 DISCUSSION

In this paper, we have coupled the stellar and dust proper-
ties from the Dusty SAGE SAM to the new generative SED
pipeline mentari. We discuss insights that can be taken from
our model predictions in this section.

5.1 Insight from model variants

We have explored several dust attenuation prescriptions and
far-infrared templates using mentari. Our Default model that
follows the theoretical scaling of the dust attenuation pa-
rameters from the EAGLE simulation (Trayford et al. 2020)
reproduces the observed redshift z = 0 ultraviolet to near-
infrared luminosity functions well. In this variant, we assume
that the dust optical depth is correlated tightly with the dust
surface density, which is computed directly in Dusty SAGE.
This success reflects back to our stellar and dust treatment in
Dusty SAGE. The good agreement of our predicted optical to
near-infrared emission with the observations indicate the ro-
bustness of our star formation and metallicity histories, while
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Figure 13. Our predicted K-band luminosity functions at z =
0,0.5,1.0,2.0. Lines with different colour and styles marks differ-
ent parameterisation of Dusty SAGE. The black, olive dashed, and
brown dotted lines show Dusty SAGE with the default parameters,
low radio-mode efficiency, and low radio-mode efficiency with no
dust destruction, respectively. The symbols with error bars are the
observational values from Cirasuolo et al. (2010), Saracco et al.
(2006), and Caputi et al. (2006), as indicated in the legend.

the agreement in the ultraviolet to optical windows suggested
that our dust prescription in Dusty SAGE has produced suf-
ficient dust to attenuate the stellar emission. The Somerville
model variant that uses an empirical scaling (Somerville et al.
2012) also performs well at reproducing the ultraviolet to
near-infrared emission of local galaxies. However, this is ex-
pected because the scaling is adjusted to match the ultra-
violet luminosity function. Compared to the other variants,
the CF00 model that adopts fixed attenuation parameters
from Charlot & Fall (2000) performs worst at reproducing
the ultraviolet luminosity function. This model variant over-
produces the number of bright ultraviolet galaxies, which sug-
gests that the attenuation is too low. Note that in this variant,
we do not use the dust properties from Dusty SAGE to infer
the attenuation parameters.

We then apply the Dale et al. (2014) mid-infrared tem-
plates to our Default, Somerville and CF00 model to explore
how our model variants behave in the IRAC bands. Emission
in these bands are a contribution of the old stellar popu-
lations, dust reradiation of the absorbed stellar spectra, and
AGN luminosity. In the IRAC 3.6um and 4.5um bands where
stars are still the dominant contributor of the emission, we
find that all models match the observed dataset from Dai
et al. (2009) remarkably well (see Figure 6). However, in the
5.8um and 8.0pum bands where the AGN pollution starts to
become significant, our model massively underpredicts the
luminosity function. When applying the Dale et al. (2014)
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Figure 14. Our predicted far-UV luminosity functions at z =
0,0.5,1.0,2.0. Lines with different colour and styles marks differ-
ent parameterisation of Dusty SAGE. The black, olive dashed, and
brown dotted lines show Dusty SAGE with the default parameters,
low radio-mode efficiency, and low radio-mode efficiency with no
dust destruction, respectively. The symbols with error bars are the
observational values from Arnouts et al. (2005), Reddy & Steidel
(2009) and Sawicki & Thompson (2006), as indicated in the legend.

in our model variants, we keep the AGN fraction as zero.
Figure 3 shows that increasing the AGN fraction parame-
ter (fagn) in the Dale et al. (2014) template can increase
the mid-infrared flux and improve our match to the obser-
vations. We look forward to properly addressing the AGN
factor in the mid-infrared and improving AGN treatment in
both Dusty SAGE and mentari in the near future.

In the far-infrared, we want to explore how different dust
attenuation and infrared templates modify the luminosity
functions. First, to determine the effects of dust attenua-
tion in the far-infrared luminosity functions, we apply the
Safarzadeh et al. (2016) far-infrared templates to the De-
fault, Somerville and CF00 model variants. While both the
Default and Somerville models reasonably agree with the ob-
servations, the CF00 variant underproduces the far-infrared
emission. Their underproduction is caused by insufficient at-
tenuation of stellar light in the ultraviolet to near-infrared
window.

Then, to test how different infrared templates behave in
the far-infrared windows, we apply two different templates
in the Default model, keeping all other parameters as the
same. We compare the Safarzadeh et al. (2016) template to
the Dale et al. (2014) template (Figure 8). Both templates
provide a good agreement with the observations in the 24pum,
and 160pm range. At 250um, 350pm and 500um bands, the
Dale model provides a better prediction for faint galaxies
where the Default model slightly underproduces the number
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density, while the Default model gives a better prediction for
bright galaxies where Dale overproduces the number density.
In general, our model variants perform well in reproduc-
ing the z = 0 ultraviolet to far-infrared luminosity functions
simultaneously. This improves the predictions from many pre-
vious SAMs that fail to produce the number of bright sub-
millimetre galaxies (Baugh et al. 2005; Lacey et al. 2016;
Somerville et al. 2012). The main difference between our
model and these models is that we vary the attenuation
parameters with dust properties computed self-consistently
from Dusty SAGE. Lagos et al. (2019) using the SHARK
SAM also reproduced the ultraviolet to far-infrared galaxy
emission by varying the attenuation paramaters. Although
they did not directly compute dust mass and used gas phase
metallicities and gas mass as proxies for dust instead.

5.2 Limitations

Our model predictions are less successful at reproducing the
observations for high redshift galaxies compared to the local
population. In this section, we discuss the caveats that limit
mentari and affects its predictive power.

Our default model provides a reasonable fit to the z = 0.5
and z = 1 K-band luminosity functions. This match indi-
cates that our galaxies have the correct evolution of stellar
properties, including total stellar mass, age and metallicity.
However, we slightly underestimate the number density of
the brightest galaxies at z = 2 and z = 3. There are sev-
eral suspects for such mismatch. First, it could be caused
by the simplistic AGB prescriptions in the BC03 spectral li-
brary. Previous studies have found that using a stellar popu-
lation synthesis model that enhances the near-infrared spec-
tra from AGB stars (e.g., Maraston 2005) can resolve this
tension (Henriques et al. 2011b; Gonzalez-Perez et al. 2014).
However, it could also be caused by the underprediction of
the SFR by Dusty SAGE, as discussed in Section 4.3.2.

At high redshift, our Default and Somerville variants pro-
duce too significant attenuation and underestimate the ob-
served ultraviolet luminosities (Figure 11). Our predicted lu-
minosity functions with no attenuation provide a good fit up
to z = 3, indicating that our total star formation is sufficient
to reproduce the ultraviolet emission. However, at z = 2 and
z = 3, our unattenuated luminosity function is at the border-
line of the observed dataset, giving no room for attenuation.
Again, this shows the needs to increase the SFR in the model
and adjust the attenuation with redshift. However, modifica-
tions of attenuation with redshift should be taken with cau-
tion as the nature of dust at high redshift remains unclear.
For example, observations by Reddy et al. (2010) suggest that
attenuation decreases with increasing redshift, while Dunne
et al. (2003, 2011) find more dusty galaxies in their sample
at z = 2 than in the local Universe.

Changing the parameters in Dusty SAGE to increase the
star formation rate at high redshift improves the agreement
between our predicted luminosity functions and observation.
By lowering the radio-mode efficiency from 8% to 1%, we
match the observed K-band luminosity function in the red-
shift range 0.5 — 2. The lower radio-mode feedback efficiency
allows stars to form earlier in time so we can reproduce the
bright end of the luminosity function where our default model
struggles. Consequently, we have too many massive galaxies
at z = 0 and overproduce the number density of local galax-

ies. The implementation of feedback in the model assumes
constant efficiency throughout cosmic time. We possibly need
an evolving feedback efficiency with redshift to regulate star
formation to match the luminosity and stellar mass function
at low and high redshift simultaneously.

The evolution of the UV luminosity function is more com-
plex than the K-band due to the effect of dust attenuation.
Here we find we need to adjust the SFR and dust properties
in Dusty SAGE to improve the agreement in the far-UV band.
Firstly, the UV emission increases as we increase the SFR in
the model by dropping the radio-mode efficiency. The pre-
diction from this variant agrees well with the observations
at z = 2 but overpredicts those at z < 2. We thus need
to increase the dust attenuation in the model to tone down
the prediction. Assuming that the relation between dust sur-
face density and dust attenuation is constant across redshift,
the simplest solution is to turn off dust destruction to max-
imise the predicted dust surface density. This results in a
good match to the observation at z = 0.5 and z = 1. How-
ever, even this maximum attenuation is not able to dampen
the UV emission to the observed level at z = 0, a sign that
the SFR is too high. Again, this shows the limitation of the
model to regulate SFR to match the observations of local and
distant galaxies consistently.

However, caution should be taken when constraining the
SFR from observations as a high fraction of star formation is
obscured by dust and can be only identified in the infrared
(Casey et al. 2018). The obscuration level depends on the
dust abundance, which evolves with redshift. This challenges
our current understanding of dust and metal enrichment pro-
cesses in the ISM and how they evolve with cosmic time. In
the ALMA REBELS survey, Algera et al. (2022) find the
obscured SFR contributes between 30% to 60% at z = 7.

5.3 Future application of mentari

In this work, we have applied our new generative SED
pipeline, mentari, to the Dusty SAGE SAM. Currently,
mentari is open source and available for public use in two
modes: the website! and full version®. At the website, users
can generate an SED for a single galaxy by varying stellar and
dust parameters. There is an option to input AB magnitudes
in various filters so users can compare observed datasets with
synthetic fluxes.

The full version is locally installable and has more features,
including constructing the SEDs of multiple galaxies with
flexible star formation and metallicity histories, and several
options for different attenuation prescriptions and infrared
templates. There are hundreds of filters available to convolve
the SED into photometries. The full version is useful to cre-
ate mock catalogues for a large survey, since it allows one to
generate the SED of millions of galaxies in one go. The stel-
lar and dust parameters can be input manually or extracted
from a galaxy evolution model. Currently, mentari has spe-
cific functions to extract parameters from the Dusty SAGE
and SAGE SAMs. This function will be expanded in the fu-
ture to be more general and accept more galaxy evolution

4 https://share.streamlit.io/dptriani/mentari_web/main
5 https://github.com/dptriani/mentari
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models. A fitting function is yet to be included in both web-
site and the full version. Once incorporated, this function will
allow users to fit observed datasets directly to a SED built
from a galaxy evolution model.

6 SUMMARY AND CONCLUSIONS

This paper has focused on the translation of star formation
and stellar light in a galaxy into its panchromatic SED, as
would be measured in observations. A critical component of
this is the self-consistent modelling of dust and attenuation
effects. We present predictions for the local and high-redshift
galaxy luminosity functions and galaxies’ cosmic spectral en-
ergy distribution from the far-ultraviolet to far-infrared. Our
predictions are made using the Dusty SAGE SAM (Triani et al.
2020), which includes detailed dust tracking on top of the
usual modelling of galaxy evolution. The dust processes in
Dusty SAGE include stellar dust production, grain growth in
molecular clouds, grain destruction by supernova shocks, and
thermal sputtering in the halo. Dusty SAGE is one of the first
SAMs to use computed dust properties from such compli-
cated processes to infer the galaxy emission. In this work, we
run the model on merger trees constructed from the Millen-
nium N-body simulation.

To model the theoretical spectra from galaxies, we intro-
duce the mentari pipeline, which we run as a post-processing
step for Dusty SAGE. mentari extracts star formation and
metallicity histories from Dusty SAGE and combines them
with the Bruzual & Charlot (2003) stellar population syn-
thesis model to produce the intrinsic stellar emission of each
galaxy from the far-ultraviolet to near-infrared. We adopt the
two-component attenuation model of Charlot & Fall (2000)
that includes (i) denser dust in birth clouds that envelope
young stars and (ii) dust in the diffuse interstellar medium.
To compute the Charlot & Fall (2000) attenuation param-
eters, we explore several approaches: (i) adopt the fiducial
values of Charlot & Fall (2000) as fixed attenuation parame-
ters for all galaxies; (ii) use varying attenuation parameters
with dust properties, based on an empirical scaling relation
from Somerville et al. (2012); and (iii) similar with the second
method, but use the theoretically motivated scaling relations
from Trayford et al. (2020) and Lacey et al. (2016) (following
the approach of Lagos et al. (2019)).

The main challenge we grapple with is accounting for dust
radiation. We try several different prescriptions. First, we in-
fer the mid-infrared emission from galaxies using the Dale
et al. (2014) templates. We assume that the total attenuated
luminosity equals the total infrared luminosity based on an
energy balance principle. Then, we use a correlation between
the total infrared luminosity and the o parameter of Dale
et al. (2014) from Rieke et al. (2009) to determine which
template to apply to each galaxy. In the far-infrared regime,
we explore the Dale et al. (2014) templates and a more theo-
retically based set of templates from Safarzadeh et al. (2016).
The latter is derived from the SUNRISE radiative transfer
code implemented in a hydrodynamical simulation. The total
infrared luminosity and the computed dust mass are used di-
rectly to determine which Safarzadeh et al. (2016) template
to use for a galaxy.

In the ultraviolet wavelengths at z = 0 (see Figure 5),
our model variants that use varying attenuation curves give
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better agreement with the observed far and near-ultraviolet
luminosity functions, compared to those with fixed attenua-
tion, which overproduce bright ultraviolet galaxies.

In the optical and near-infrared, all of our model variants
produce a very good agreement with the observed luminosity
functions at z = 0 (Figure 4). In this regime, the attenuation
effect is less important, as the SED is dominated by stellar
light.

In the mid-infrared, we compare our prediction at z = 0
with observations in various IRAC bands. These compare well
except in the 8.0um band, where we underestimate the ob-
served luminosity function systematically. The 8um emission
is especially complicated because it includes a significant con-
tribution from unidentified infrared emission (UIE), mainly
correlated with PAHs. In addition, the flux at this wavelength
is also affected by AGN emission. To compute emission in the
mid-infrared, we adopt the templates from Dale et al. (2014).
This model may perform better if we implement a realistic
AGN fraction parameter instead of fixing it at zero. We plan
to implement AGN and focus on the mid-infrared flux in the
near future.

Our model is also successful at reproducing the far-infrared
emission at z = 0 for a wide range of wavebands (Figure 7
and 8). The CF00 model variant with a fixed attenuation
produces less flux across the far-infrared wavelengths com-
pared to the other model variants as a consequence of having
less attenuation in the ultraviolet bands (see Figure 5). This
strengthens our argument that self-consistent dust attenu-
ation is essential for reproducing the full spectrum galaxy
emission, from the far-ultraviolet to far-infrared simultane-
ously.

Finally, we integrate the emission of all local galaxies in our
model to compute the cosmic spectral energy distribution at
z = 0 (Figure 9). Our results roughly match the observed
values from Andrews et al. (2017). The largest discrepancies
seen in this comparison are in the mid-infrared, mainly due to
PAH emission and AGN contamination, as discussed. We also
find a slight mismatch in the model at wavelengths > 500um.
A possible cause for this tension is the lack of constraints
from the observations of Andrews et al. (2017) at the longest
wavelengths.

At high redshift, our model underestimates the observed
UV luminosities (Figure 11). Modifications to the radio-mode
efficiency and dust destruction process in Dusty SAGE im-
proves the agreement but is no longer consistent with the
z = 0 observations (Figure 14). In Figure 10, we show that
our model fits well the observed K-band luminosity function
up to z = 3. Its excellent match indicates that we are produc-
ing the correct evolution of stellar properties, including the
total stellar mass, age and metallicity. However, at z = 2 and
z = 3, we slightly underestimate the number of the brightest
galaxies. Increasing the SFR by modifying the radio-mode
efficiency solves this problem (Figure 13). But again, this
change creates tension with the z = 0 observations. Further
study is needed to match at z = 0 and z > 0 simultaneously.
Previous work has found that using a stellar population syn-
thesis model that enhances the near-infrared spectra from
AGB stars (e.g., Maraston 2005) can also alleviate this ten-
sion (Henriques et al. 2011b; Gonzalez-Perez et al. 2014).

In this paper, we have presented a comprehensive frame-
work to produce the panchromatic galaxy emission from a
SAM with a state-of-the-art dust model. We find that a de-
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tailed dust treatment is necessary to generate realistic observ-
ables, both for local and high-redshift galaxies. The strong
agreement of our predictions with an extensive set of obser-
vations reflects how the model accurately describes various
complicated processes in galaxy evolution and its discrep-
ancies provide opportunity to explore the complex interac-
tions of galaxy physics and dust, and how these translate
into galaxy light. Our pipeline with Dusty SAGE and mentari
produces theoretical predictions to compare to future obser-
vations using JWST and ALMA, which will constrain dust
emission and properties in early galaxies at increasing level
of detail.
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