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ABSTRACT

For many decades, dust has been recognised as an important ingredient in galaxy formation and evolution. This paper presents a novel
self-consistent implementation of dust formation by stars, destruction by supernova shocks and hot gas, and growth within the dense
interstellar medium (ISM) in the state-of-the-art GAEA galaxy formation model. Our new model DUSTY-GAEA is able to reproduce
the dust build-up as a function of stellar mass out to z ~ 6, the scaling relations between the dust-to-gas and dust-to-metal ratios and
the stellar mass and metallicity in the local Universe, and the dust mass function both in the local Universe and out to z ~ 1. In the
framework of our model, dust growth dominates the cosmic dust budget out to z ~ 8, and we find that observational constraints beyond
the local Universe can be reproduced only when assuming such efficient dust growth in the dense ISM. Nevertheless, reproducing the
estimated number densities of dust-rich galaxies at higher redshifts remains challenging, as also found in independent theoretical work.
We discuss our model predictions in comparison with both observational data and independent theoretical efforts, and we highlight

how further observational constraints at high redshifts would help constrain dust models.
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1. Introduction

Interstellar dust is a challenging baryonic component to study
because of its complex interactions with both the interstellar
medium (ISM) and stellar radiation. Dust provides a surface
where numerous chemical reactions take place, leading to the
formation of various molecules, including molecular hydrogen,
which is essential for star formation (Williams 1987; Cazaux &
Tielens 2004; Demyk 2011; Dulieu et al. 2013; Bigiel et al. 2008;
Schruba et al. 2011). Moreover, collisions between dust grains
and gas-phase species result in the depletion of gas-phase met-
als and cooling and heating of the gas (Black 1987; Draine 2011;
Glover & Clark 2012; Klessen & Glover 2016; Zhukovska et al.
2016, 2018).

Dust grains also absorb and scatter stellar UV and optical
radiation, re-emitting it in the infrared and submillimetre parts of
the electromagnetic spectrum (Draine 2003; Galliano et al. 2018;
Bianchi et al. 2018). Furthermore, far-ultraviolet photons can
eject energetic electrons from the surfaces of small dust grains
(Watson 1972; Draine 1978; Bakes & Tielens 1994; Weingartner
& Draine 2001; Wolfire et al. 2003; Hill et al. 2018). These
electrons are the main source of heating in the cold neutral
medium, and the diffuse atomic hydrogen (HI) regions (Wolfire
et al. 1995; Ingalls et al. 2002). In summary, despite its small
contribution to the mass budget of galaxies (only 0.1% of the
stellar mass; Draine 2007; Smith et al. 2012), dust regulates the
rates of chemical reactions that lead to the formation of differ-
ent molecules in the ISM, chemical abundances, the dynamical
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and thermodynamical state of galaxies, and their spectral energy
distribution.

Our understanding of how dust forms and evolves has devel-
oped over decades of observational and theoretical studies. Dust
is believed to form mainly in the ejecta of asymptotic giant
branch (AGB) stars and type Ia and type II supernovae (SNe;
Dwek 1998). Supernovae inject both oxygen-rich and carbon-
rich dust into the ISM (e.g. Dwek 1998; Nozawa et al. 2003;
Sarangi et al. 2018), while AGB stars produce either oxygen-rich
or carbon-rich dust, depending on the ratio of carbon to oxy-
gen in their ejecta (Whittet 1989; Sargent et al. 2010; Srinivasan
et al. 2010). Once injected into the ISM, dust grains undergo
destruction processes driven by SN remnants and interactions
with the hot gas. These processes include sputtering, sublima-
tion, and complete or partial vaporisation (Barlow 1978; McKee
1989; Jones et al. 1994; Nozawa et al. 2006; Bianchi & Schneider
2007; Yamasawa et al. 2011; Andersen et al. 2011; Bocchio et al.
2016).

The dust grains that survive can eventually reach dense
regions of the ISM, where they can grow through the accre-
tion of gas-phase metals (Dwek & Scalo 1980; Dwek 1998;
Hirashita 2013). Depletion studies strongly support and con-
strain this mechanism of dust formation (Duley & Millar 1978;
Jones & Williams 1985; Savage & Sembach 1996). For example,
Zhukovska et al. (2016, 2018) found that dust growth is essential
to explaining silicon and iron depletion levels in the Milky Way.
Finally, dust grains could shatter or coagulate when they collide
with each other, leading to changes in the grain size distribution
(e.g. Hirashita 2015).
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A large amount of information about dust abundance in
galaxies and how it relates to their physical properties has been
collected over the past decades. This information includes the
scaling relations between dust mass and stellar mass (Corbelli
et al. 2012; Santini et al. 2014; Beeston et al. 2018; Nersesian
et al. 2019), dust mass and star formation rate (da Cunha et al.
2010; Casey 2012; Santini et al. 2014; Rowlands et al. 2014), the
dust mass function (DMF) of galaxies (Dunne et al. 2003, 2011;
Vlahakis et al. 2005; Eales et al. 2009; Clemens et al. 2013; Clark
et al. 2015; Beeston et al. 2018; Pozzi et al. 2020), the dust-to-
gas (DtoG) ratio versus metallicity (Issa et al. 1990; Lisenfeld &
Ferrara 1998; James et al. 2002; Draine et al. 2007; Galametz
et al. 2011; Magrini et al. 2011; Hirashita & Kuo 2011; Hirashita
2013; Rémy-Ruyer et al. 2014; Relafio et al. 2018), the dust-to-
metal (DtoM) ratio versus metallicity (De Cia et al. 2013, 2016;
Zafar & Watson 2013; Sparre et al. 2014; Wiseman et al. 2017,
Popping & Péroux 2022), and the gas fraction of galaxies versus
dust mass (Cortese et al. 2012). This wealth of data can be used
to constrain dust models included in theoretical frameworks of
galaxy formation.

In the local Universe, dust produced by stars and dust growth
appear to play a dominant role in regulating the amount of dust
observed and the scaling relations with other physical properties.
At high redshift, the situation is less clear, as dust evolution may
have proceeded quite differently. For instance, many galaxies
appear to be overabundant in dust for their age, with dust masses
equal to or exceeding 107 Mg, at z > 4 (e.g. Riechers et al. 2014;
Watson et al. 2015; Pozzi et al. 2020), representing a challenge
for current theoretical models. This discrepancy raises questions
about our understanding of the processes that control dust in
the early stages of galaxy evolution. For example, it is unclear
whether progenitors of AGB stars are effective dust producers at
high redshift given the long time-scales involved (see Valiante
et al. 2009 for alternative view). It is also unclear whether dust
growth continues to be a dominant dust formation channel at
high redshift given that the gaseous metallicity decreases at ear-
lier cosmic epochs. The effective stellar yields at high redshift
are also unknown and could be significantly different from those
measured in the local Universe. Observational data at these ear-
lier cosmic epochs are also limited and potentially affected by
systematics and selection effects that we probably still do not
fully understand.

In recent years, theoretical models have been updated to
include processes that account for the formation, destruction, and
growth of dust (e.g. Bekki 2013; McKinnon et al. 2016; Popping
et al. 2017; Vijayan et al. 2019; Li et al. 2019; Triani et al. 2020;
Yates et al. 2024 ). A few models also include a treatment for the
grain size distribution (e.g. Hirashita 2015; Aoyama et al. 2017;
Hou et al. 2017; Gjergo et al. 2018; Granato et al. 2021; Parente
et al. 2023). These models reproduce reasonably well such prop-
erties as the local DMF, the dust mass—stellar mass relation, and
the DtoG ratio versus metallicity relation in the local Universe.
However, observations at high redshift remain more challenging
to reproduce.

In this work, we introduce an updated version of the GAlaxy
Evolution and Assembly (GAEA)' model that includes an
explicit treatment for dust formation, destruction, and growth.
The GAEA model is a state-of-the-art semi-analytic model
that successfully reproduces a wide range of observational
results. Notably, GAEA employs an innovative approach for the
non-instantaneous recycling approximation of gas, metals, and
energy by SNe and AGBs (De Lucia et al. 2014), resulting in
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precise calculations of the ISM metallicity history and provid-
ing an ideal framework for the implementation of dust physics.
Semi-analytic models are particularly well suited to addressing
the challenges involved in dust prescriptions, as they allow for
the exploration of a vast parameter space across large cosmolog-
ical volumes while keeping computational costs reasonable.

The paper is organised as follows: Section 2 presents our
dust model and its variants. Results are detailed in Sect. 3.
Our discussion and summary are presented in Sects. 4 and 5,
respectively.

2. DUSTY-GAEA

In this work, we use the Millennium (Springel et al. 2005;
MSI) and Millennium II (Boylan-Kolchin et al. 2009; MSII)
simulations. These model boxes with a side length of 500 and
100 Mpch™!, respectively, and assume the following cosmolog-
ical parameters: Q5 = 0.75, Q,, = 0.25, Q, = 0.045, n = 1,
og = 0.9, and h = 0.73. The MSI contains 2160* particles and
achieves a resolution of 8.61x10% Mg, while MSII contains the
same number of particles and achieves a resolution of 6.89x10°
Mp. The cosmological parameters adopted here differ from those
from the Planck (Planck Collaboration XIII 2016) and WMAP9
(Bennett et al. 2013) results. The impact on model predictions is
expected to be minimal as demonstrated by Wang et al. (2008)
and Guo et al. (2013). Indeed, Fontanot et al. (2025) showed that
GAEA predictions converge well for runs using merger trees
extracted from simulations at different resolutions and slightly
different cosmological parameters, ranging from WMAPI to
Planck values.

Our starting reference model version is the one described
in De Lucia et al. (2024). This model represents a significantly
modified and extended version of the original model by De Lucia
& Blaizot (2007). In particular, it includes an updated parameter-
isation of stellar feedback (Hirschmann et al. 2016), a partition of
cold gas into atomic and molecular components (Xie et al. 2017),
a gradual stripping of the hot and cold gas from satellite galaxies
(Xie et al. 2020), and an improved model for cold gas accre-
tion onto black holes and explicit modelling of quasar driven
winds (Fontanot et al. 2020). Particularly relevant for this study
is the innovative treatment of the non-instantaneous recycling
of gas, energy, and metal (De Lucia et al. 2014). The model is
calibrated to reproduce several observables, including the stellar
mass function up to redshift ~3, the HI and H, mass function in
the local Universe, and the active galactic nucleus (AGN) bolo-
metric luminosity function up to redshift ~4 (see e.g. De Lucia
et al. 2024). In the following we provide a summary of the GAEA
prescriptions mostly relevant for this work. For full details on
these implementations, we refer the reader to the original papers.

In summary, GAEA assumes that baryons are distributed
in four different reservoirs: stars within galaxies, cold gas in
galaxy discs (representing the ISM), hot gas associated with
centrals and satellites, and ejected gas that has been reheated
and expelled from halos by SNe- and AGN-driven winds. This
ejected gas can later be reincorporated into the hot gas com-
ponent (Hirschmann et al. 2016; Xie et al. 2020). Metals are
always assumed to follow the circulation of baryons between
the different reservoirs. For example, metals are locked into stars
when they are formed, keeping the metallicity of the ISM con-
stant. In the model, DUSTY-GAEA, presented in this work,
we have introduced three additional dust reservoirs, correspond-
ing to each of the gas reservoirs: dust in the cold gas, dust in
the hot gas, and dust in the ejected gas. As for metals, dust is
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also assumed to follow the circulation of baryons between the
different reservoirs.

As described in detail in De Lucia et al. (2014), chemical
enrichment is modelled by projecting the information about the
metals, gas and energy produced by each simple stellar popula-
tion (SSP) in the future. This approach allows for an accurate
accounting of the timings and properties of the individual SSPs
in model galaxies. The reference model adopts a Chabrier ini-
tial mass function (IMF; Chabrier 2003)? and makes use of the
stellar yield tables by Karakas (2010) for low- and intermediate-
mass stars, Thielemann (2003) for SNela, and Chieffi & Limongi
(2004) for SNell. The yields by Chieffi & Limongi (2004) are
defined for stellar masses between 13 and 35 M. Between 8
and 13 Mg, the yields are scaled proportionally to the stellar
mass, while for more massive stars, the values corresponding to
the highest stellar mass tabulated are used. In our version of the
model, we have modified the code to follow explicitly the abun-
dance of ten chemical elements (H, He, Mg, Si, O, C, Fe, S, Ca,
Ti), and the chemical enrichment scheme such that all the metals
are released into the cold gas regardless of the halo mass (see
also Cantarella et al. 2025).

Taking advantage of the accurate approach to model chem-
ical evolution included in GAEA, we implement an explicit
model for the formation and evolution of dust. The dust model
adopted consists of (i) dust formation in stellar winds of AGB
stars, SNIa, and SNII, (ii) accretion of the ISM gas-phase met-
als on dust grains, i.e. dust growth, and (iii) dust destruction by
SN remnants and sputtering in the hot gas. These processes are
the main drivers of the dust mass evolution (Hirashita 2013) and
their implementation is described in the following subsections.

2.1. Dust formation by stars

The total mass of the jth element (j = C, O, Mg, Si, S, Ca, Fe,
Ti) in dust from the kth type of stars (SNIa, SNII, and AGB stars)
can be expressed as (Dwek 1998):

My = 06 ;Fej(m ), (1)

where 6" is the fraction of the jth chemical element from the
kth stellar type locked up in dust grains (i.e. the condensation
efficiency), F;j is a function determining the total mass of metals
that can be used for dust formation, and m i is the mass of the
Jjth element ejected from the kth stellar type.

2.1.1. Dust from AGB stars

Depending on whether the stellar ejecta is carbon- or oxygen-
rich, the dust produced by AGB stars would be carbon rich or
oxygen rich, respectively. This is because oxygen and carbon
combine to form the maximum possible amount of CO, and
as such either one of the two would be unavailable for dust
formation by the end of the CO formation process (Dwek
1998). Following previous works, we considered the two cases
described below.

2 The choice of the IMF affects the chemical enrichment at fixed yields
since it alters the relative number of AGB stars, SNIa, and SNII. The
reference model (GAEA) also includes a variant that allows for variable
IMF prescriptions (see e.g. Fontanot et al. 2024). However, in this work,
we focus on the standard choice of a Universal Milky Way-like IMF. We
will address the effects of varying the IMF on dust abundance at high
redshift in our future works.

Case 1: C/O > 1, Carbon-rich dust

AGB AGB AGB AGB
Mayst,c = ¢ (m e,C 0.75m Mej 0 )s (2
it 0. 3)

where j = O, Mg, Si, S, Ca, Fe, Ti.

Case 2: C/O < 1, Oxygen-rich dust

AGB

Myugc = 05 )
AGB AGB AGB
dustyj — 6 e],; ’ (5)
AGB  _ AGB AGB

mduth 16 x z ‘6 e_]J / Hj (6)

where j = Mg, Si, S, Ca, Fe, Ti and y; is the atomic mass of
element ;.

2.1.2. Dust from SNla and SNII

Supernovae produce both carbon- and oxygen-rich dust since the
macro-mixing of their ejecta allows the presence of carbon- and
oxygen-rich regions (Nozawa et al. 2006). We assumed

SNIa—SNII SNIa—-SNII _SNIla—SNII

dust,j 6 meJ,] ’ (7)
SNIa-SNII 6SN1a —-SNII._SNla-SNII (8)
dust,C - ¢j,C ’

SNla SNII SNIa SNII SNlu SNII

dustO =16 x Z 6 CJJ / Hij» (9)

where j = Mg, Si, S, Ca, Fe, Ti.

We adopted &3 Y'*~5N! = 0.15 for all elements produced by

SNIa and SNII and 5AGB 0.2 for all elements produced by AGB
stars (Popping et al. 2017) These low condensation efficiencies
account for inefficiency in dust production and dust destruction
during ejection into the ISM by the reverse SN shock (Popping
et al. 2017; Micelotta et al. 2018). Some observational and theo-
retical studies have shown that dust produced by SNIa is minimal
(see e.g. Gioannini et al. 2017; Li et al. 2019; Parente et al. 2022).
Switching off their contribution, we also find a negligible con-
tribution of SNIa to our predicted dust budget; as such, we keep
their contribution in the present work.

We also tested the original Dwek (1998) condensation effi-
ciencies, namely 6S NIa=SNII = (.5 for carbon and 0.8 for all the
other elements produced by SNIa and SNII, and 62‘;;3 = 1. How-
ever, for the set of metal yields we adopted, the oxygen-rich dust
produced adopting those efficiencies exceeds the available oxy-
gen. We lowered the constant factor in Eqgs. 6 and 9 from 16 to
10, following McKinnon et al. (2016); however, the problem was
not resolved.

Adopting a constant condensation efficiency is a simplifica-
tion of the formation process. Indeed, stellar evolution studies
indicate varying dust condensation efficiencies with the initial
mass of stars and metallicity (e.g. Ferrarotti & Gail 2006). This
and the uncertainties in the stellar metal yields and the IMF
could significantly influence the amount of dust produced by
stars. We will study this in more detail in future work.

2.2. Dust destruction

Once dust is injected into the ISM, it experiences several destruc-
tive processes, including thermal and non-thermal sputtering
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(McKee 1989; Jones et al. 1994; Jones 2004; Hirashita 2013).
Sputtering is caused by the high-velocity collisions between the
gas phase atoms and ions with the dust grains. Thermal sputter-
ing results from the random thermal motion of the gas species,
as in the case of the hot gas in galaxy halos. Meanwhile, non-
thermal sputtering arises from the relative motion between the
gas and dust grains, as in the case of SNe forward shock waves.
Metals removed from the dust grains are recycled to the ISM
upon destruction. In the following, we describe our treatment of
both processes.

2.2.1. Destruction by SNe forward shocks

To model dust destruction by SNe, one needs to take into account
a) the energy and evolution of the exploding SN, b) the properties
of the ISM in which SN events occur (i.e. density and metallic-
ity), and c) the properties of the dust in this ISM (i.e. composition
and grain size). Furthermore, ISM regions are often subject to
several SNe explosions, and the total amount of dust destroyed in
a region should be computed as the integral of the dust destroyed
by all ‘overlapping’ events. In practice, the problem is typically
simplified by estimating the dust destroyed by a single event and
then multiplying by the SNe rate corrected for SNe clustering.

We followed the approach described in McKee (1989) to esti-
mate the characteristic timescale of the process, the destruction
timescale, 7.,

M
Ties = HI+HII ) (10)
Mswept'y.S'Né‘:SNé/SN
where
Uy Esy
M =6800( ) Mo, 1
swert 100kms~! (1051erg) e b
and
i E
vS=2OO( o )7 SN\ kms~!. (12)
lem=3/ \10%erg

In these equations, My, gy 1S the mass of the atomic and ionised
gas, M,.p; is the mass of the ISM swept up by the shock wave,
vsn 1s SNe rate, &gy is the fraction of clustered SNe (= 0.36,
McKee 1989), and {5y is a single SN destruction efficiency (=
0.34, Nozawa et al. 2006). v, is the shock velocity, Egy is the
energy of a single SN event, and g is the ambient gas density.
We estimate ygy using the total energy released by SNla and
SNII events in each time step divided by the energy released in a
single event (~10°! ergs).

Most of the dust destruction is expected to occur in the warm
intercloud medium (McKee 1989); accordingly, we allowed dust
destruction only in this medium. Hence, we estimated ng using
all the cold gas mass that is not in molecular form (for details
about how the cold gas component of model galaxies is par-
titioned into different components, we refer the reader to the
original paper by Xie et al. 2017) and the volume, V), occupied
by this gas. We computed V, as the volume of the galaxy disc
multiplied by one minus the H, volume-filling factor (f,u, ~
0.001, Table 1.3 in Draine 2011). Figure 1 (top panel) shows
ng distribution up to redshift 5.5 for the MSI runs (MSII runs
yield similar results). The mass we used in the calculation is
slightly overestimated since our calculation does not account for
the presence of gas phases other than the warm ionised and the
cold molecular. Therefore, we imposed an upper limit on the
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Fig. 1. Normalised histograms of the estimated density of the warm
intercloud medium (top) and cold molecular gas (bottom) from z ~ 0 to
z ~ 5.5. Predictions are based on the MSI merger trees. We limited the
distributions to resolved galaxies (see Sect. 3 for details).

gas de3n3sity consistent with what is reported in Draine (2011),
lem™.

The same approach is used to estimate the density of the
molecular gas (ny, Fig. 1 bottom panel), where V is computed
as the volume of the galaxy disc multiplied by H, volume-filling
factor. It is worth noting that the H, volume-filling factor we
adopted here is an estimation in the Milky Way and might not be
the same in all galaxies at all redshifts. We adopt this approach
trying to account for the redshift evolution of the ISM density
instead of imposing a fixed density.

The change in mass of the element j in dust due to SNe
destruction in the warm component of the cold gas was then
estimated using the following equation from Dwek (1998):

Amdes j(t) = —At Mgy j ()] Tdes» (13)

dust,,

where At is the integration time step and m,, j(f) is the mass
of the jth element already in dust. The same amount of metals
removed from the dust phase, Am;’ffs' L is added to the metals in
the (cold)gas phase:

des
AWlmetal,j(l‘) = Amdi;r’j(l‘)

(14)

3 The single SN destruction efficiency, sy, we adopted is consistent
with this limit. The destruction efficiency increases quadratically with
the ambient gas density according to Nozawa et al. (2006) model (see
their Fig. 10 and Eq. (A3)).
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We also tested the model adopted by Popping et al. (2017),
Vijayan et al. (2019), and Yates et al. (2024) based on the con-
cept of the mass of the ISM cleared of dust, rather than the dust
destruction efficiency. Furthermore, we tested the metallicity-
dependent destruction model adopted by Triani et al. (2020) and
Parente et al. (2023) but still allowed the density of the gas to
vary. Both models show similar destruction efficiency compared
to our fiducial model (see Appendix A for further details).

2.2.2. Destruction by thermal sputtering

We implemented thermal sputtering in both the hot and the
ejected gas reservoirs, following the prescriptions by McKinnon
et al. (2017) for the thermal sputtering timescale. This is based on
the original formulation introduced by Tsai & Mathews (1995):

a \(1027\[[2 x 10°\*°
Topu = 0.17 [ — +1|Gyr,
0.1um o

T

where p is the gas density in g cm™ units, and T is the tem-
perature in K. The hot gas reservoir contains all gas with a
temperature above 10* K and is assumed to be in isothermal
equilibrium. For the calculation of the sputtering rate, however,
we assume that the gas temperature is equal to the virial temper-
ature and that the gas follows a homogeneous spherical density
profile bounded by the virial radius, which is used to estimate the
gas density (i.e. p = Mo/ %ﬂRiir). We further assume @ = 0.1 pm
for the average grain size. The ejected reservoir is assumed to
have the same properties as the hot reservoir, except that it is
decoupled from cooling for a brief period of time (Croton et al.
2006; De Lucia et al. 2010). Therefore, we applied the same sput-
tering rate in both reservoirs. Accordingly, the change in mass of
the element j in dust due to sputtering in the hot or ejected gas
is

(15)

Am*P*

duxt,j(t) = _Atmdust,j(t)/STspw (16)

The same amount, Am. " P is added to the (hot or ejected)gas
phase metals.

2.3. Dust growth in dense media

Dust destruction by SNe is a rather efficient process, where
only about 10 to 20 per cent of the dust survives (McKee 1989;
Dwek 1998). The remaining dust could hardly account for the
vast amounts of dust observed in the local and distant Universe
(Jones et al. 1994; Bertoldi et al. 2003; Mattsson 2011; Kuo &
Hirashita 2012; McKinnon et al. 2016, 2018; Ginolfi et al. 2018;
Shivaei et al. 2024). To alleviate this tension, an efficient addi-
tional source of dust must be present. Dwek & Scalo (1980)
proposed dust growth via accretion of the gas phase metals in
the dense metal-rich regions of the ISM as a viable process.
Studies of ISM depletions strongly support and constrain this
scenario (Duley & Millar 1978; Jones & Williams 1985; Savage
& Sembach 1996; Zhukovska et al. 2016, 2018). Theoretical stud-
ies also support dust growth as a viable mechanism to explain
observations (e.g. Dwek 1998; Bekki 2013; Aoyama et al. 2017,
Popping et al. 2017).

Considering the uncertainties related to the modelling of this
specific process, we adopt two frameworks to implement dust
growth in our galaxy formation model. These are based on the
formalisms introduced in Dwek (1998) and Zhukovska et al.
(2008). Both frameworks follow the evolution of the dust mass,
omitting the evolution of its grain size distribution. However,
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unlike the Dwek framework, Zhukovska et al. take into account
the dust grain composition, allowing us to have predictions
of oxygen depletion of about ~0.03-0.2, consistent with the
depletion level adopted in emission-line modelling studies (e.g.
Groves et al. 2004; Gutkin et al. 2016).

2.3.1. Dwek framework

The growth timescale varies according to the ISM properties (i.e.
density, temperature and metallicity) and the grain size. We used
the following formula by Asano et al. (2013b):
zZ\"!
)
Zo

1
a ny -1 T \2
CyTaces = 2% 107 ( ) (—)
Tacej = £ (O.Ium) 100cm—3/  \50K
(17

where C; (= 1) is the dust sticking coefficient, the probability
that a metal atom or ion sticks to the dust grain after colliding,
and Z; is the abundance ratio of the element j. We modelled the
increase in dust mass due to the growth using a slightly modified
form of the formula by Dwek (1998) (Popping et al. 2017; Triani
et al. 2020):
Am‘aiic”’j(t) = At(l - fdusl,j)mdust,j(t)sz /Tacc,j~ (18)
Here, fqustj is the fraction of the jth element that is locked up
in dust, and fy, is the molecular hydrogen fraction as calculated
in Xie et al. (2017). We adopted 0.1 um and 50 K for the grain
size and the cold gas temperature, respectively. We estimated the
cold-molecular gas density following the same approach used
to estimate the density for SNe destruction (see Sect. 2.2.1 and
Fig. 1).

The dust growth process leads to a depletion of the gas phase
elements. Accordingly, the mass of the jth element in the gas
decreases by Amzcucst’j(t).

2.3.2. Zhukovska et al. (2008) framework

This framework also takes into account the recycling of the gas
between the different phases in the ISM. It introduces an effec-
tive exchange timescale in which all the ISM is cycled through
the molecular phase:

Texchx(1-fu,)

Ju,

Here, 7,y is the lifetime of molecular clouds (=20 Myrs;
Murray & Rahman 2010). The increase in the dust mass due to
growth is then estimated using the following equation:

Texcheff = (19)

Amz‘;cst,j(t) = At(fj,coangm[X’j(t) — md“”>j(t))/T6xch,eff, (20)
where
T -2 7
e = [(’3’0 (e ] ey
and
1
.. =46 X bd””Arietals Pdust 35%x 1073\ /10°cm™3 Myt
“ Adust 3ng_3 Zj ny .
(22)

The term f;,, is the condensation degree of a metal species j at
the end of the cloud lifetime, i.e. the mass fraction of the species

A306, page 5 of 20



Osman, O., et al.: A&A, 710, A306 (2026)

Table 1. Parameter values for the dust growth model based on the Zhukovska et al. (2008) model.

Dust species Key element  pg,s (g em) Ay Aetals Daust
Silicates Si or Mg* 3.13 121.41 243 0r28.1 1or1.06
Carbon C 2.25 12.01 12.01 1
Metallic iron Fe 7.86 56 56 1

Silicon carbide?  Si

Notes. Columns 1-6 list, respectively, the adopted dust species, the key element of each species, the bulk density of the dust grains, the atomic
weight of one formula unit, the atomic weight of the key element, and the number of atoms of the key element per formula unit. “The element with
the least abundance is considered the key element among the two. PInferred using the amount of Carbon bound in Silicon carbide and according
to the formula: Z¢5,c = i—ng i, where Xg; is the Si abundance after the formation of Silicates (Zhukovska et al. 2008).

Table 2. Main characteristics of the dust models presented in this work.

Model Formation Destruction Growth
DUSTY-GAEA (fiducial) AGB, SNe Ia, SNe Il  SNe, sputtering in the hot gas  Zhukovska et al. (2008) model
DUSTY-GAEA-Dwek AGB, SNe Ia, SNe II  SNe, sputtering in the hot gas

DUSTY-GAEA-NoG AGB, SNe Ia, SNe II

SNe, sputtering in the hot gas

Dwek (1998) model

Jj condensed into dust, and fj is the initial condensation degree.
The term M ye1q15,; 18 the total mass of the jth element in the gas
and dust; pg, is the dust grain bulk density; and by, Ameraiss
and A, are parameters determined by the dust grain composi-
tion. Following Zhukovska et al. (2008), we adopted carbon dust,
silicates (Olivine and Pyroxene with Olivine fraction of 0.32),
silicon carbide and metallic iron as dust grain species. Thus,
we adopted the same parameter values adopted in the original
paper (also shown in Table 1. See also Sect. 4.3 of Zhukovska
et al. 2008). Equation (22) is derived averaging with respect to
the Mathis, Rumpl, and Nordsieck (MRN) grain size distribution
(Mathis et al. 1977).

3. Results

In this section we present the main dust scaling relations, the
DMF, and the dust cosmic evolution predicted by three vari-
ants of our dust model. As our fiducial model, we chose the
model that adopts the Zhukovska et al. (2008) framework for
dust growth. We refer to this model as ‘DUSTY-GAEA’ in the
following. We justify this choice later in the text. Along with
DUSTY-GAEA, we discuss two other model variants: DUSTY-
GAEA-Dwek, adopting the Dwek framework for dust growth,
and a model where dust growth is switched off, DUSTY-GAEA-
NoG. Table 2 presents the main characteristics of the three
models. In our analysis, we include all galaxies above 108> M,
from the MSI simulation and galaxies between 107 and 108>
M;, from the MSII simulation. We followed Yates et al. (2024)
in combining predictions from MSI and MSII, weighting each
galaxy by the inverse of the effective volume of the underlying
N-body simulation. We note that discontinuities at the transition
region between the two simulations are still visible in at least
some scaling relations.

3.1. Dust properties versus stellar mass

The dust mass-stellar mass relation from redshift 0 to ~5.5 is
shown in Fig. 2. The solid olive lines represent the median pre-
dictions from our fiducial model (DUSTY-GAEA), while the
dashed and dash-dotted lines correspond to predictions from
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DUSTY-GAEA-Dwek and DUSTY-GAEA-NoG, respectively.
Shaded areas represent the 16th—84th percentile region. Symbols
denote observational data from various sources, including Clark
et al. (2015), Rémy-Ruyer et al. (2015), Grossi et al. (2015), De
Vis et al. (2019), Nersesian et al. (2019), Beeston et al. (2018),
and Santini et al. (2014) at z ~ 0; Rowlands et al. (2014), da
Cunha et al. (2015), and Santini et al. (2014) for z between ~1.6
and 2.45; and Rowlands et al. (2014) and da Cunha et al. (2015) at
higher redshifts. The ALPINE data from Pozzi et al. (2020) are
at redshifts ~4.5 and 5.5. Filled symbols indicate dust mass esti-
mates using a dust temperature of 25 K, while the empty ones
indicate estimates using a temperature of 35 k. The blue solid
line at z ~ O represents the median of the observational data.

All three model variants predict an increase in dust mass as
a function of stellar mass across all redshifts*. At z ~ 0, the
relation bends down beyond a stellar mass of 10'° My, Including
only star-forming galaxies would remove this bend, indicating
that this bend is driven by the influence of passive galaxies in
these high stellar mass bins. Unlike star-forming galaxies, these
passive galaxies contain most of their gas in the hot gas reservoir,
where dust is destroyed via sputtering. In our model, sputtering
destroys dust in the hot gas less efficiently than SNe do in the
cold gas, consistent with previous studies showing that only 10—
20% of the dust produced by stars can survive destruction by SNe
in the absence of growth (e.g. McKee 1989; Dwek 1998), while
25-33% of the dust survives sputtering (e.g. Aoyama et al. 2018).
Nonetheless, gas transfer to the hot reservoir through stellar and
AGN feedback depletes the cold gas, which represents the ISM.
Therefore, in these galaxies, dust destruction by SNe, together
with cold gas depletion, plays a significant role in reducing the
dust abundance.

At higher redshifts, the model DUSTY-GAEA-Dwek shows
similar bending, which is due to a higher destruction efficiency
in this case. In contrast, the model DUSTY-GAEA does not
exhibit such bending at higher redshifts. This is because the
dust growth model in DUSTY-GAEA is more efficient and able

4 Throughout the text, we present predictions of the dust properties in
the cold gas reservoir, representing the ISM in modelled galaxies.
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Fig. 2. Dust mass as a function of the stellar mass at different redshifts. The solid olive lines represent the median predictions from our fiducial
model (DUSTY-GAEA), while the dashed and dash-dotted lines correspond to predictions from DUSTY-GAEA-Dwek and DUSTY-GAEA-NoG,
respectively. Shaded areas represent the 16th—84th percentile region. The solid vertical lines indicate the transition between predictions based on
MSII and MSI. Symbols represent observational data from Clark et al. (2015, crosses), Rémy-Ruyer et al. (2015, squares), Grossi et al. (2015,
upward triangles), De Vis et al. (2019, hexagons), Nersesian et al. (2019, rightward triangles), Beeston et al. (2018, leftward triangles), Santini et al.
(2014, diamonds), Rowlands et al. (2014, circles), da Cunha et al. (2015, stars), and Pozzi et al. (2020, downward triangles).

to counterbalance destruction by SNe up to high stellar masses
(SNe rate increases with stellar mass and hence dust destruc-
tion). Generally, the different growth (and destruction) recipes
we tested differ only slightly in their dust mass predictions for
low-mass galaxies. At the high mass end, there may or may not
be a bend in the relation depending on the specific assumptions.
The model with no growth shows a flattening of the relation-
ship above stellar mass of 10 Mg across a larger stellar mass
range. In this model, the production by stars is very efficient in
increasing the dust mass at low stellar masses, where destruction
is still relatively inefficient. As the stellar mass increases the two
processes, formation and destruction, come to some sort of equi-
librium resulting in the flattening. The gap between this model
and the other models increases with stellar mass and redshift. At
z ~ 0, the trend of the observational data is well reproduced by
the medians of the model variants DUSTY-GAEA and DUSTY-
GAEA-Dwek. Beyond redshift zero, the DUSTY-GAEA variant
performs better in reproducing observations up to z ~ 5.5. The
DUSTY-GAEA-Dwek model trend starts declining about 0.4—
0.8 dex in stellar mass before the DUSTY-GAEA trend stops,
limiting the model’s ability to reproduce the dust mass of galax-
ies in the high stellar mass end. It is intriguing to note that these
two model variants predict different dust abundances in these
massive galaxies. These two models are conceptually different,
particularly in their treatment of the ISM and dust composition
(see Sect. 2.3), which leads to these differences.

Dust abundance in galaxies is estimated through several
methods, but they primarily fall into two main approaches. The
first approach assumes that galaxies behave as optically thin
sources with either single or double temperatures, where infrared
spectral energy distributions of both local and high-redshift
galaxies are typically modelled using a one- or two-component
modified blackbody. The second approach uses more complex
dust models, such as those by Draine (2007), that account for

both a varying radiation field heating the dust and different dust
compositions. Both approaches carry uncertainties, up to a fac-
tor of three (see Popping et al. 2017; Vijayan et al. 2019; Triani
et al. 2020 for more details). The observational data presented
here encompass both approaches and these methodological dif-
ferences — as well as their associated uncertainties — should be
kept in mind when compared to our model predictions. Further-
more, data from da Cunha et al. (2015), Santini et al. (2014),
and Rowlands et al. (2014) are biased toward bright, relatively
high star-forming galaxies, as these studies focus on submillime-
tre galaxies. Studies focused on Damped Lyman Alpha (DLA)
systems such as De Cia et al. (2016), Wiseman et al. (2017), and
Péroux & Howk (2020) indirectly infer dust properties at high-z
using absorption lines of the gas phase species, adding another
layer of systematic errors and uncertainties. Due to the diverse
observations presented in this work and the diverse origins of
errors and systematic errors carried by them, we did not attempt
to convolve our model predictions with any observational errors.

It is evident from the comparison between the three model
variants that dust growth is an important process for enriching
galaxies at all redshifts but not necessarily at all stellar masses.
To understand the relative importance of growth, we studied the
dust formation, destruction and growth rates for each model. We
show results from DUSTY-GAEA in Fig. 3. The rates based on
the DUSTY-GAEA-Dwek model version are very similar, and
shown for completeness in Appendix B. In Fig. 3, solid-dashed,
solid and dashed-dotted lines show the dust formation rates by
stars, destruction by SNe forward shocks, and growth in the
dense ISM, respectively. The rates of dust formation by stars and
growth in the ISM are similar at low stellar masses, while they
are about two orders of magnitude apart at the high stellar mass
end, indicating an increasing efficiency of dust growth with stel-
lar mass. The formation rate increases linearly with the stellar
mass (a slope between 0.94 and 1.2 depending on the redshift),
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Fig. 3. Dust formation, destruction, and growth rates as predicted by the DUSTY-GAEA model. The solid-dashed, solid, and dashed-dotted lines
represent the dust formation rates by stars, destruction by SNe forward shocks, and growth in the dense ISM, respectively. Shaded areas represent
the 16th—84th percentile region. The solid vertical lines indicate the transition between predictions based on MSII and MSI.
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Fig. 4. Ratio of DtoG as a function of the stellar mass at different redshifts. Line styles and shaded areas have the same meaning as in Fig. 2.
Symbols represent the observational data by Grossi et al. (2015, upward triangles), Nersesian et al. (2019, rightward triangles), and De Vis et al.
(2019, hexagons). Open symbols correspond to cases where only atomic hydrogen was used to estimate the total gas mass.

while the growth rate increases slightly more steeply with stellar
mass (a slope between 1.34 and 1.46 depending on the redshift).
The destruction rate follows closely the dominant formation pro-
cess, which is growth. Rates in the DUSTY-GAEA-Dwek model
behave similarly, except that the growth trends are a bit steeper (a
slope between 1.30 and 1.73 depending on the redshift). In both
models, rates of dust formation by stars could hardly exceed the
growth in the ISM rates.

Figure 4 presents the DtoG ratio versus stellar mass rela-
tion from redshift O to ~5.5. Line styles and shaded areas
have the same meaning as in Fig. 2, while symbols represent
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observational data from Grossi et al. (2015), Nersesian et al.
(2019), and De Vis et al. (2019). Open symbols correspond to
cases where only atomic hydrogen was used to estimate the total
gas mass. Both DUSTY-GAEA and DUSTY-GAEA-Dwek mod-
els feature a weak increase in the DtoG ratio as a function of
stellar mass.

Nonetheless, they differ in their detailed trends. Both models
reproduce the observational data in the local Universe well with
a comparable scatter. In contrast, DUSTY-GAEA-NoG predicts
a decreasing DtoG ratio with stellar mass except for redshift zero,
where it significantly underpredicts the observed DtoG ratios.
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Fig. 5. Ratio of DtoM normalised to the Milky Way value (i.e. 0.44) as a function of the stellar mass at different redshifts. The line styles and
shaded areas have the same meaning as in Fig. 2. Symbols represent the observational data by Grossi et al. (2015, upward triangles) and De Vis
et al. (2019, hexagons). Open symbols indicate cases where only atomic hydrogen was used to estimate the gas mass. The blue lines represent

theoretical predictions by Vijayan et al. (2019).

Figure 5 displays predictions for the DtoM ( M[Af‘ju , Where

M,, is the total mass of metals in the gas phase) ratio normalised
to the Milky Way value (i.e. 0.44) versus stellar mass. Line
styles and shaded areas have the same meaning as in Fig. 2,
and symbols correspond to observational data from Grossi et al.
(2015) and De Vis et al. (2019). Open symbols indicate cases
where only atomic hydrogen was used to estimate the gas mass.
The blue lines represent model predictions by Vijayan et al.
(2019), who included dust formation and evolution models in
the semi-analytical galaxy formation model L-Galaxies. This
model was run on the same N-body simulations considered
in this study. The authors have studied in detail the DtoM
ratio.

Following Popping et al. (2017), we estimated the total metal
abundance using the 12+log(O/H) values reported by Grossi
et al. (2015) and De Vis et al. (2019). The DtoM ratio trends
are slightly shallower than the DtoG ratio trends across all red-
shifts. As the DtoG ratio, which decreases slightly with redshift
in the fiducial model, the DtoM ratio also decreases slightly with
redshift in both DUSTY-GAEA and DUSTY-GAEA-Dwek mod-
els. However, the DtoM ratio and the DtoG ratio share the same
features. The DUSTY-GAEA and DUSTY-GAEA-Dwek mod-
els perform similarly well in comparison to the observational
data. The model by Vijayan et al. (2019) predicts slightly shal-
lower trends than our fiducial model and the opposite redshift
evolution, i.e. the DtoM ratio trend decreases with redshift. Our
model predicts a slightly higher DtoM ratio down to redshift
~3.5, a similar ratio at ~2.5 and 1.6, and a lower ratio in the local
Universe. Generally, our model predicts much weaker redshift
evolution.

3.2. Dust properties versus metallicity

Figure 6 shows predictions for the DtoG ratio versus metallicity.
By metallicity, we refer to the gas-phase oxygen abundance in
units of 12 + log(%). Line styles and shaded areas have the same

meaning as in Fig. 2, and symbols correspond to observational
data from Grossi et al. (2015) and De Vis et al. (2019) at z ~ 0,
and Péroux & Howk (2020) at higher redshifts. Open symbols
indicate cases where only atomic hydrogen was used to estimate
the gas mass.

The DtoG ratio behaves as expected, increasing with metal-
licity across all redshifts, in the models DUSTY-GAEA and
DUSTY-GAEA-NoG. DUSTY-GAEA predicts a linear correla-
tion down to redshift ~3.5. Below redshift ~3.5, the correlation
becomes gradually steeper at high metallicity. The steepening of
the slope occurs when the level of metal enrichment in galaxies
exceeds the critical metallicity, i.e. the metallicity above which
dust growth becomes the dominant mechanism of dust formation
(e.g. Asano et al. 2013b; Rémy-Ruyer et al. 2014). This tran-
sition drives accelerated dust build-up and results in a steeper
relation. The exact value of the critical metallicity depends on
the efficiency of dust growth and the star formation history.

In contrast, DUSTY-GAEA-NoG maintains an almost lin-
ear correlation across redshifts (a slope between 0.95 and 0.75,
depending on the redshift). The bends seen in the high metal-
licity bins are due to destruction overtaking formation by stars,
same as the bends seen in the DUSTY-GAEA predictions.

Contrary to DUSTY-GAEA and DUSTY-GAEA-NoG, the
model DUSTY-GAEA-Dwek, shows almost no correlation
between the DtoG ratio and metallicity and a significantly large
scatter. This is mainly because in this model, oxygen abundance
is no longer a good indicator of galaxy metallicity. The Dwek
model only specifies the dust-forming elements (e.g. O, Fe, Mg)
and not in what species of dust grains these elements reside (e.g.
Olivine and Pyroxene). Therefore, the amount of oxygen allowed
to be incorporated in dust grains is not constrained, resulting in
over-depletion of oxygen. If we use the mass of all the metals on
the x-axis instead, the DtoG ratio would increase with metallicity
as expected.

The behaviour of the DUSTY-GAEA and DUST-GAEA-
Dwek models on the plane of the DtoG ratio versus metallicity
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Fig. 6. Ratio of DtoG as a function of metallicity at different redshifts. By metallicity, we refer to the gas-phase oxygen abundance. Line styles
and shaded areas have the same meaning as in Fig. 2. Symbols represent the observational data by Grossi et al. (2015, triangles) and De Vis et al.
(2019, hexagons) at z ~ 0, and Péroux & Howk (2020, circles) at higher redshifts. Open symbols correspond to cases where only atomic hydrogen

was used to estimate the total gas mass.

is the main reason we choose DUSTY-GAEA as our fiducial
model. Furthermore, DUSTY-GAEA predictions of the oxygen
depletion fraction ((Mi‘f#q) ~ 0.03-0.2) are consistent with
those adopted in emission-line modelling (e.g. Groves et al.
2004; Gutkin et al. 2016), unlike predictions from DUSTY-
GAEA-Dwek (~0.03-0.95). When comparing our model pre-
dictions with observations, it is worth noting that the obser-
vational data presented in this figure (and the next) includes
measurements using emission lines in the local Universe and
absorption lines at high redshifts. Besides the systematic dif-
ference between these measurements, one should also keep
in mind that it is not well understood which galaxies give
rise to DLAs at high redshifts. Hence, the comparison with
our model predictions at high redshifts should be interpreted
with caution.

In the local Universe, predictions of our fiducial model
(DUSTY-GAEA) underestimate the DtoG ratio of the bulk of
the observational data by <0.5 dex. However, looking at Fig. 4,
the DtoG ratio is well reproduced as a function of stellar mass,
making us wonder whether this shortcoming is due to metal-
licity overestimation instead (see arguments by Fontanot et al.
(2021) and De Lucia et al. (2024) regarding the mass-metallicity
relation predictions from GAEA). Indeed, the transition metal-
licity to the steep slope of the correlation in DUSTY-GAEA is
8.3 dex, about 0.2 dex higher than the one measured by Rémy-
Ruyer et al. (2014). Shifting the model by 0.2 dex leftward would
align the model well with the data beyond a metallicity of § dex.
Below 8 dex, the model slightly overestimates the DtoG ratio.
One could argue that overestimation of the metallicity (indi-
cated by the oxygen abundance) should reflect on the DtoG ratio
since it increases as a function of (the total) metallicity. How-
ever, one should remember that only a small fraction of oxygen is
incorporated into dust grains (low depletion <0.2). Moreover, the
0.2 dex shift could easily be accounted for by the large system-
atic uncertainties on the metallicity estimates (~0.7 dex, Kewley
& Ellison 2008; Hirschmann et al. 2023). At high redshift, the
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model slightly overestimates the DtoG ratio; however, it predicts
the behaviour reasonably well.

Figure 7 presents the DtoM ratio normalised to the Milky
Way value of 0.44 versus metallicity. Line styles and shaded
areas have the same meaning as in Fig. 2, and symbols corre-
spond to observational data from Grossi et al. (2015) and De Vis
et al. (2019) at z ~ 0, and De Cia et al. (2016), Wiseman et al.
(2017), and Péroux & Howk (2020) at higher redshifts. Open
symbols indicate cases where only atomic hydrogen was used to
estimate the gas mass. The blue lines represent model predictions
from Vijayan et al. (2019). The DtoM ratio in DUSTY-GAEA
and DUSTY-GAEA-NoG maintain a rather weak or no corre-
lation with metallicity down to redshift ~3.5. Below redshift
~3.5, the DUSTY-GAEA model predicts a clear correlation with
metallicity at the high-metallicity end, in good agreement with
the available constraints. On the other hand, the DUSTY-GAEA-
Dwek and DUSTY-GAEA-NoG predict an anti-correlation with
metallicity, at variance with the data.

The same arguments made for the DtoG could be made
here for the comparison with the observational data. However,
DUSTY-GAEA reproduces the data at high-z better on this
plane. In contrast to our models, Vijayan et al. (2019) models
predict a correlation between the DtoM ratio and metallicity
at low metallicity and no correlation at high metallicity. This
kind of behaviour changes with redshift in such a way that
the no correlation segment extends down to lower metallici-
ties as redshift decreases. Accordingly, predictions of this model
overestimate the data across the metallicity range in the local
Universe, reproduce the high metallicity end at redshift ~1.6, are
broadly consistent with the data at redshifts ~2.45 and 3.48, and
reproduce the low metallicity end at redshift ~4.52.

3.3. The dust mass function and cosmic evolution

DUSTY-GAEA (solid), DUSTY-GAEA-Dwek (dashed), and
DUSTY-GAEA-NoG (dashed-dotted) model predictions of the



Osman, O., et al.: A&A, 710, A306 (2026)

1.0 - e e e e e
05f- E

0.0

-05F X E

£ o Z~N |
-0 T AR 7 E
. \

L ~ea bt
-15 E = Vijayan et al. 2019 7
== DUSTY-GAEA | L
= = DUSTY-GAEA-Dwek 7 o

-2.0F
£ =+ DUSTY-GAEA-NoG ]
L |

osb bl b Eo

log(DtoM/DtoMpyy)

200 1 F

D P P U A N EVURRTEE: S S R

9.5 7.0 7.5

-
12 +log(Z)

‘ ‘8.5‘ 9.0 9.5 9.5

Fig. 7. Ratio of DtoM normalised to the Milky Way value (i.e. 0.44) as a function of metallicity at different redshifts. Line styles and shaded
areas have the same meaning as in Fig. 2. Symbols correspond to observational data from Grossi et al. (2015, upward triangles) and De Vis et al.
(2019, hexagons) at z ~ 0, and De Cia et al. (2016, squares), Wiseman et al. (2017, downward triangles), and Péroux & Howk (2020, circles) at
higher redshifts. Open symbols indicate cases where only atomic hydrogen was used to estimate the gas mass. The blue lines represent theoretical

predictions by Vijayan et al. (2019).
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Hlo
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Fig. 8. Dust mass function from redshift ~0-3. Solid, dashed, and dashed-dotted lines represent predictions by DUSTY, DUSTY-GAEA-Dwek, and
no dust growth models, respectively. Olive and black lines represent predictions based on the MSI and MSII merger trees, respectively. Symbols
represent a compilation of observational data from Dunne et al. (2003, leftward triangles), Vlahakis et al. (2005, diamonds), Eales et al. (2009,
upward triangles), Clemens et al. (2013, crosses), Beeston et al. (2018, squares), Clark et al. (2015, downward triangles), Dunne et al. (2011, circles),

Pozzi et al. (2020, hexagons), and Traina et al. (2024, stars).

DMF from redshift ~0-3 are shown in Fig. 8. Olive and black
lines represent predictions based on the MSI and MSII merger
trees, respectively. Symbols represent a compilation of observa-
tional data from Dunne et al. (2003, 2011), Vlahakis et al. (2005),
Eales et al. (2009), Clemens et al. (2013), Beeston et al. (2018),
Clark et al. (2015), Pozzi et al. (2020), and Traina et al. (2024).
We remind the reader that errors and uncertainties on the dust
mass estimates discussed in Sect. 3.1 would propagate into the
DMF and should be kept in mind while comparing our model
predictions to observations.

At z ~ 0, DUSTY-GAEA and DUSTY-GAEA-Dwek repro-
duce the low mass end of the DMF and the position of the knee
rather well; however, they slightly underestimate the high mass
end. The fiducial model has a marginally higher number den-
sity than the DUSTY-GAEA-Dwek variant at intermediate dust
masses. The two models behave similarly at z ~ 1, and they are

only consistent with Pozzi et al. (2020) and Traina et al. (2024)
observations. They underestimate the observations by Eales
et al. (2009). Eales et al. (2009) observations are based on data
obtained by the Balloon-borne Large Aperture Submillimeter
Telescope (BLAST), which could be limited by the small sample
size and difficulties of ground observations. Above redshift one,
DUSTY-GAEA has a considerably higher number density above
dust mass of 107> My compared to the DUSTY-GAEA-Dwek
variant, but it still predicts number density below the obser-
vational constraints. Contrary to DUSTY-GAEA and DUSTY-
GAEA-Dwek models, DUSTY-GAEA-NoG significantly under-
estimates the DMF at all redshifts, except for the low mass end
at redshift zero.

Both DUSTY-GAEA and DUSTY-GAEA-Dwek predict
very mild redshift evolution of the DMF, where the DMF
increases between redshifts three and one and decreases between
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Fig. 9. Predictions of the CDD as a function of the lookback time (bot-
tom x-axis) and redshift (top x-axis). Solid, dashed, and dashed-dotted
lines represent predictions by DUSTY-GAEA, DUSTY-GAEA-Dwek,
and DUSTY-GAEA-NoG models, respectively. Grey diamonds repre-
sent data collected by Berta et al. (2025), while the red dots represent
their measurements.

one and zero, consistent with observations (see e.g. Beeston et al.
2024). DUSTY-GAEA-NoG predicts an increase in the DMF
between redshift three and zero, regardless of the galaxy dust
mass, similar to the evolution predicted by the fiducial model of
Popping et al. (2017).

Figure 9 shows DUSTY-GAEA (solid), DUSTY-GAEA-
Dwek (dashed), and DUSTY-GAEA-NoG (dashed-dotted) pre-
dictions of the cosmic density of dust (CDD). Grey diamonds
represent data collected by Berta et al. (2025), while the red
dots represent their measurements. The 1o scatter of Berta
et al. (2025) measurements represents kind of an upper limit of
the average scatter on the y-axis (about 0.5 dex). Our models,
DUSTY-GAEA and DUSTY-GAEA-Dwek, reproduce well the
shape of the CDD with a normalisation slightly lower than the
data but consistent with the 1o scatter. This underestimation is
expected since our models are not able to reproduce well the
dust abundance in the most massive galaxies at high redshift.
The model DUSTY-GAEA-NoG does not reproduce the bend of
the CDD below redshift one well nor the normalisation.

Figure 10 shows our model predictions of the CDD forma-
tion and destruction rates. Line styles have the same meaning as
in Fig. 3. All rates, formation by stars, destruction, and growth,
increase with decreasing redshift to reach a maximum between
z ~ 2 and 1 before decreasing towards redshift zero, consistent
with the behaviour of the cosmic density of star formation rate
(Madau & Dickinson 2014). In the redshift range we present
here, dust formation via growth in the ISM dominates the dust
cosmic density, having about 1.2 and 1.6 dex higher rates in
DUSTY-GAEA and DUSTY-GAEA-Dwek, respectively, com-
pared to the rates estimated for the formation by stars. However,
in individual galaxies, growth might not always be strongly
dominant (see Figs. 3 and B.1).

4. Discussion

Theoretical studies of dust formation and evolution, coupled with
galaxy evolution, are highly needed to decode the large amount
of information contained in the observed dust scaling relations
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(e.g. Inoue 2003; Zhukovska et al. 2008; Rémy-Ruyer et al.
2014; Algera et al. 2026). For instance, Inoue (2003) showed
that for local galaxies, the DtoG ratio versus metallicity rela-
tion does not represent an evolutionary sequence where galaxies
increase their dust and metal content over time, keeping the
DtoM ratio constant, but rather a sequence in which galaxies
have similar ages but different star formation histories. Rémy-
Ruyer et al. (2014) also argued that the scatter in this relationship
encodes information about the galaxy star formation histories,
dust destruction efficiency, grain size distribution, and chem-
ical composition. Besides interpreting observations, modelling
galaxy physical properties (e.g. colours, H, and HI fractions)
requires some degree of dust physics treatment.

The field of dust physical modelling has matured over the
past few decades, with dust formation and evolution processes
implemented in several one-zone models (e.g. Dwek & Scalo
1980; McKee 1989; Dwek 1998; Inoue 2003; Zhukovska et al.
2008; Hirashita 2015), semi-analytic models (e.g. Popping et al.
2017; Vijayan et al. 2019; Triani et al. 2020; Dayal et al. 2022;
Parente et al. 2023; Yates et al. 2024), and hydrodynamic sim-
ulations (e.g. Bekki 2013; McKinnon et al. 2016, McKinnon
et al. 2017; Aoyama et al. 2017, Aoyama et al. (2018); Hou et al.
2017, Hou et al. 2019; Gjergo et al. 2018; Li et al. 2019; Granato
et al. 2021). All of these frameworks agree on the central role
played by dust growth in the ISM. In the previous section, we
demonstrated that and showed that our fiducial model reproduces
multiple observational constraints. Our model also predicts dust
growth to be the main dust formation mechanism in the Universe
up to z ~ 8. This is broadly consistent with results from Popping
et al. (2017), Vijayan et al. (2019), and Yates et al. (2024), but
in contrast with predictions from Triani et al. (2020) who find
growth to be dominant only up to z ~ 1.

4.1. Comparison with other semi-analytical models

In this section we compare our fiducial model predictions to
those from the semi-analytical models by Popping et al. (2017),
Vijayan et al. (2019), Triani et al. (2020), Parente et al. (2023),
and Yates et al. (2024). Note that predictions from these models
are made imposing selection criteria different from ours, except
for the predictions by Triani et al. (2020)°.

All these models include explicit treatments for dust for-
mation by stars, growth in the dense ISM, destruction by SNe
forward shocks, and sputtering by the hot gas. Additionally, they
account for the dust locked into stars when formed (i.e. astration)
as well as dust recycling as part of the baryon cycle. Further-
more, all these models are run on the same (MSI) merger trees,
except for the model by Popping et al. (2017), that is run on
merger trees obtained using the extended Press-Schechter (EPS).
Vijayan et al. (2019) and Yates et al. (2024) also provided predic-
tions from the model run on the MSII merger trees. The specific
implementations of the processes governing dust evolution vary
as briefly summarised in Table 3.

Scaling relations: Fig. 11 shows the dust mass (top row) and
the DtoG ratio (second row) as a function of the stellar mass
from redshift ~0 to 4.5, and the DtoG ratio (bottom row) as
a function of metallicity at the same redshifts. Coloured solid
lines show predictions from different models, as indicated in
the legend. Our model predictions of the dust mass in galaxies

5 We limit ourselves to a comparison with semi-analytical models
because of the use of the same theoretical framework makes the com-
parison more straightforward. We compare our DMF predictions with
predictions from hydrodynamical simulations in Appendix C.
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Fig. 10. Predictions of the CDD formation and destruction rates. Line styles have the same meaning as in Fig. 3.

Table 3. Dust physics prescriptions adopted in the semi-analytical models considered in this work for comparison with our predictions.

Semi-analytical model  Dust formation Dust destruction Dust growth?Y  Dust sputtering
Santa Cruz SNIa, SNII, AGBs SNe forward shocks® Model by In the hot gas
ey ) 3) “) 5)
L-Galaxies SNII, AGBs SNe forward shocks®  Model by In the hot gas
(6) @) 3) (@) Completely destroyed
@K
DUSTY-SAGE SNII, AGBs SNe forward shocks? Model by In the hot gas
(®) )" 3) @) )
L-Galaxies SNII, AGBs SNe forward shocks?  Model by In the hot gas
©)) ) 3) (10) )
L-Galaxies SNIa, SNII, AGBs SNe forward shocks® Model by In the hot gas
an X 3) “) ()
04
DUSTY-GAEA SNIa, SNII, AGBs  SNe forward shocks/ Model by In the hot gas
This work ) 3) “4) )

Notes. “Formulae. ®’Dust yield tables. ¢’ Assuming a fixed mass of gas cleared of dust per SN event. ” Assuming a swept up mass by the shock
depending on the metallicity of the ambient gas Yamasawa et al. (2011). ’Combined Dwek (1998) equations with the key element concept from
Zhukovska et al. (2008) to preserve Olivine chemical composition. ” Assuming a swept up mass by the shock depending on the density of the
ambient gas. @ Although all these models, except DUSTY-SAGE, use the same growth model or employ the same key element concept (Hirashita
& Kuo 2011), the details of specific implementations are different. (1) Popping et al. (2017); (2) Dwek (1998); (3) McKee (1989); (4) Zhukovska
et al. (2008); (5) Tsai & Mathews (1995); (6) Vijayan et al. (2019); (7) Ferrarotti & Gail (2006); (8) Triani et al. (2020); (9) Parente et al. (2023);

(10) Hirashita & Kuo (2011); (11) Yates et al. (2024).

are broadly consistent with all models from redshifts ~0 to 4.5,
except for the model by Triani et al. (2020), whose dust mass
falls notably below the predictions of the other models as the
redshift increases. This is due to the fact that, unlike the other
models, Triani et al. (2020) find that dust growth in the dense
ISM is the dominant dust formation mechanism only below
redshift ~1. At the low stellar mass end (<108 M), predictions
by Yates et al. (2024) are significantly below all models. This is
mainly because of their dust growth formalism, which includes
a timescale dependent on the dust abundance, leading to an
extremely inefficient dust growth at low stellar masses. In
this range, dust is basically only formed via SNII (R. Yates,
priv. comm.), which is also reflected in the DtoG ratio versus
metallicity relation (see below).

It is interesting how the broad consistency between the mod-
els seen in the dust mass-stellar mass relation breaks down when
relations such as the DtoG versus stellar mass and metallicity
are considered. Our predictions of the DtoG ratio as a function
of the stellar mass are consistent only with predictions by
Vijayan et al. (2019) at all redshifts. The DtoG rations predicted

by Popping et al. (2017) are lower than ours, except at the high
stellar mass end (~10'? M), indicating larger gas reservoirs in
their simulated galaxies compared to ours. Predictions by Triani
et al. (2020) are consistent with our predictions only at the high
stellar mass end in the local Universe.

The DtoG ratio versus metallicity is an excellent tracer of
dust processing in the ISM, and it represents a strong constraint
on models of dust formation and evolution (e.g. Hirashita 1999;
Kuo & Hirashita 2012; Hirashita 2013; Asano et al. 2013a; Rémy-
Ruyer et al. 2014). In this plane, each model considered behaves
more or less differently, and they are all broadly consistent only
at redshift zero, where all the models are somewhat calibrated to
reproduce some observational constraints (e.g. the galaxy stellar
mass function). At higher redshift, our predictions remain con-
sistent only with those by Vijayan et al. (2019) and Yates et al.
(2024) at z ~ 2.5 and Yates et al. (2024) at metallicities larger
than ~7.5 atz ~ 4.5.

These models have different critical metallicities at which
dust growth becomes the dominant dust formation mechanism.
This metallicity is set by the efficiency of dust growth and the
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Fig. 11. Dust mass (top row) and DtoG ratio (second row) as a function of the stellar mass from redshift ~0 to 4.5, and the DtoG ratio (bottom
row) as a function of metallicity at the same redshifts. Coloured solid lines represent the predictions of the semi-analytical models by Popping et al.
(2017, magenta), Vijayan et al. (2019, blue), Triani et al. (2020, teal), Parente et al. (2023, cyan), and Yates et al. (2024, maroon).

star formation history (see e.g. Inoue 2003; Asano et al. 2013a).  galaxies at fixed dust mass. At higher redshift, the number
Popping & Péroux (2022) suggested that these differences are  densities of galaxies around the knee decrease significantly in
driven by differences in the adopted timescale of star formation.  all models, except for the model by Popping et al. (2017).
We argue instead that these are driven, at least in part, by differ- At large dust masses, differences between the models are
ences in the specific dust growth models adopted. For instance, driven both by the specific implementation of dust physics and
the model adopted by Yates et al. (2024) strongly suppresses a different simulated volume. As mentioned above, all models
dust growth in metal-poor low-stellar mass galaxies compared to  are based on the same dark matter simulation but Popping et al.
the model by Popping et al. (2017), (see their figures for growth  (2017) that uses analytic merger trees built using the EPS for-
timescales). This results in a sharp decrease in the DtoG ratio at  malism. This might explain, at least in part, the larger number
low metallicity in the former model, marking the critical metal-  densities of dust-rich galaxies found in this model at high red-
licity. The long growth timescale in Triani et al. (2020) likely shift. As for the differences visible at low dust masses, we note
pushes their critical metallicity towards higher values. that the models by Triani et al. (2020) and Parente et al. (2023)
Cosmic dust evolution: Figure12 shows predictions from our  have only been run over the MSI merger trees while the models
reference model of the DMF from redshift ~ O to 3 and compares by Vijayan et al. (2019) and Yates et al. (2024) can resolve galax-
them to predictions from other semi-analytic models discussed.  ies down to a stellar mass of ~107 M, as they have also been run
In the local Universe, our model predictions are consistent with  on the higher resolution MSII simulation.
predictions by Triani et al. (2020), Parente et al. (2023), and Dust physics: our model without dust growth underpredicts
Yates et al. (2024) above a dust mass of 10° My. The models the scaling relations at all redshifts (see Sect. 3), and the trends
by Popping et al. (2017) and Vijayan et al. (2019) predict a knee of some of the relations are inconsistent with the observed
at larger dust masses. At z ~ 1 and dust mass above 10® My, ones. Predictions of such a model could be improved if a larger
all models are consistent with each other, except the model by  dust condensation efficiency in the stellar ejecta is assumed, as
Triani et al. (2020) that predicts lower number densities of demonstrated by Popping et al. (2017, their model without dust
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Fig. 12. Dust mass function from redshift ~0 to 3. Solid olive lines represent predictions by DUSTY-GAEA, combining the MSI and MSII runs.
Coloured solid lines represent predictions from the semi-analytical models described in Fig. 11.

growth). However, the authors also showed that such implemen-
tation results in a significant overestimation of the DtoG and
DtoM ratios as a function of metallicity in metal poor galaxies.
In the framework of our model, a high condensation efficiency
is not compatible with the stellar yields we adopt because the
amount of oxygen ejected is not enough to sustain such con-
densation efficiencies (McKinnon et al. 2016 reported a similar
problem).

Several studies have discussed possible variations of the
dust condensation efficiency with e.g. the progenitor mass and
metallicity (e.g. Ferrarotti & Gail 2006; Zhukovska et al. 2008;
Valiante et al. 2009; Ventura et al. 2012; Gioannini et al. 2017).
However, the influence of such variations on the overall dust
scaling relations is still not fully understood. For instance, Calura
et al. (2008), using one-zone chemical evolution models, showed
that variations in the condensation efficiency in SNell ejecta
(from 0.1 to 1) have an insignificant effect when dust growth
is included. The same could be deduced from the results by
Popping et al. (2017) at large stellar masses (comparing their
fiducial model and the model with high condensation). At the
low stellar mass end, changing the condensation efficiency has
a strong impact on model predictions. This is probably because
the higher the stellar mass is, the more dust growth dominates
dust formation, and dust grains are less likely to have memory of
their stellar origins (see their Fig. B3). Changing the stellar metal
yields and the assumed IMF also changes the amount of dust
formed by stars (we will address these issues in future work).

Variations in the condensation efficiency could also have
an important impact on galaxies at high redshifts because at
early epochs, dust formation by stars is expected to play an
important role. However, current observational constraints are
sparse and include extreme objects (e.g. extremely star-forming
or AGN hosts). These objects might not be the best candidates
to constrain dust formation models since they might have had an
accelerated evolution, making their dust contents contaminated
by growth (e.g. Algera et al. 2026; Faisst et al. 2025; Nanni et al.
2025; Osman et al., in prep.).

One could also argue that at high redshift dust destruction
becomes less efficient. This could be the case because of the
larger gas densities, which prevents SNe remnants from propa-
gating far into the ISM (e.g. Nozawa et al. 2006; Hirashita 2013).
However, we find that in the framework of our model assuming
destruction timescales dependent on gas density or metallicity
leads to results very similar to those of our fiducial model in
massive galaxies (>10%3 Mg; see Appendix A). One aspect that
we have not considered, and that might be relevant, is that there

could be variations in the fraction of dust destroyed by a single
SNa (e.g. Nozawa et al. 2006; Zhukovska et al. 2008).

4.2. Limitations of our model

Estimating the gas density where dust growth and destruction
occur is challenging, but essential. Popping et al. (2017) already
pointed out the necessity of having a varying growth timescale
as a function of the gas density for reproducing the cosmic
dust evolution (i.e. simultaneously reproducing the dust mass
of low- and high-redshift galaxies). This is because a short
growth timescale is needed at high redshifts, which could not
be achieved depending only on the (low)metallicity during those
epochs. We followed their lead but adopted a different approach
for estimating the gas density. Our approach uses the estimated
H, mass (see Xie et al. 2017 for the HI-H, partitioning in our
model) and a fixed value of H, volume-filling factor to estimate
the volume occupied by the molecular gas (Draine 2011; see
Sect. 2.2.1 for further details). The volume-filling factor is likely
not the same in all galaxies at all redshifts; hence, a varying
volume-filling factor would be more realistic.

Another limitation of our dust physical modelling is the
lack of an explicit treatment for the grain size distribution,
and associated processes of shattering and coagulation. Stellar
sources mainly produce large grains (~0.1 wm), and once they
are injected into the ISM, the evolution of their size distribu-
tion is shaped by destruction, growth, shattering and coagulation
(Hirashita 2013). Small grains due to their large surface area
favour destruction and growth. Meanwhile, large grains are more
likely to shatter into smaller grains or coagulate to form larger
ones (e.g. Hirashita 2013; Aoyama et al. 2020; Parente et al.
2023). Hirashita (2012) argued that the effect of coagulation on
the total dust mass budget could be neglected. Indeed, our model
predictions are very similar to those by Parente et al. (2023) who
included a treatment of the grain size distribution based on the
two-size approximation (Hirashita 2015). In future work, we plan
to address this in the framework of our model, expanding it to
include a treatment for grain size.

There are several channels through which dust could
actively influence galaxy evolution (e.g. review by Dorschner
& Henning 1995). For instance, molecular hydrogen forms
most efficiently on the surfaces of dust grains (e.g. Hirashita
et al. 2002; Cazaux & Tielens 2004; Wakelam et al. 2017),
providing star formation with its necessary fuel (e.g. Bigiel
et al. 2008; Fukui & Kawamura 2010; Schruba et al. 2011). Dust
depletes a considerable amount of metals from the gas phase
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(e.g. Zhukovska et al. 2016; Zhukovska et al. 2018), affecting the
ability of gas to cool down. Additionally, dust heats the ISM via
processes such as the photoelectric heating, which is the primary
heating process in the cold neutral and diffuse atomic hydrogen
regions (Wolfire et al. 1995; Ingalls et al. 2002). Photoelectric
heating suppresses star formation, while enhancing SNe feed-
back (Forbes et al. 2016; Hu et al. 2017; Osman et al. 2020).
Dust also plays a role in enriching the circumgalactic medium
through dusty outflows (Ferrara et al. 1991; Aguirre et al. 2001;
Bianchi & Ferrara 2005; Bekki 2015; Hirashita & Aoyama 2019;
Kannan et al. 2022). In short, accounting for dust influence on
galaxies involves accounting for all or some of these processes.
In the current version of our model, we account only for metal
depletion and the enrichment of the circumgalactic medium
as part of the baryon cycle; inherently, this influences the gas
cooling. Future developments of the model would include some
of these other processes. In particular, molecular hydrogen for-
mation on dust grains will have an impact on the star formation
rates of our simulated galaxies since our star formation recipe
depends on the molecular hydrogen abundance (Xie et al. 2017).

5. Summary and conclusions

In this paper, we have presented a novel implementation of dust
formation by stars, dust destruction by SNe shocks and hot gas,
and growth within the dense ISM in the GAEA model. Our anal-
ysis demonstrates that the model successfully reproduces a wide
range of observational constraints: the build-up of dust as a func-
tion of stellar mass out to z ~ 6, the scaling relations between
the DtoG-DtoM ratio and stellar mass-metallicity in the local
Universe, and the DMF out to z ~ 1.

A key finding of our study is the dominant role of dust
growth in the dense ISM, which emerges as the primary contri-
bution to the cosmic dust budget to z ~ 8. Without such efficient
growth, the observed dust abundances at high redshift cannot be
explained. At the same time, the model highlights the persis-
tent difficulties in reproducing the number densities of dust-rich
galaxies at z > 4. These findings align with the broader theoret-
ical landscape, suggesting that current prescriptions for stellar
yields, condensation efficiencies, or ISM conditions remain
incomplete or should be improved or modified at early cosmic
epochs.

In this regime, the young age of the Universe challenges
efficient dust formation via the growth mechanism, and dust for-
mation by stars is expected to dominate the dust mass budget.
However, current observational constraints mostly include mas-
sive galaxies for which growth might have played a role due
to the earlier formation times. Observational measurements for
low-mass galaxies (M, < 10° M) at high redshifts are necessary
to improve our understanding of dust production at early times.

From a theoretical perspective, our study highlights the
need for refined theoretical treatments that include grain size
distribution as well as metallicity-dependent condensation effi-
ciencies. A self-consistent modelling of molecular hydrogen
formation on dust grains could also help break model degenera-
cies and provide more robust predictions to be tested against the
ever increasing amount of observational data we are gathering,
particularly at early cosmic epochs.
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Appendix A: Dust destruction models

There are two different approaches that can be found in literature for estimating the destruction timescale. These employ the concepts
of the mass of the ISM completely cleared of dust by SN shocks (Valiante et al. 2009; Popping et al. 2017; Vijayan et al. 2019) and
the mass of the ISM swept up by the shocks (McKee 1989; Dwek 1998; McKinnon et al. 2016; Aoyama et al. 2017; Li et al. 2019). In
Sect. 2.2 we present the model we used in most of our analysis, which is a flavor of the second approach. In this section we present
two extra models, employing flavors of the two approaches.

A.1. Destruction timescales
The destruction timescale for the first model adopting the first approach is given by the following equation:

Tgos = Jradilbll_  yp (A1)

M. ieareaysnésN
where My, is the mass of the atomic and ionised gas, M jeqreq 1S the mass of the ISM cleared of dust, ysy is SNe rate, and &gy
is the fraction of clustered SNe. We adopt values of M .q4.q = 980 for silicates and 600 for carbon dust (Popping et al. 2017).
For the second model adopting the second approach, the destruction timescale is given by the following equation (same as Eq.
10):
Tges = Frl—  yr (A2)

Miweprysnésngsn

where My, is the mass of the ISM swept up, and {5y is SNe destruction efficiency. For this model, we adopted the functional form
by Yamasawa et al. (2011) for M., and the same parameter values as in our fiducial model.

Mpepr = 1535(no) "2[(£) +0.03917°%% M, (A.3)

3

where Z is the gas metallicity. This is a fitting formula, and it is accurate within less than 16% for ny between 0.03 and 30 cm™, and

Z% between 10~ and 1.

A.2. Dust mass-stellar mass relation

For these test models, we only run the model using the MSI merger trees. Figure A.1 shows predictions of the dust mass as a function
of the stellar mass from z ~ 0 to 5.5 in the two models presented here, together with the fiducial model. Olive, magenta and orange
lines and shaded areas represent predictions of the fiducial, the model adopting the first approach, and the model adopting the second
modified approach, respectively. In the mass range resolved by the MSI merger trees, predictions of the three models are practically
identical, which we attribute to the efficient growth in this mass range, making the results insensitive to the changes we implement
in the destruction model. The situation could be different at low stellar masses. We will address the destruction efficiency in the low
mass range together with variations in the condensation efficiency in stellar ejecta in future works.

Appendix B: Dust formation and destruction rates

Fig. B.1 presents the dust formation rates by stars (solid-dashed), destruction by SNe forward shocks (solid) and growth in the dense
ISM (dashed-dotted) in the model variant DUSTY-GAEA-Dwek. As discussed in Fig. 3, the rates presented here behave similarly to
the rates in the model variant DUSTY-GAEA. Besides the slightly steeper correlation between the dust growth rate and stellar mass
in the DUSTY-GAEA-Dwek model, this model variant also has a larger scatter compared to the DUSTY-GAEA variant.

Appendix C: The dust mass function in hydrodynamical simulations

In this appendix we compare our fiducial model predictions of the DMF to predictions from the hydrodynamical simulations by
McKinnon et al. (2017), Aoyama et al. (2018), Hou et al. (2019), Li et al. (2019), and Parente et al. (2022) in Fig. C.1. All these
simulations explicitly model dust formation and evolution, where they include formation by stars, destruction by SNe and sputtering
in the hot gas, and growth in the dense ISM. Simulations by Aoyama et al. (2018), Hou et al. (2019), and Parente et al. (2022)
also include shattering and coagulation of dust grains. These latter models employ the same dust growth and destruction models as
those described in Hirashita & Kuo (2011) and the formulae developed by Aoyama et al. (2017), respectively. Meanwhile, McKinnon
et al. (2017) and Li et al. (2019) adopted the classic prescriptions by Dwek (1998) and McKee (1989), respectively. Each of these
simulations adopted slightly different prescriptions for dust formation by stars. For further details, we refer the reader to the original
papers. Note that the biggest volume simulated by these simulations is 100 cMpc by Li et al. (2019).

In the local Universe, our model predicts a higher number density than all models at the low dust mass end (< 10® M), while at
the high mass end (> 1033 M), our model predictions are only higher than predictions by McKinnon et al. and Parente et al. In the
intermediate mass range, our predictions are broadly consistent with all but the simulation by Aoyama et al. Similar trends are seen
in predictions beyond the local Universe, where our model dominates the low mass end and some of the other models dominate the
high mass end. The behaviour of these simulations is quite diverse, and only simulations by McKinnon et al., Li et al., and Parente et
al. reproduce well the observational constraints in the local Universe. Aoyama et al. attributed their high number density at the high
dust mass end to inefficient feedback at the high end of the stellar mass range, while Hou et al. argued that the inconsistency with
observations is due to dust overproduction.
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Fig. A.1: Dust mass as a function of the stellar mass at different redshifts. Olive (DUSTY refers to the model DUSTY-GAEA),
magenta and orange lines and shaded areas represent predictions of the fiducial, the model adopting the first approach, and the
model adopting the second modified approach, respectively. Shaded areas represent the 16th-84th percentile region.
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Fig. B.1: Dust formation, destruction, and growth rates as predicted by the DUSTY-GAEA-Dwek model. The solid-dashed, solid
and dashed-dotted lines represent the dust formation rates by stars, destruction by SNe forward shocks, and growth in the dense ISM,
respectively. Shaded areas represent the 16th-84th percentile region.
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Fig. C.1: The DMF from redshift ~ 0O to 3. Solid olive lines represent predictions by DUSTY-GAEA, combining the MSI and MSII
runs. Coloured solid lines represent predictions from the hydrodynamical simulations by McKinnon et al. (2017, magenta), Aoyama
et al. (2018, blue), Hou et al. (2019, teal), Li et al. (2019, maroon), and Parente et al. (2022, cyan).
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