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Abstract
Dust-obscured star formation has dominated the cosmic history of star formation,
since z ’ 4. However, the recent finding of significant amount of dust in galaxies out
to z ’ 8 has opened the new frontier of investigating the origin of dust also in the
earliest phases of galaxy formation, within the first 1.5 billion years from the Big
Bang. This is a key and rapid transition phase for the evolution of dust, as galaxy
evolutionary timescales become comparable with the formation timescales of dust. It
is also an area of research that is experiencing an impressive growth, especially
thanks to the recent results from cutting edge observing facilities, ground-based, and
in space. Our aim is to provide an overview of the several findings on dust formation
and evolution at z[ 4, and of the theoretical efforts to explain the observational
results. We have organized the review in two parts. In the first part, presented here,
we focus on dust sources, primarily supernovae and asymptotic giant branch stars,
and the subsequent reprocessing of dust in the interstellar medium, through grain
destruction and growth. We also discuss other dust production mechanisms, such as
Red Super Giants, Wolf–Rayet stars, Classical Novae, Type Ia Supernovae, and dust
formation in quasar winds. The focus of this first part is on theoretical models of dust
production sources, although we also discuss the comparison with observations in the
nearby Universe, which are key to put constraints on individual sources and pro-
cesses. While the description has a general applicability at any redshift, we
emphasize the relative role of different sources in the dust build-up in the early
Universe. In the second part, which will be published later on, we will focus on the
recent observational results at z[ 4, discussing the theoretical models that have been
proposed to interpret those results, as well as the profound implications for galaxy
formation.
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1 Introduction

Dust is a fundamental component of the interstellar medium. Dust extinction and
reddening at optical and UV wavelengths, as well as its thermal emission at infrared
and sub-millimeter wavelengths, have important implications on the observational
properties and detectability of galaxies, especially at high redshift. Dust has a
fundamental role in the cooling of the interestellar medium and, therefore, facilitating
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the gravitational collapse, hence the formation of stars across a broad range of
masses.

Dusty galaxies have been extensively studied in the local Universe and across the
cosmic epochs. Obscured systems are found to dominate the cosmic star formation
budget out to z ’ 4 (Zavala et al. 2021). The new frontier that has been opened in
recent years had been the finding of significant amount of dust in galaxies beyond
z ’ 4 and out to z ’ 8, i.e., within the first 1.5 billion years after Big Bang (e.g.,
Laporte et al. 2017; Inami et al. 2022; Wang et al. 2021; Witstok et al. 2023; Bañados
et al. 2018; Tamura et al. 2019; Popping et al. 2017). This is an interesting timescale
from a theoretical perspective; indeed, it is comparable with the timescales of some
of the most prominent star formation processes, hence opening different scenarios on
the relative contribution of various dust formation channels at such early epochs.
Therefore, the first 1.5 Gyr after Big Bang represent a key and rapid transition phase
in the production and processing of dust grains.

This area of research has recently experienced an impressive growth, especially
thanks to the several recent observational results from the Atacama Large
Millimeter/submilli-meter Array (ALMA) and from the James Webb Space Telescope
(JWST), which have triggered the development of several models to explain the
content and properties of dust in the early Universe, as well as their implications for
galaxy formation and observability.

Although this field is evolving very rapidly, we believe that it is now a proper time
to provide an overview of the several findings on early dust formation and evolution,
and of the theoretical efforts to explain the observational results. As this is a massive
area of research, we have organized the review in two parts.

The first part is presented here and aims at reviewing the landscape of the
theoretical models of the possible sources of dust in the early Universe. This is meant
to provide the essential backbone required for understanding the observations at high
redshift, as well as the key ingredient for the models specifically aimed at interpreting
in detail the high-redshift observations. In this part, we focus on the theoretical
scenarios describing nucleation and growth of dust grains in different sources of dust,
primarily various models for dust formation in atmospheres of Asymptotic Giant
Branch (AGB) and Supernova (SN) ejecta. However, we will also discuss models of
additional sources of dust that might be relevant in the early phases of galaxy
formation, such as Red Super Giants, Wolf–Rayet stars, and also dust formed in the
quasar-driven winds, and we will also discuss the dust reprocessing in the interstellar
medium. Our presentation can be useful to describe dust formation and evolution at
any redshift. However, we will emphasize their specific role in the context of the
timescales available in the early Universe. Figure 1 gives a quick glimpse of the
timescales involved in the dust formation associated with some of these sources (see
Sect. 5 for more details); while the figure is highly incomplete, it serves to illustrate
the timescales at play and why these sources of dust are relevant in different stages of
galaxy formation in the early Universe, hence the motivation for this part of the
review.

In this part of the review, we do not cover in detail the observational aspects
associated with the sources of dust, through the extensive observational studies of
dust formation and destruction in various classes, which would require a separate
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review, and out of the scope of our primary goals of providing the information for the
early Universe. However, we do briefly compare the expectations of different
theoretical models with observations, which are mostly confined in the nearby
Universe, for each category of dust sources.

In the second part of the review, which will be published later on, we will focus on
the recent observational results investigating the dust content and properties in
different classes of galaxies at z[ 4, out to the earliest epochs for which such
constraints have been obtained. We will also discuss the theoretical models and
cosmological simulations that have been proposed to interpret those results, as well
as the profound implications for galaxy formation.

We clarify that this is not, by any means, the first review on the dust sources and
dust reprocessing. Many other extensive reviews have been presented in the past,
starting from Draine (2003), which discussed the observed properties of interstellar
dust grains (wavelength-dependent extinction, scattering, emission, and polariza-
tion), and their implications for dust models (Draine 2009); dust production by

Fig. 1 Summary of the typical dust enrichment timescales for some of the dust production mechanisms
discussed in this review. We have assumed that all stars are formed in a burst at zform ¼ 20 (tage ¼ 0) with a
Salpeter initial mass function in the mass range ½0:1� 100�M�, and we show the time-dependent cosmic
dust yield, i.e., the dust mass released normalized to the total stellar mass formed. For supernovae, we
adopt the yields for non-rotating stellar progenitors with initial mass in the range ½13� 120�M� from
Marassi et al. (2019) with no (cyan) and with (blue) the effect of the partial dust destruction due to the
reverse shock (adopting a circumstellar medium density of nISM ¼ 0:6 cm�3, see Sect. 2.3 and Table 1); for
AGBs, we show the yields from the ATON model for stars with initial mass in the range ½1� 8�M� from
Ventura et al. (2012b, 2018); Dell’Agli et al. (2019b). For SNe and AGBs, the dark-shaded regions show
metallicities in the range 0:1\Z=Z�\1, while lighter shades show metallicities in the range
0:01\Z=Z�\0:1. We also show the contribution of Wolf–Rayet stars (WR, green dashed) and Red
Super Giants (RSGs, red solid), assuming that they come from stars with masses � 40M�, and in the
range ½10� 25�M�, respectively. For more details on the adopted dust yields, we refer to Sect. 2.1 for SNe,
Sect. 3.1 for AGBs, and Sects. 4.1–4.2 for RSGs and WR stars. In Sect. 5, we illustrate the relative
importance of AGBs and SNe adopting different sets of yields, star formation histories, stellar initial
metallicity, and stellar initial mass function. Finally, in Sect. 6, we quantify the dust mass formed in quasar
winds
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supernovae (Gall et al. 2011; Sarangi et al. 2018), and its subsequent processing and
survival in supernova remnants (Micelotta et al. 2018); dust formation and mass loss
of stars on the asymptotic giant branch (Höfner and Olofsson 2018); and the
properties of dust in the interstellar medium of nearby galaxies (Galliano et al. 2018),
which provide an invaluable laboratory to explore fundamental dust processes across
a diversity of environmental conditions (metallicity, star formation activity, etc.),
hence constituting a necessary intermediate step toward understanding distant
galaxies.

Here, we leverage on those reviews, by expanding and updating them in some
areas, with the specific focus of exploring the nature and origin of dust in the early
Universe.

2 Supernovae

2.1 Models of dust formation in supernova ejecta

Since the explosion of SN1987A, direct observations of dust formation in core-
collapse SNe have motivated theoretical investigations of dust condensation in SNe.
Three main approaches have been followed, with increasing degree of complexity.

2.1.1 Classical nucleation theory

The simplest approach adopts the so-called classical nucleation theory (CNT), which
was first applied by Kozasa et al. (1989, 1991) to model dust formation in SN 1987A.
In CNT, when a gas becomes supersaturated, particles (monomers) aggregate in a
seed cluster that subsequently grow by accretion of other monomers.

For grain materials whose molecules are not present in the gas phase, the rates of
nucleation and grain growth are controlled by one chemical species, which is referred
to as the key species. This is the species of the reactants that has the least collisional
frequency onto a target nuclei (Kozasa and Hasegawa 1987). Under these conditions,
the steady-state nucleation rate (that is the number of critical clusters formed per unit
volume and unit time) is given by

J ¼ aX
2 r
pmk

� �1=2

c2k exp � 4 l3

27ðlnSÞ2
" #

; ð1Þ

and the grain growth rate is

dr

dt
¼ aX vk ck: ð2Þ

In these expressions, a is the sticking coefficient (the probability that when a collision
occurs, the collider sticks to the target), X ¼ 4=3pa30 is the volume of the monomer
of the key species in the condensed phase, r is the surface tension of the condensed
material, mk; ck; and vk are the mass, concentration, and velocity of the key species
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monomers, l ¼ 4pa20r=ðkBTÞ is a parameter, T is the ejecta temperature, and S is the
super-saturation ratio, expressed as

lnS ¼ �DGr

kBT
þ RimiPi; ð3Þ

where DGr is the Gibbs free energy for the condensation reaction Rimi Ai ¼ solid (Ai

are the chemical species of the reactants and products in the gas phase and mi are the
stoichiometric coefficients, which are positive for the reactants and negative for the
products), and Pi are the partial pressures of the ith species.

The grain properties that are generally included in SN dust formation models are
reported in Fig. 2.

The presence of CO and SiO molecules in SN ejecta is very important for dust
formation, because carbon atoms bound in CO molecules are not available to form
Amorphous Carbon (AC) grains and SiO molecules take part in the reactions that
lead to the formation of oxide grains, such as MgSiO3, Mg2SiO4, and SiO2. In some
of the models, the CO and SiO abundance is computed under the assumption of
chemical equilibrium, balancing radiative association rates with destruction rates
through collisions with energetic electrons and, for SiO, charge transfer with positive
Ne ions (Todini and Ferrara 2001; Schneider et al. 2004). Other models have
computed the CO and SiO abundance under non-steady-state conditions (Bianchi and
Schneider 2007), including in the reaction network additional species, such as C2 and
O2, and bimolecular neutral–neutral reactions (Marassi et al. 2014, 2015, 2019).
When applied to the same SN progenitor, the CO abundance predicted by this
upgraded molecular network at the onset of dust nucleation is in good agreement
with the result of chemical kinetic model (Sarangi and Cherchneff 2013; see
Sect. 2.1.3). Finally, some of the models perform dust formation calculations
assuming that the formation of CO and SiO molecules is complete, so that no carbon-
bearing grains condense if C/O \1, and no Si-bearing grains—except for oxide
grains—condense if Si/O \1 (Nozawa et al. 2003, 2010).

In general, at the beginning of the nucleation process, the gas is moderately
supersaturated, the nucleation rate is small, and large seed clusters, made of N
monomers, tend to form. Due to the expansion, the volume of the ejecta increases,
and the super-saturation rate grows and smaller clusters form with a larger formation
rate. This occurs until the gas becomes sufficiently rarefied (because of expansion
and/or exhaustion of monomers in the gas phase), and the formation rate drops. This
sequence of events, together with accretion, results in a typical log-normal-like grain
size distribution (Bianchi and Schneider 2007).

Thanks to its relative simplicity, CNT has been applied to perform systematic
explorations of dust condensation in 1D spherically symmetric SN explosion models
with varying progenitor mass, metallicity, rotation rate, explosion energy, and
supernova type. Todini and Ferrara (2001) used it to model dust formation in core-
collapse supernovae starting from the grid of explosion models by Woosley and
Weaver (1995), hence assuming progenitors masses in the range ½12� 40�M�, and
initial metallicities Z ¼ 0; 10�4Z�; 10�2Z�; 1Z�. Using the same grid of SN
explosion models, Bianchi and Schneider (2007) explored the additional effect of
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the partial destruction by the SN reverse shock (see Sect. 2.3 for more details). CNT
has been also applied to explore dust formation in pair-instability (Schneider et al.
2004) and faint SN explosions (Marassi et al. 2014) with massive metal-free
(Population III) stellar progenitors, to provide a formation pathway of iron-poor stars
in the Galactic halo (see, e.g., de Bennassuti et al. 2017), and to explain their
observed surface elemental abundances. Finally, Marassi et al. (2019) has applied
CNT on a new extensive grid of core-collapse SN models (Limongi and Chieffi
2018)1 to investigate how metallicity, rotation, and fallback impact the nucleosyn-
thetic output of the explosion, and the total mass, size, and composition of dust
formed in the ejecta.

The applicability of CNT in astrophysical environments has been questioned due
to the lack of chemical equilibrium resulting from the low number density (and
collision rate) of monomers (Donn and Nuth 1985). However, recent calculations
show that even when the number of critical clusters was artificially depressed far
below than the value predicted by CNT, the resulting grain size distribution and mass
are little affected, with changes in the mean grain radius smaller than 15% (Paquette
et al. 2011). In addition, Nozawa and Kozasa (2013) have demonstrated that a steady-
state nucleation rate is a good approximation in SN ejecta, at least until the collisional
timescales of the key species scoll are much smaller than the timescale with which the

Fig. 2 Grain species and properties that are generally included in SN dust formation models. The
table reports the species name, the key species, the chemical reactions, the numerical values of the
coefficients required to compute the Gibbs free energy, approximated as DGr=kBT ¼ �A=T þ B, the
surface energies of the condensates, and the monomer radii (see also the Notes at the bottom of the
figure for additional references). Image reproduced with permission from Nozawa et al. (2003), copyright
by AAS

1 The grid of SN models comprises progenitor masses in the range [13 - 120] M� with initial equatorial
rotational velocities of v ¼ 0 and v ¼ 300 km/s, and four different initial progenitor metallicities, Z ¼
10�3Z�; 10�2Z�; 10�1Z�; 1Z� (see Marassi et al. 2019 for more details).
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super-saturation ratio increases, ssat; otherwise, the effects of non-steady state lead to
lower condensation efficiencies and larger average radii of newly formed grains.
Since the dust destruction efficiency by the SN reverse shock heavily depends on the
grain size distribution (see Sect. 2.3), the knowledge of the size distribution of newly
formed dust is critical to predict the mass and sizes of grains that survive and enrich
the interstellar medium (ISM). The analysis performed by Nozawa and Kozasa
(2013) shows that the steady-state nucleation rate is applicable only if
KðtonÞ � ssatðtonÞ=scollðtonÞJ30, and KðtonÞ can be expressed as a function of the
gas density and temperature at the time ton when dust formation starts2. When applied
to the physical conditions predicted by Type-IIp or Type-IIb SN models, KðtonÞ is
generally found to be J100, and the steady-state approximation is found to be
appropriate.

2.1.2 Kinetic nucleation theory

A second method to model dust formation in SN ejecta is the so-called kinetic
nucleation theory (KNT). Compared to CNT, KNT is more realistic as it does not
assume a steady state between condensation and evaporation: the condensation rate
of clusters of N � 2 atoms is computed from kinetic theory and the evaporation rate
by applying the principle of detailed balance. The method is fully described in
Nozawa et al. (2003) where it has been applied to model dust formation in Population
III core-collapse SN explosions with progenitor masses ½13� 20�M� and in pair
instability SN explosions with progenitor masses of 170 and 200M�.

Dust formation is expected to depend on the type of core-collapse SN explosion,
and in particular on the mass of the outer H-rich envelope (Kozasa et al. 2009). A less
massive outer envelope leads to larger expansion velocities of the He-core, causing a
rapid decrease in the temperature and density of the expanding ejecta. Investigation
of dust formation applying KNT to a SN-Ib explosion model similar to the observed
SN 2006jc (Nozawa et al. 2008), and to a SN-IIb explosion model similar to Cas A
(Nozawa et al. 2010), show that dust formation can occur earlier than in Type-IIp SN
explosions, the total dust mass formed is comparable, but the grain sizes are strongly
reduced, with important implications for their destruction by the reverse shock (see
Sect. 2.3). An exploration of the dependence of dust formation on the properties of
the SN explosions (progenitor mass, explosion energy) has been recently carried out
by Brooker et al. (2022), who applied KNT to a large database of SN explosion
models based on the work by Fryer et al. (2018), with 15, 20, and 25 M� progenitor
masses and covering a wide range of explosion energies. They generally find that the
bulk of dust production, irrespective of individual grain species, occurs earlier for
more energetic explosions, as these explosions evolve more rapidly owing to higher
initial kinetic velocity. As a result, for a given progenitor mass, there is also a clear
dependence of grain size of individual species on the explosion energy, where less
energetic models ultimately produce larger dust grains, as their ejecta experience the

2 Nozawa and Kozasa (2013) also provide fitting formulae to their non-steady-state models, that express
the final average grain size and condensation efficiency as a function of KðtonÞ and that can be used to
estimate the typical size and mass of newly formed grains formed in different astrophysical environments.
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physical conditions amenable to dust production over a longer period of time.
Because the energy of the SN explosion sensitively impacts the resulting
nucleosynthesis, both the dust composition and dust mass are found to depend on
the explosion energy, consistent with the previous findings (Marassi et al. 2019).

Despite the encouraging results discussed above, CNT and KNT do not consider
the actual chemical pathway that leads to the formation of the molecular precursors
and seed nuclei. To overcome this limitation, Lazzati and Heger (2016) developed a
formalism that is able to join the chemical phase with the grain growth phase using
KNT. As a proof of concept, they applied this hybrid approach to the formation of
carbonaceous grains in the ejecta of a 15 M� SN explosion with initial solar
metallicity. Compared to CNT, they find a more gradual dust formation, extending
from a few months up to a few years after the explosion, in closer agreement with
observations of local SN remnants (see Sect. 2.4).

2.1.3 Molecular nucleation theory

The third method to compute dust formation is the chemical kinetics model or
molecular nucleation theory (MNT), where the chemical pathway proceeds through
simultaneous phases of nucleation and condensation. The nucleation phase, which
leads to the formation of molecular and cluster precursors, is described by an
extended non-equilibrium chemical network. In the condensation phase, the small
clusters formed in the gas phase condense through coagulation and coalescence to
form large grains, provided that suitable conditions are met. The method was
introduced by Cherchneff and Lilly (2008), which applied it to investigate the
nucleation phase in the ejecta of a Population III pair-instability supernova explosion
with progenitor mass of 170 M�. Cherchneff and Dwek (2009) and Cherchneff and
Dwek (2010) applied the same approach to investigate the formation of molecules
and early dust precursors in the ejecta of Population III supernova explosions with
progenitor masses of 20 and 170 M�, studying the effect of different levels of heavy
element mixing in the ejecta. The model was then applied to the stratified ejecta of
Type-IIp SN explosions with progenitor masses of 12, 15, 19, and 25 M� and initial
solar metallicity (Sarangi and Cherchneff 2013), and then extended from the
nucleation phase to the condensation phase by Sarangi and Cherchneff (2015). In this
approach, the condensation phase occurs through coagulation between small clusters
rather than grow through adsorption of gas monomers or molecules, as in CNT, KNT,
and in the hybrid model by Lazzati and Heger (2016). In the latter model, it is found
that monomers are more abundant than clusters, and, being lighter, have a larger
thermal velocity that makes collisions more frequent. The formation of large grains
likely requires coagulation and growth to be taken into account simultaneously in the
condensation phase (see Sluder et al. 2018 and the discussion below).

In all the models described above, the physical properties of the expanding SN
ejecta were based on fully mixed one-zone models or on 1D spherically symmetric
models where the elemental abundances are distributed in concentric shells, with
different degrees of mixing and a uniform or clumpy gas distribution. Attempt to
incorporate dust formation into more sophisticated description of the ejecta has been
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made by Sluder et al. (2018), who developed a model to account for anisotropic 56Ni
dredge-up, the so-called “nickel bubbles”, that arise as a consequence of the strongly
a-spherical explosion geometry (see Sluder et al. 2018 and references therein). Using
MNT in a framework where the nucleation phase is joined to the condensation phase
through both coagulation and grain growth, they modeled dust formation in
SN1987A adopting a 25M� core-collapse SN model with LMC initial metallicity
(Z ¼ 0:007).

2.1.4 Models’ comparison

A comparison between the predictions of all these theoretical models is shown in
Fig. 3. For each model, we report the total mass of dust predicted in core-collapse SN
explosions with different initial progenitor masses (hereafter we refer to mstar as the
zero-age main sequence stellar mass) and assuming that stars have initially a solar
metallicity (except for the model by Sluder et al. 2018). When reporting the results of
each study, we attempted to select the SN models with explosion energies as close as
possible to 1051 erg. The predicted dust masses are scattered between � 0:03M� and
� 1� 2M�, with no clear coherent trend. In general, at least for the few stellar
progenitors where the comparison is possible, models based on CNT (Bianchi and
Schneider 2007; Marassi et al. 2019) (represented with the blue color palette) tend to
predict larger dust masses compared to models based on MNT (Sarangi and
Cherchneff 2015, red color palette) or on KNT (Lazzati and Heger 2016; Brooker
et al. 2022, pink and violet). Note, however, that the results of Brooker et al. (2022)
and Sluder et al. (2018) for the 25M� progenitor are very close to what expected on
the basis on CNT by Bianchi and Schneider (2007). At the same time, the
comparison between the results of Bianchi and Schneider (2007) and Marassi et al.
(2019) shows that—even assuming a very similar approach to follow dust formation
—the resulting dust masses are sensitive to the adopted SN explosion models and to
the assumed rotation rate of the progenitor star, at least for stars with initial masses
� 25M�. Similarly, assuming a clumpy rather than a homogeneous ejecta can
increase the dust mass by almost 0.5 dex for the same progenitor mass (see the
difference between the dark and light red points, corresponding to the clumpy and
homogeneous ejecta model for a 19M� progenitor predicted by Sarangi and
Cherchneff 2015). The figure also shows that the most efficient dust factories are SN
explosions from low-mass rotating stellar progenitors (13� 15M�), as a conse-
quence of rotational mixing, which leads to more metal-enriched ejecta. This also
causes stronger mass loss by stellar winds in the pre-SN evolution of more massive
progenitors (J20M�), reducing the mass of the ejecta and of the newly synthesized
dust compared to non-rotating models. Finally, above � 30M�, the strong fallback
experienced during the SN explosion is the main limiting factor to dust production, at
least in models based on CNT.

In Fig. 4, we show a comparison of the grain composition predicted by different
theoretical models when applied to SN explosions with three initial progenitor
masses, 15M� (top row), 19� 22M� (middle row), and 25M� (bottom row). The
symbols and color-coding of theoretical models are the same as the one adopted in

123

    2 Page 12 of 92 R. Schneider, R. Maiolino



Fig. 3. Here, we have broadly classified the grain species into carbon grains, silicates
(which comprise enstatite, MgSiO3, forsterite, Mg2SiO4, silicon dioxide SiO2, pure
silicon, Si, and silicon carbide, SiC), and other grain types, which comprise alumina
(Al2O3), pure iron (Fe), iron sulfide (FeS), iron oxide (FeO), magnetite (Fe3O4), pure
magnesium (Mg), and magnesia (MgO). The figure shows that a large variety of
grain species are predicted to form. For the SN model with 15M� progenitor, all the
non-rotating models predict the formation of more carbon grains than silicates,
although the mass of carbon dust depends on the dust formation scheme adopted,
being larger for models based on CNT (Bianchi and Schneider 2007; Marassi et al.
2019), and becoming progressively smaller for models based on KNT (Lazzati and
Heger 2016; Brooker et al. 2022) and MNT (Sarangi and Cherchneff 2015). For
rotating models, instead, the abundance of heavier and more internal elements is very
sensitive to rotational mixing, and the dominant grain species in the 15M� model are
predicted to be magnetite and forsterite. Even for non-rotating models, silicate

Fig. 3 Total mass of dust formed in SN explosions for different stellar progenitor masses predicted by
various theoretical models, as indicated in the legend. Here, we report the mass of dust at the end of the
condensation phase, before the destruction due to the reverse shock. The blue color palette indicates
models based on CNT (see text). In particular, the light blue dots refer to the model by Bianchi and
Schneider (2007, BS07-norev), and cyan (gray) squares refer to the non-rotating (rotating) models by
Marassi et al. (2019, M19). All these models assume a fixed explosion energy of 1:2	 1051 erg. The red
color palette refers to models based on MNT. In particular, dark red and red points represent the predictions
of Sarangi and Cherchneff (2015, SC15) for a 15M� progenitor (standard case, with a 56Ni mass in the
ejecta of 0:075M�, taken from their Table 3), and for the 19M� case assuming a homogeneous and a
clumpy ejecta (taken from their Table 5). In their analysis, they adopt SN explosion models from Rauscher
et al. (2002) for a fixed explosion energy of 1051 erg. The orange point illustrates the prediction of Sluder
et al. (2018, S18) adopting MNT for a 25 M� with explosion energy of 2:3	 1051 erg. The pink triangles
show the values obtained by Brooker et al. (2022, B22) applying KNT to three SN explosion models,
selected from their grid: model M15bE0.92 for the 15 M� progenitor (from their Table 5), and their
reference model for the 20 and 25 M� progenitors (from their Table 1). Violet points indicate the carbon
dust mass predicted by Lazzati and Heger (2016, LH16) for their 15M� for mixed (lower point) and
unmixed (upper point) ejecta, adopting their hybrid approach (see text). Here, they assume an SN model
from Rauscher et al. (2002) with 1:2	 1051 erg. Except for Sluder et al. (2018), where the stars is assumed
to have an initial metallicity of Z ¼ 0:007, all the other models assume progenitor stars with solar
metallicity
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formation by the 15M� progenitor depends on the adopted SN explosion model,
being negligible for Bianchi and Schneider (2007) and Brooker et al. (2022), and
small but not negligible for Sarangi and Cherchneff (2015) and Marassi et al. (2019),
despite the different microphysical approach to dust nucleation adopted in the latter
models. Similar considerations apply for the 20 and 25M� progenitors3. All the
models predict the formation of carbon, silicates, and other grains, with masses that
are larger when CNT is adopted.

2.2 The case of SN 1987A

When comparing the predictions of different SN dust models, it is important to
consider the grain size distributions expected for different grain species. In fact,
depending on the properties of the ejecta and on the timing of dust nucleation, the
condensation phase via coagulation and/or accretion may lead to very different
predictions regarding the characteristic grain sizes. This aspect is important when
comparing with observational indications of the time evolution of dust formation in
young SN remnants, and to estimate the fraction of newly formed dust that will be
able to survive the passage of the reverse shock, with larger grains generally being

Fig. 4 The mass of carbon (left), silicates (middle), and other grain species (right, see text) formed in SN
explosions for three initial progenitor masses, 15 M� (top row), 19–20 M� (middle row), and 25M�
(bottom row). The symbols and color-coding of theoretical models are the same as the one adopted in
Fig. 3, with BS07-norev, M19-no rot, and M19-rot models based on CNT, LH16, and B22 based on KNT,
and SC15, SC15-clumpy, and S18 based on MNT, the latter model including both grain coagulation and
growth (see text). In the middle panels, we show the results of Bianchi and Schneider (2007) for a 22 M�
SN progenitor, and of Sarangi and Cherchneff (2015) for a 19M� SN progenitor. Note that the horizontal
axis has no physical meaning, and for each stellar progenitor mass and grain type, the models have been
displaced horizontally to improve the clarity of the plot

3 Note that in the middle panels, we show the results of Bianchi and Schneider (2007) for a 22M� SN
progenitor, and of Sarangi and Cherchneff (2015) for a 19M� SN progenitor.
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more resistant to destruction (see Fig. 20 in Kirchschlager et al. 2023 for a discussion
on the impact of gas density and magnetic field on the survival fraction of grains as a
function of their sizes).

To this aim, we selected a few studies where the supernova model (progenitor
mass, metallicity, and explosion energy) has been chosen to provide a fair counterpart
to SN 1987A (Sarangi and Cherchneff 2015; Bocchio et al. 2016; Sluder et al. 2018;
Brooker et al. 2022). Depending on the model, both the time evolution of dust
formation and the final dust mass, composition and sizes, can vary significantly.
Bocchio et al. (2016) select a 20M� progenitor exploding with an energy of 1051 erg,
and releasing a 56Ni mass of 0:075M�. Using CNT, they find that 0:84M� of dust
forms in the ejecta (see their Table 2), mostly composed by Mg2SiO4 (0:43M�),
SiO2 (0:19M�), Fe3O4 (0:11M�), and carbon grains (0:07M�). The grain species
follow a log-normal-like size distribution function, with central (peak) grain size
which depends on the grain species, and which is larger for carbon grains (90.4 nm),
Mg2SiO4 (68.9 nm) and SiO2 (55.5 nm), and smaller for Fe3O4 (9.3 nm), reflecting
the ejecta initial composition, and the timing of dust nucleation.

A similar SN model was considered by Brooker et al. (2022) (see their
M20cE1.00 model). Using KNT, they find that 0:0378M� forms, mostly in the form
of carbon (0:0237M�), forsterite (4:44	 10�3 M�) and alumina grains
(9:61	 10�3 M�). They do not show the time evolution of the dust mass and the
final grain size distribution for this specific model, but based on the results of other
20M� SN models with the closest explosion energies, they predict silicate (carbon)
grains to form � 400 (� 900) days after the explosion, and average grain sizes
which range from � 2� 7lm (� 0:8� 3lm) for forsterite (alumina) grains, to
� 8� 10lm for carbon grains. Hence, not only the total dust mass and composition
is different, but also the average grain sizes are considerably larger compared to
Bocchio et al. (2016).

The results of SN 1987A models based on MNT have been discussed by Sluder
et al. (2018) (see their Sects. 7.1 and 7.2), who compare their 20 M� SN model with
the 19 M� clumpy SN model considered by Sarangi and Cherchneff (2015). In
Figs. 5 and 6, we show the mass evolution as a function of the post-explosion time
for different grain species as predicted by Sarangi and Cherchneff (2015) and Sluder
et al. (2018), respectively. In the same figures, we also show the dust mass per
logarithm of the radius (dM=dln a) for different species at the end of the simulations.
This corresponds, respectively, to t ¼ 2000 days and t ¼ 104 days after the
explosion.

At 2000 days after the explosion, the total dust mass predicted by Sluder et al.
(2018) is 0.44 M�, while it is 0.14 M� in the model by Sarangi and Cherchneff
(2015). This difference is attributed to the effect of grain growth by accretion, which
is not considered by Sarangi and Cherchneff (2015). The final dust composition
predicted by Sarangi and Cherchneff (2015) is dominated by forsterite
(5:3	 10�2M�), pure magnesium (2:6	 10�2M�), alumina (1:8	 10�2M�), pure
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silicon (1:2	 10�2M�), and iron (1:2	 10�2M�). Carbon grains represent only
� 5:3% of the total dust mass (7:3	 10�3M�).
In the model by Sluder et al. (2018), the dust mass at the end of the simulation

(104 days) is 0.51 M�, mostly composed by magnesia (0.16 M�), pure silicon
(0:15M�), forsterite (9	 10�2 M�), iron sulfide (3:8	 10�2 M�), carbon
(3	 10�2 M�), and silicon dioxide (2:2	 10�2 M�).

In both models, dust formation starts at 100–200 days after the explosion, but for
most species appears to be more gradual in Sluder et al. (2018), as a consequence of
the lower densities in the ejecta compared to Sarangi and Cherchneff (2015). The
overall evolution of forsterite, alumina, iron sulfide, pure iron, and silicon grains
appears similar, despite the resulting masses are different. A striking difference is that

Fig. 5 Properties of dust formed in the ejecta of the 19M� clumpy SN model investigated by Sarangi and
Cherchneff (2015) and considered to be their best SN 1987A analog. Left panel: mass of different grain
species as a function of the post-explosion time. Right panel: resulting dust mass as a function of the
logarithm of the radius at 2000 days after the explosion. The figure has been adapted from Sarangi and
Cherchneff (2015)

Fig. 6 Properties of dust formed in the ejecta of the SN 1987A-model investigated by Sluder et al. (2018).
Left panel: mass of different grain species, as indicated in the legend, as a function of the post-explosion
time. Right panel: resulting dust mass as a function of the logarithm of the radius at 104 days after the
explosion. In the left panel, the data points refer to the dust mass observationally estimated by fitting the
SED at different epochs by Wesson et al. (2015) (W15), Dwek and Arendt (2015) (D15), and Bevan and
Barlow (2016) (B16). The figure has been adapted from Sluder et al. (2018)
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C and SiC grains start to form at � 300 days in Sluder et al. (2018) and only at
� 900 days in Sarangi and Cherchneff (2015), and that magnesium grains do not
form in Sluder et al. (2018) due to the rapid formation of magnesia grains. These
differences may be due to the different SN model considered, as well as to the
inclusion of additional physical processes in Sluder et al. (2018), such as accretion of
the grains, grain sublimation, and grain charge (which may affect the coagulation
rate, see Sluder et al. 2018 for more details).

If we compare the final dust mass distribution as a function of the grains radii, we
find that the peak radii agree to within a factor of a few for some grain species
(forsterite, carbon, alumina, iron, and iron sulfide), while they differ significantly for
others (silicon). In general, the bulks of the grains are found to have radii ranging
between � 102 to � 5	 104 Å in Sluder et al. (2018), and between � 102 to
� 5	 103 Å in Sarangi and Cherchneff (2015). These figures extend to significantly
larger radii compared to the predictions of Bocchio et al. (2016), but are at the lower
end of the range of grain sizes obtained by Brooker et al. (2022). It is hard to
discriminate to what extent these differences can be attributed to the different
microphysical processes implemented in the various models, and to what extent these
depend on the adopted physical properties of the expanding SN ejecta. Whatever the
cause, these differences have important consequences for grain survival and ejection
in the ISM.

It is important to comment on the comparison between model predictions and
observations of dust formation in SN 1987A. This can be done by looking at the left
panel of Fig. 6, where observationally estimated dust masses are reported by the
colored data points, as explained in the legend. These values have been obtained by
fitting the observed spectral energy distribution (SED) at different epochs, as derived
from observations made by the Kuiper Airborne Observatory (KAO) at t ¼ 60, 250,
415, 615, and 775 days after the explosion (Wooden et al. 1993), and at later time by
Spitzer (tJ5800 days, Dwek et al. 2010), Herschel (tJ8000 days, Matsuura et al.
2011, 2015), and ALMA (tJ9000 days, Indebetouw et al. 2014; Cigan et al. 2019).

The analyses have been made under different assumptions and using different
methodologies. Wesson et al. (2015) use a 3D radiative transfer model to fit the SED,
finding a gradual increase in the dust mass, from 0:001M� at 615 days, 0:02M� at
1300 days, 0:6M� at 8515 days, to 0:8M� at 9200 days (see the red crosses in the
left panel of Fig. 6 indicated by W15 in the legend). This gradual increase has been
confirmed by Bevan and Barlow (2016) (green open squares, B16), who used a 3D
Monte Carlo model to estimate the dust mass from the observed blueshifting of the
emission lines.

None of the models that we have discussed above predict a sufficiently slow
gradual increase of the dust mass to be in agreement with these findings. However,
the above interpretation has been questioned by Dwek (2016); Dwek et al. (2019),
who argued that dust grains could have formed promptly, but could be hidden in
optically thick clumps. Using a simple analytic approach to estimate the probability
that a photon can escape a dusty sphere, they estimated that at 615 days, the ejecta
already contain 0:4M� of enstatite and 0:047M� of carbon dust, but the clumps are
optically thick, and remain so until—at 8815 days—they become optically thin and
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enstatite and carbon grains have coagulated to form composite grains with masses
0:42M� at 8815 days and 0:45M� at 9090 days. Yet, studies based on radiative
transfer modeling find it hard to hide early dust formation in clumps while at the
same time reproducing the observed spectral energy distribution (SED) and emission
line profiles of SN 1987A (Ercolano et al. 2007; Wesson et al. 2015; Bevan and
Barlow 2016). After a large parameter exploration of dust models with pure
composition and a variety of spatial configurations, Wesson and Bevan (2021) show
that at an epoch of � 800 days, a carbon dust mass of � 2	 10�3M�, a clump
volume filling factor of f ¼ 0:05, and grain radius a ¼ 0:4lm is the only parameter
set accounting for both the observed constraints on the SED and emission line
profiles. Even if assuming carbon–silicate mixture would be consistent with a slightly
higher dust mass, these constraints are still a factor of 50–100 below the masses
estimated using the most recent observations of SN 1987A with Herschel (Matsuura
et al. 2011, 2015) and ALMA (Indebetouw et al. 2014). Hence, these studies support
a scenario in which dust formation in SN 1987A continues for many years after the
supernova explosion and it is largely dominated by carbon grains4, at odds with most
(if not all) the theoretical models. Note, however, that these results assume
spherically symmetric ejecta, while the 3D distribution of H, He, O, Mg, Si, Ca, and
Fe has been found by Larsson et al. (2016) to be sufficiently anisotropic at 104 yrs
after the explosion to explain on its own the spectral line asymmetries that are
generally attributed to dust (Bevan and Barlow 2016; Wesson and Bevan 2021).

A more general discussion on observations of SN remnants is presented in
Sect. 2.4.

2.3 Dust processing and survival in supernova remnants

It has been known since many years that not all the dust newly formed in SN ejecta
will be able to enrich the ISM. On longer timescales, compared to the ones discussed
above, the ejecta where dust resides is crossed by the reverse shock generated by the
interaction between the expanding SN blast wave and the ISM. Depending on the
grain properties (compositions and sizes) and on its spatial distribution, the
processing by the reverse shock can lead to significant dust destruction. The effective
SN dust yield (the dust mass that survives the passage of the reverse shock) is
expected to have a different total mass, composition, and grain size distribution
compared to the newly formed grains that we have discussed above.

The processing and survival of dust formation in SN remnants have been recently
reviewed by Micelotta et al. (2018), where an extensive description of the
observational evidences and theoretical models can be found. Here, we provide a
critical discussion of the main findings with the aim of providing a synthetic picture
of our current understanding of the effective SN yield.

4 Note that, according to Dwek et al. (2019), if most of the dust forms within 2 years after the explosion,
and the IR emission from the dust is initially self absorbed, the lack of the 9.7 and 18 lm silicate emission
features in the spectra of SN 1987A is not evidence for the absence of silicate dust, but due to the large
optical depth of the ejecta (Dwek and Arendt 2015).
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2.3.1 Physical processes at work

When dust grains are invested by the reverse shock, their interaction with gas
particles and with other grains is mediated by different physical processes, such as:
sputtering (grain collision with high-velocity atoms and ions which leads to the
erosion of the grains via ejection of atoms from its surface), sublimation due to
collisional heating to high temperatures, shattering (grain–grain collisions that lead
to fragmentation in smaller grains), and vaporization (due to the intense heating
generated during grain–grain collisions, that leads to partial or complete return of
grain constituents to the gas phase). Sputtering is defined as kinetic when the
collision velocities are determined by the relative motion between the grains and the
gas (when the grain-gas relative velocity is much larger than the gas thermal speed,
generally in cold/warm gas phase, with T.104 K), and as thermal when the collision
velocities arise from the thermal motion of the gas (when the gas thermal speed is
much larger than the grain-gas relative velocity, generally in the hot gas phase, with
TJ106 K). Dust grains in the ionized shocked gas are heated mainly by collisions
with electrons. If the grains are small, heating is stochastic and an equilibrium
temperature does not exist. Instead, a broad temperature distribution establishes, but
only a negligible fraction of the grains is found to exceed the sublimation
temperatures (Bianchi and Schneider 2007).

The relative importance of these physical processes in SN remnants depends on
the assumed initial dust spatial distribution: assuming a smooth, uniform distribution
within the ejecta, Bocchio et al. (2016) find that due to the low dust density, grain–
grain collisions are expected to be rare, and shattering and vapourisation lead to
minor processing with respect to sputtering. Conversely, if the dust is initially located
in overdense clumps within the ejecta, the increased grain number density enhances
grain–grain collision probabilities, while the grains are sheltered in the clumps from
the high gas velocities caused by the shock and from the high gas temperatures in the
inter-clump medium, reducing the sputtering rates (Kirchschlager et al. 2019). It is
important to consider that grain–grain collisions and sputtering can be synergistic
processes since sputtering of the grain fragments resulting from collisions can be
eroded in a more efficient way than the larger colliding grains, as shown by
Kirchschlager et al. (2019). In Fig. 7, we report the fraction of surviving dust mass as
a function of time obtained from their 2D hydrodynamical simulation of a shock
wave interacting with a clumpy SN ejecta, where the clumps are assumed to be 100
times denser than the surrounding gas. The initial grain population in this particular
case is made by carbon grains with a log-normal-like size distribution peaked at 3000
Å and with a width r ¼ 0:05. The green, blue, and red lines show the results
obtained considering, respectively, the effects of grain–grain collisions, sputtering,
and the two processes acting together. It is evident that the total dust destruction rate
by sputtering and grain–grain collisions can be significantly higher than their
individual contributions acting alone. Interestingly, Kirchschlager et al. (2020) have
shown that—in suitable environments—heavy ions that impact the grains can
penetrate deep enough to be trapped, leading to grain growth and to an increase of the
dust mass. Using the same set-up adopted by Kirchschlager et al. (2019), they show

123

The formation and cosmic evolution of dust... Page 19 of 92     2 



that grain growth can partly counteract destructive processes, increasing the fraction
of surviving dust mass by by factors of up to 2–4, depending on initial grain radii.

2.3.2 Grain dynamics

The efficiency of kinetic sputtering depends also on the dynamics of the grains.
When invested by the reverse shock, the grains, which are initially coupled with the
gas, have a different inertia with respect to the shocked gas, and start to move with
respect to the gas with a velocity proportional to the velocity of the shock. Depending
on the gas conditions and grain size, dust grains are slowed by drag forces and
processed by collisions with gas particles. Small grains are quickly stopped and
destroyed within the ejecta, while larger grains are eroded to a lower extent.
However, if they are initially placed in the innermost part of the ejecta, the grains
may not have enough inertia to cross the forward shock, and may be stopped and
destroyed, or they may be reached by the faster forward shock, crossing the shock
front a second time.

Figure 8 exemplifies the time evolution of the position (top panel), size (middle
panel), and velocity relative to the gas (bottom panel) of forsterite grains, adopting
initial sizes of 102 (dotted lines), 103 (solid lines), and 104 Å (dashed lines), as
predicted by Bocchio et al. (2016). In this study, they adopt the self-similar analytical
approximation of the ejecta dynamics by Truelove and McKee (1999). The green and
red lines refer to grains placed initially at one-fourth and one-half of the ejecta radius,
respectively. As a reference, in the top panel, the positions of forward and reverse
shocks are indicated by black lines, while the position of the boundary between the
ejecta and the ISM are plotted by the blue line. It is clear that 10 nm grains are

Fig. 7 Result of a 2D hydrodynamical simulation showing the surviving dust mass as a function of time
assuming only sputtering (blue), grain–grain collisions (green), and their combined effects (red). Here, the
initial grain population is assumed to be made by carbon grains with a log-normal-like size distribution
peaked at apeak ¼ 3000 Å with a width r ¼ 0:05, initially distributed within clumps with 100 times larger
density with respect to the smooth ejecta. Image reproduced with permission from Kirchschlager et al.
(2019), copyright by the author(s)
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quickly destroyed (on timescales of � 104 yr), while the fate of 100 nm grains
depends on their initial position. The grains that are initially at one-fourth of the
ejecta radius (green lines) have enough inertia to cross the forward shock, while
grains that are initially at one-half of the ejecta radius (red lines) are stopped and
destroyed on timescales of � 105 yr. Finally, the larger grains stream through the
reverse and forward shock without suffering significant erosion, and they reach the
ISM on timescales � 104 yr, gradually reducing their velocity until they get at rest
with the surrounding gas (t� 1 Myr). Hence, the extent of grain destruction through
sputtering depends on the initial size of the grains and on its initial position (Bocchio
et al. 2016). In addition, escaping grains are further destroyed while being slowed in
the ISM.

In Fig. 9, we show time evolution of silicate grains with sizes ð1� 2:5Þ 	 104 Å
at 100, 8000, and 7	 104 yr as predicted by Slavin et al. (2020). The first two panels
are based on a 2D hydrodynamical simulations of the expanding SN ejecta, assuming
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Fig. 8 Examples of the dynamics of Mg2SiO4 grains with initial sizes of 102 (dotted lines), 103 (solid
lines), and 104 Å (dashed lines) in a homogeneous SN ejecta investigated by Bocchio et al. (2016). Top
panel: Particles’ trajectories for grains initially located at one-fourth (green) and one-half (red) of the ejecta
radius. The two black solid lines show the position of the forward and reverse shocks, while the blue line
marks the transition from the ejecta to the ISM. Middle panel: time evolution of the grain sizes. Bottom
panel: time evolution of the grain velocities relative to the gas. Image reproduce with permission from
Bocchio et al. (2016), copyright by ESO
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that equal-sized grains are formed in gas clumps which have a radius of Rclump ¼
1016 cm and a density that is 100 times larger than that of the smooth ejecta
(qsm ¼ 3:831	 10�23 g cm�3) with initial radius of Rsm ¼ 3	 1019 cm. The color
bars in the first two panels show the number density of the ejecta, and the green
points show the position of the silicate grains, assuming that grain particles are
initially randomly scattered inside the clumps (with 40 grains per clump), and have
an initial size of 104 Å. At t ¼ 100 yr, most of the grains are still in their birth
clumps, but at 8000 yr, a significant fraction of the grains have streamed out of ejecta
clumps, crossing the forward shock. In the right panel, the blue points indicate the
fractional mass reduction at t ¼ 8000 yr for silicate grains with initial size of 2:5	
104 Å, and vertical blue dashed line shows the position of the forward shock at the
same time. Nearly all the grains have crossed the forward shock, with a fractional
mass reduction ranging from � 5 to � 85%. However, these grains are moving at
substantial speed when they cross the forward shock (which has a speed of
� 870 km/s at 8000 yr). Hence, they will suffer further sputtering as they get slowed
down, finally reaching a velocity of � 10� 20 km/s, when the sputtering is no
longer effective. To follow this additional evolution, Slavin et al. (2020) used the
radially averaged profiles of pressure, density, and radial velocity from the final time
step of the 2D simulation to initiate a 1D, spherically symmetric simulation, adopting
a Sedov–Taylor type similarity solution up to t ¼ 4	 104 yr. The effects of the
subsequent evolution of the grains in the ISM are represented by the orange points in
Fig. 9 and show that substantial mass loss occurs between 8000 yr and 4	 104 yr

Fig. 9 The time evolution of grains in the expanding SN ejecta and the ISM. The left and middle panels
show the gas density per cubic centimeter (as indicated by the color bars) and grain locations (green dots)
at t ¼ 100 and 8000 yr, respectively, for the 2D simulation of a clumpy SN ejecta by Slavin et al. (2020)
that includes silicate grains initialized with a radius of 104 Å. Note that the spatial and the density scales
vary by as much as an order of magnitude between panels and that the number of grains is the same in each
panel, though, at early times, there is a lot of overlap of grains in gas clumps, which makes it appear that
there are fewer grains. The right panel shows the ratio of grain mass at t ¼ 8000 yr (blue dots) and
t ¼ 7	 104 yr (orange dots) as a function of distance, for silicate grains with initial size of 2:5	 104 Å.
The two vertical dashed lines show the position of the forward shock at the corresponding time (see text).
Although a vast majority of the grains of this size have crossed the forward shock already at t ¼ 8000 yr,
with a fractional mass reduction ranging between � 5 to � 85%, substantial mass loss continues to occur
at later times, as the grains are slowed in the ISM. Images reproduced with permission from Slavin et al.
(2020), copyright by AAS
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and that most of the initially 2:5	 104 Å silicate grains have a final mass that is � 1
–30% smaller than their initial mass.

2.3.3 Effects of magnetic field

It is important to note that the above studies do not consider the impact of magnetic
fields on the dynamics of charged grains. As a consequence of Lorentz force, charged
grains may gyrate around magnetic field lines, and the betatron acceleration can
cause kinetic decoupling between gas and dust, enhancing grain sputtering (Slavin
et al. 2015). The importance of magnetic fields in SN remnants depends on the
strength and orientation of the magnetic field lines. Due to flux freezing, the stellar
magnetic field is expected to be extremely small in the expanding SN ejecta. In the
ISM, the magnetic fields may have typical magnitudes of several lG, but their
importance for the trajectories of the grains depends on the morphology of the field.
A uniform field could allow for reflection of the grains back into the remnant (Fry
et al. 2020), while a field with a turbulent component could allow for diffusion of the
grains through the ISM (Slavin et al. 2020). Given the uncertainties in the charging of
the grains and in the ISM fields, the effects of magnetic fields on grain trajectories
have been neglected in most studies (Bianchi and Schneider 2007; Bocchio et al.
2016; Micelotta et al. 2016; Martínez-González et al. 2019; Slavin et al. 2020).
Recent work by Fry et al. (2020) shows that charged Fe grains created in a
unmagnetized SN can suffer large deflections when encountering the shocked ISM,
in which the pre-existing turbulent magnetic fields have been amplified by shock
compression. Due to magnetic trapping and mirroring, occurring at the interface
between the SN ejecta and the shocked ISM, the reflected particle moves back into
the SN ejecta, traversing the SNR until it encounters the ejecta/ISM interface and is
reflected again, in a sort of pinball behavior within the SNR.

Using a magneto-hydrodynamic simulation of a plane parallel shock investing a
single clump embedded in a lower density magnetized medium (cloud-crushing
problem), Kirchschlager et al. (2022) find a significantly lower dust survival rate
when magnetic fields are aligned perpendicular to the shock direction compared to
the non-magnetic case. The grain survival fractions depend sensitively on the
magnetic field strength, B0, on the gas density contrast between the clump and the
ambient medium, v, and on the grain sizes. A schematic summary of their findings is
shown in Fig. 10. Three different grain size intervals can be identified: small grains,
with radii a.10 nm, are mostly affected by sputtering and their survival fraction is
very high for sufficiently large density contrasts and low magnetic field strengths, as
the grains are effectively confined and shielded in ejecta clumps. These grains are
completely destroyed when v.100 and/or B0J5lG. Large grains, with radii
aJ100 nm are mostly affected by grain–grain collisions. Their survival fraction is
almost 100 % for very low-density contrast (v ¼ 50), but decreases with increasing v
and B0, as these enhance the number density and collision velocities of the grains.
Medium-sized grains with 10 nm.a.100 nm experience a mixture of the effects
described above: for low-density contrasts (v.100) sputtering dominates and their
survival fraction increase with grain size between a few % to � 40% when B0 ¼ 0,
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but magnetic fields reduce the surviving dust mass. For higher density contrasts, both
sputtering and grain–grain collisions operate, and the survival fractions strongly
decrease, with or without magnetic fields. Similar conclusions are found when
carbon grains are considered. Although limited to a cloud-crushing set-up and
therefore missing the global evolution of the SNR, this study shows that magnetic
field strengths of a few lG may be able to destroy significant amounts of grains,
therefore limiting the amount of dust that will be injected in the ISM (Kirchschlager
et al. 2023).

2.3.4 Models’ comparison

Estimating the effective SN dust yield requires to integrate the effects of sputtering on
individual grains onto a grain size distribution. The results, which are generally
expressed as the surviving dust mass fraction, depend on a number of assumptions,
such as the composition, size, and spatial distribution of newly formed SN dust, the
properties of the SN explosion and of the dynamical evolution of the SN remnant, the
physical processes implemented in the models, and the late-time evolution of the
grains when they cross the forward shock and are slowed down in the ISM. Micelotta
et al. (2018) present a detailed description of the different assumptions made by

Fig. 10 Silicate dust survival fraction as a function of grain sizes from the magnetic hydrodynamic
simulations of Kirchschlager et al. (2023) of the Cas A SNR. The left and right panels show the effects of
sputtering and grain–grain collisions, respectively. Upper and lower panels illustrate the dependence on the
density contrast between the clumps and the ejecta v, assuming B0 ¼ 0, and on the magnetic field strength,
B0, assuming v ¼ 300. Image reproduced with permission from Kirchschlager et al. (2023), copyright by
the author(s)
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different studies, warning that this prevents the possibility of making direct
comparisons between different model results. While we agree with this concern, we
believe that their Table 2—which summarizes the theoretically calculated fractions of
surviving dust mass—provides an important indication on the persisting uncertainties
affecting the effective SN dust yields. For this reason, in Table 1, we update their
original table with more recent findings and supplementary information. In particular,
we provide the dust survival mass fraction (g), the timescale at which g is estimated,
the clumpy ejecta overdensity v (v ¼ 1 for uniform ejecta models), the physical
processes that have been considered (sp = sputtering, th spu = thermal sputtering, sub
= sublimation, gg = grain-grain collisions, B = magnetic field), the range of grain
sizes before dust destruction (in nm), the SN progenitor/explosion properties, and the
ambient medium density, nISM ½cm�3�.

The lesson learnt from this model comparison is that there exist physical
conditions for which a moderate-to-large fraction (>10–30%) of SN dust is able to
survive in the SNR phase, enriching the ISM. These are more easily met when
clumpy ejecta, with moderate-to-high overdensities, produce grains with initial sizes
J100 nm, and/or explode in a very tenuous ambient medium, and when the
magnetic field is very low or absent.

More specific notes on individual studies reported in Table 1 are given below:

a: grid of core-collapse SN progenitors with ½12� 40�M�, Z ¼ Z�, and explosion
energy Eexp ¼ 1:2	 1051 erg.

b: core-collapse SN progenitors with ½13� 30�M�, Z ¼ 0, and explosion energy
Eexp ¼ 1051 erg with mixed ejecta.

c: same as b but with stratified (unmixed) ejecta.
d: Pair Instability Supernovae with progenitor masses 170 and 200M�, initial

metallicity Z ¼ 0, and explosion energy Eexp ¼ ½2� 2:8� 	 1052 erg with
mixed/unmixed ejecta.

e: calculation performed for a core-collapse SN with ejecta mass � 5M�,
explosion energy of 1051 erg, and assuming a uniform density core and a power-
law density envelope. Graphite and silicate grains are considered, with power-
law grain size distribution (dn=da / aa with a ¼ �3:5 and -2.5). Note that we
quote this estimate as an upper limit as the authors themselves warn that their
analytical formalism ignores further sputtering of grains in hot plasma between
the forward and reverse shocks.

f: cloud-crushing set of simulations varying clump over-density, shock velocity
(1000–5000 km/s), and cooling timescale. The initial grain composition and
size distribution is the same as the 20M� Pop III core-collapse SN progenitor of
Nozawa et al. (2003), for the unmixed case, and the ejecta metallicity is Z ¼ Z�.
We quote the range of surviving dust mass fractions of Si and Mg2SiO4 and
FeS, which are the three dominant dust species.

g: same as f , but varying the ejecta metallicity from Z ¼ 1Z� to 100Z�, and
exploring shock velocities up to 104 km/s.

h: grid of Pop III core-collapse SNe with progenitor masses ½13� 80�M�, initial
metallicity Z ¼ 0, and explosion energy 1051 erg.
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i: same as h but for faint SN explosion, where little mixing and strong fallback
allows for carbon-rich ejecta.

l: four different core-collapse SN models, tailored to reproduced the observed
properties of Crab, Cas A, N49, and SN 1987 A, with progenitor masses 13 and
20M�, explosion energies ½0:5� 1:5� 	 1051 erg, and metallicities Z ¼ 0:4 and
1 Z�. We report the survival fractions of the currently observed dust mass at the
end of the simulation.

m: clumpy ejecta of a type-IIb SN with progenitor mass 19M� appropriate to
describe Cas A.

n: same as the previous explosion model, but assuming a homogeneous ejecta with
2000 times larger density, appropriate to describe the ejecta of type-IIp SNe.

o: clumpy ejecta of a type-IIb SN with progenitor mass 19M� and explosion
energy of 2:2	 1051 erg, appropriate to describe Cas A. The initial grains (AC
and MgSiO3) are assumed to follow a power-law size distribution with
dn=da / a�3:5.

p: 3D hydro-simulation of a type-IIp SN explosion with progenitor mass 60M�,
explosion energy 9:12	 1050 erg, an equal amount of carbonaceous and sili-
cate grains with a log-normal size distribution with apeak ¼ 100 nm, width
r ¼ 0:7, and minimum/maximum sizes as reported in the table. In the first line,
we show g when the explosion takes place in a uniform medium with density 1
and 1000 cm�3. In the second line, we show g when the explosion takes place
after the wind-driven shell has excavated a very tenuous region, with density
� 10�3 cm�3.

q: 2D hydro simulations with cloud-crushing set-up applied to Cas A, with shock
velocity 1600 km/s and a range of cloud-overdensities,
v ¼ 100; 200; 300; 400; 600; 1000. The initial size distribution is assumed to be
log-normal, with peak radii 10 nm� apeak � 7000 nm and width 0:02� r� 2:2,
and the dust survival rate g is computed for carbon and silicate dust grains.
Here, we report the results for apeak ¼ 20; 100; 1000 nm with r ¼ 0:02 and
v ¼ 100; 300; 1000.

r: same set-up as above, but computed using 3D simulations and assuming
v ¼ 100. The initial size distribution is assumed to be log-normal in the range
0.6 nm–10 lm, with peak radii apeak ¼ 0:01; 0:1; 1 lm, and width r ¼ 0:1, and
the dust survival rate g is computed for silicate dust grains.

s: clumpy ejecta of a type-IIb SN with progenitor mass 19M� and explosion
energy of 1:5	 1051 erg, appropriate to describe Cas A. We report the g for
individual grain sizes and for two adopted initial size distribution, a log-normal
with peak size 100 nm and width 0.1 (LN1) and a power-law with index �3:5 in
the range [5–250] nm (PL1). For all these cases, lower (upper) values of g refer
to silicate (carbonaceous) grains.
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t: same as q, but including the effects of magnetic fields. Here, we report g
adopting a fixed overdensity v ¼ 300 and varying the magnetic field strength
from 0 to 10 lG. The results for carbonaceous and silicate grains are very
similar.

2.4 Confronting models with observations of SNRs

While some simulations show that dust sputtering continues on timescales [ 103 yr
(Nozawa et al. 2007; Bocchio et al. 2016; Slavin et al. 2020), important constraints
on model predictions are provided by observations of SN remnants.

Dust mass estimates have been derived through modeling dust thermal emission
and/or the effects of dust absorption and scattering on the optical line emission
profiles (see also Sect. 2.2 for the application of these observational techniques to the
specific case of SN1987A). A first collection of observations, mostly obtained with
the Spitzer Space Telescope, of warm dust emission in SNe and SNRs was reported
by Gall et al. (2011) (see, in particular, their Tables 3 and 4). These observations
showed the unambiguous presence of hot dust, with temperatures ranging from
Td � 200� 300 K up to � 1000 K, at early epochs (post-explosion time tpe.2000
days), with a maximum inferred dust mass of mdust\3	 10�3 M�. At later epochs
(tpe.5000 days), studies based on observations of SNRs provided a large dispersion
in the inferred dust masses (from 10�7 M� to � 1M�), with higher inferred dust
masses related to cold dust.

Fig. 11 Left: Dust masses inferred by Niculescu-Duvaz et al. (2022) by modeling the red–blue
asymmetries of optical emission lines of SNRs (colored points, see also their Table IX), complemented by
additional sources from independent studies (gray crosses, see their Table A1), as a function of the post-
explosion times. The red solid line shows a best-fit and the light blue band encloses the error region on the
best fit. As a function of increasing age, the six supernova remnants for which dust masses are plotted are
Cas A, G29.7-0.3, G21.5-0.9, the Crab Nebula, G54.1?0.3, and G11.2-0.3, with ages � 330, 850, 880,
1100, 1500, and 1900 years, respectively. Right: Dust masses collected by Shahbandeh et al. (2023) as a
function of time after explosion, based on mid-IR observations, including their recent JWST detections for
SN2004et and SN2017eaw. Images reproduced with permission, copyright by the author(s)
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Since then, and starting from the work of Matsuura et al. (2011), Indebetouw et al.
(2014), Matsuura et al. (2015), Cigan et al. (2019) on SN1987A, FIR and sub-mm
observations of several Galactic SNRs (Barlow et al. 2010; Gomez et al. 2012;
Arendt et al. 2014; De Looze et al. 2017; Temim et al. 2017; Rho et al. 2018; De
Looze et al. 2019; Chawner et al. 2019, 2020; Chastenet et al. 2022) using the
Herschel Space Observatory and the Atacama Large Millimeter Array (ALMA) have
been obtained, reporting up to � 0:7M� of cold dust (Td � 10� 40 K) in several of
these. Similarly large dust masses have been inferred by modeling the red-blue
asymmetries of optical line emission profiles for a sample of (mostly) extragalactic
SNRs (Bevan and Barlow 2016; Bevan et al. 2017, 2019, 2020; Wesson and Bevan
2021; Niculescu-Duvaz et al. 2022; Wesson et al. 2023). Very recently, Shahbandeh
et al. (2023) has obtained the first mid-IR detections with JWST of two SNRs (5–18
years old), revealing masses of warm (Td � 100� 150 K) dust higher than 10�2 M�
in the older of the two systems (although they warn that this is likely a lower limit),
second only to SN1987A.

A collection of dust mass determinations as a function of the estimated post-
explosion time is shown in Fig. 11, from Niculescu-Duvaz et al. (2022), based on the
modeling of red-blue asymmetries of optical emission lines (left), and from
Shahbandeh et al. (2023), based on mid-IR observations (right). In the left panel, the
red solid line represents a best fit to the observations, with the gray band representing
its uncertainty. Taken at face value, these results suggest a dust mass growth with
time that can be fit by a sigmoid (Wesson et al. 2015)

mdustðtÞ ¼ a eb e
c t
; ð4Þ

with a ¼ 0:42þ0:09
�0:05 M�, b ¼ �8:0þ4:0

�2:0, and c ¼ �2:88þ1:03
�1:27 	 10�4 days�1, which

implies a saturation around a value of � 0:42M� at around 55 years after the
explosion (see however the discussion on SN1987A in Sect. 2.2 for a different
interpretation of this time sequence). Right panel, which includes recent JWST
detections, shows a similar increase of dust mass, although Shahbandeh et al. (2023)
warn that the observed trend may actually trace a variation in optical thickness, and
also warn about inhomogeneity of the data, and in the way, dust masses have been
inferred in different studies.

One important point to keep in mind is that a considerable spread in the dust mass
determination at given epochs is found when the same set of data are analyzed by
independent studies (see, for example, the case of SN1987A represented in Fig. 11
with blue horizontal triangles). Indeed, as already emphasized by Gall et al. (2011)
and thoroughly discussed by Micelotta et al. (2018), dust mass determinations are
affected by the adopted dust composition, optical constants, and grain sizes5. For
most of the SNRs considered by Niculescu-Duvaz et al. (2022), the best-fitting line
profiles require either 100% silicate composition or 50% silicates and 50%
amorphous carbon grains, with grain radii between 100 and 500 nm. While JWST
observations promise to significantly advance our understanding of dust formation
and survival in SN ejecta, currently dust composition remains largely unconstrained

5 The dust masses are / a3, so even a relatively small variation in the adopted grain sizes can lead to a
significant variation in the inferred dust mass.
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for most of the sources, with the exception of those for which polarized dust emission
has been detected, such as Cas A (Rho et al. 2022), and the Crab pulsar wind nebula
(Chastenet et al. 2022). In the latter case, the polarized signal suggests the presence
of (50–100) nm grains, carbon-rich grain mass fraction that varies between 12 and
70%, and temperatures that range from � 40 to � 70 K (� 30 to � 50 K) for
carbonaceous (silicate) grains.

Table 2 attempts to summarize dust mass determinations in Cas A and Crab SNRs
obtained by different studies. For Cas A, we have collected the results from Barlow
et al. (2010), Arendt et al. (2014), De Looze et al. (2017), Bevan et al. (2017),
Niculescu-Duvaz et al. (2021), and Priestley et al. (2022a). For the Crab, we have
integrated the compilation recently presented by Chastenet et al. (2022) (see their
Table 2). The table shows that the most recent studies tend to converge toward values
of the dust masses in the range � ½0:3� 1�M� for the younger Cas A, and in the
range � ½0:026� 0:049�M� for the older Crab.

How do theoretical models compare with these findings? The models by Bianchi
and Schneider (2007) and Nozawa et al. (2010) predict that 0:05M� and 0:08M� of
dust should be currently present in Cas A, corresponding to � 50% of the initial dust
mass formed in the ejecta. These values are smaller than the most recent
observational estimates reported in Table 2. Due to the relatively small grain sizes,
most of this dust will be destroyed before being injected in the ISM (see Table 1).
Micelotta et al. (2016) predict a surviving dust mass fraction that ranges between
13.3 (10.4) and 16.9 (13.4)% for amorphous carbon (silicate) grains. Taking a
reference value of � 0:5M� for the currently observed dust mass in Cas A (De
Looze et al. 2017), with 50% silicates and 50% carbonaceous grains, these
figures imply an unrealistically high dust condensation efficiency in SN ejecta, with
an initial dust mass of ½1:48� 1:88�M� of carbonaceous and ½1:87� 2:40�M�
silicate grains. These values are larger than those typically found by theoretical
models (see Sect. 2.1), and require very large dust-to-gas mass ratios, given the
� 3:47M� ejecta mass determination (of which � 3M� have been already been
through the reverse shock) obtained by Laming and Temim (2020) by modeling the
IR emission spectrum of Cas A. Biscaro and Cherchneff (2016) model grain
formation in the SN ejecta and its reprocessing by the reverse shock and predict the
time evolution of the total grain mass, composition and size distribution. They find
that of the initial � 0:03M� of dust formed in the ejecta, between 30% and 60% is
present today in Cas A, and only 6%–11% will survive in the SNR and be injected in
the ISM. Similar to Bianchi and Schneider (2007) and Nozawa et al. (2007), their
selected progenitor model for Cas A appears to produce too little dust mass, being at
least a factor of � 3–10 smaller than the currently observationally estimated dust
mass.

Finally, Bocchio et al. (2016) considered four different SN remnants (1987A, Cas
A, Crab, N49), with ages ranging between 36 and 4800 years. They used observed/
estimated physical properties of the four SNe to select the input parameters
(progenitor mass, metallicity, explosion energy, and ambient gas density) of their
simulations to model the time-dependent dust mass in the SNRs. The results are
shown in Fig. 12. According to these model predictions, a dust mass of
½0:7� 0:9�M�, such as the one observed in SN 1987A, can be indicative of the

123

The formation and cosmic evolution of dust... Page 31 of 92     2 



efficiency of dust production in massive stars, as the ejecta have not yet been
invested by the reverse shock. This conclusion does not apply to the other three
SNRs where, at their currently estimated age, between 10 and 40% of the initial dust
mass have already been destroyed. For Cas A and Crab, this translates into 0:83M�
(15% carbonaceous, � 70% silicates, and � 16% magnetite) and 0:17M� (46%
carbonaceous, � 40% silicates, and � 14% alumina) of dust grains, in reasonable
agreement with the values estimated from the observations. We note that for Crab,
the estimated dust mass is smaller than for the other SNRs considered, as this could
be the remnant of an electron-capture SN event from a lower mass progenitor of 8–10
M� (Smith 2013).

According to Bocchio et al. (2016), for none of the SNRs considered the reverse
shock traveled to the center of the ejecta, and the simulations predict that the
surviving dust mass that will be injected in the ISM (the effective dust yield), will be
significantly smaller, ranging between 4:2	 10�4 M� (for Crab) to
½1� 4� 	 10�2 M�, for the other three SNRs, indicative of survival fractions of
g ¼ 1� 8% (see Table 1). It is important to stress that these conclusions depend on
the dynamical modeling of the reverse shock, as a faster moving reverse shock would
have affected a larger fraction of the ejecta volume by the present time, implying that
smaller additional dust destruction will take place before the SN dust will be injected
in the ISM. Indeed, De Looze et al. (2017) estimate that the reverse shock in Cas A
has already traveled through � 76% of the ejecta volume (in agreement with the
estimate by Laming and Temim 2020 reported above), and that a large fraction of
dust destruction (J 70–90%) has already occurred, leading to an effective dust yield
for Cas A of � 0:05� 0:30M� (De Looze et al. 2017; Priestley et al. 2022a).

Fig. 12 Time evolution of the total dust mass predicted by Bocchio et al. (2016) (solid lines) for four
simulated SNRs: SN1987A (orange), Cas A (turquoise), Crab (blue), and N49 (violet). Data points
represent the observationally inferred dust masses, and the shaded region indicate the time interval when
dust processing fades out. The data points for SN 1987A are taken from the best-fit values obtained by
Wesson et al. (2015) at two different ages (8515 and 9200 days). For Cas A, we considered the average
value of 0.5 M� obtained by De Looze et al. (2017) and the minimum and maximum values obtained by
Bevan et al. (2019) and Priestley et al. (2022a) assuming a 50% silicates and 50% carbonaceous grains’
mixture (see Table 2). For Crab and N49, we took the average value obtained assuming 100% silicates and
100% carbon grains by Priestley et al. (2020) and Otsuka et al. (2010), respectively. Image adapted from
Bocchio et al. (2016)
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However, as explained above, this would imply unrealistically large dust conden-
sation efficiencies in the ejecta, and additional work is required to better understand
the origin of this tension.

3 Asymptotic giant branch stars (AGBs)

Low- and intermediate-mass (0:8M� �mstar � 8M�, where mstar is the zero-age
main sequence mass) stars end their lives with a phase of strong mass loss and
thermal pulses (TP) on the asymptotic giant branch (AGB), and are one of the main
contributors to the chemical enrichment of the interstellar medium. The mechanisms
responsible for driving the winds, the status of theoretical models and of high-
resolution observations have been recently reviewed by Höfner and Olofsson (2018).
Here, we present a summary of the most important results regarding dust formation
in AGBs.

3.1 Theoretical models

The most promising scenario to explain the large mass loss rates observed in AGBs is
based on a combination of atmospheric levitation by pulsation-induced shock waves
and radiative acceleration of dust grains which form in the atmospheres. These
models are generally referred to as Pulsation-Enhanced Dust-DRiven Outflow
(PEDDRO) and their theoretical description requires full hydrodynamical compu-
tations with self-consistent dust formation and multi-wavelength radiative transfer
(see Höfner and Olofsson 2018 for a recent review on AGB mass loss). Extensive
grids of C-stars (Mattsson et al. 2010; Eriksson et al. 2014) and M-stars6 (Bladh et al.
2019) have been computed using the DARWIN code (Höfner et al. 2003, 2016),
which combines frequency-dependent radiative transfer with non-equilibrium dust
formation in 1D. Their results provide mass loss rates and other wind properties that
well compare with observational data, but still rely on a parameterized description for
treating convective energy transport, which is probably not adequate to account for
the strongly non-linear, large-scale convective motions that couple to AGB stellar
pulsations (Ahmad et al. 2023). Recently, Freytag and Höfner (2023) have presented
the first 3D radiation-hydrodynamical simulations of dust-driven winds of AGBs,
exploring the interplay of convection, pulsation, atmospheric shocks, dust formation,
and wind acceleration. In these simulations, computed with the CO5BOLD code,
convection and pulsations emerge self-consistently and strong deviations from
spherical symmetry lead to a patchy stellar atmospheric structure. As a result, dust
grains can efficiently form closer to the star than spherical averages of the
temperature would indicate, in dense regions with enhanced grain growth rates. This
can lead to dust-driven outflows with low mass-loss rates in situations where 1D
models with the same stellar parameters do not produce winds. In contrast, for stars
where the overall conditions for dust formation and wind acceleration are favorable,
it is not obvious whether the resulting mass-loss rates will be higher or lower than

6 A star is classified as a C-star when carbon is more abundant than oxygen in its atmosphere. M-stars are
oxygen-rich and S-stars are an intermediate class, when C/O � 1.
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predicted by 1D models, as the increased efficiency of dust formation in high-density
clumps may be set off by a lower filling factor of these regions (Freytag and Höfner
2023). While these first exploratory 3D models are important to recover the complex
3D morphology and clumpy dust distribution observed in AGBs, they are time-
consuming to run and analyze.

For this reason, AGB dust yields have been generally computed assuming a
stationary, spherically symmetric wind (Ferrarotti and Gail 2006). This approxima-
tion is not fully consistent, as it decouples the properties of the wind from dust
growth that, as we have seen above, plays a major role in the wind dynamics.
However, at present, this simplified method is the only feasible way to couple dust
formation with stellar evolution calculations.

The first pioneering works by Ferrarotti and Gail (2006), Zhukovska et al. (2008),
Gail et al. (2009) were based on synthetic models to describe the properties of the
central star, and allowed to compute the dust yields for the three different
evolutionary phases of AGBs, when the stars appear spectroscopically as M-, S-, or
C-stars. In all these models, it is assumed that the grains grow on some kind of seed
nuclei, such as small TiO2 clusters, but the results are shown to be independent of the
adopted size and composition of these seeds. The grain growth rate is determined by

Fig. 13 The metallicity-dependent dust mass produced by individual AGBs according to the models by
Ferrarotti and Gail (2006), Zhukovska et al. (2008), Gail et al. (2009). The four panels represent the results
for the four main dust species: carbon (a), silicates (b), silicon carbide (c), and iron grains (d). Image
reproduced with permission from Zhukovska et al. (2008), copyright by ESO
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the slowest reaction, which generally involve the least abundant chemical element
(the key species). The evolution of grain size with time is determined by the
competition between grain growth and grain destruction by thermal evaporation and/
or chemical sputtering.

As a lower limit to the stellar mass spectrum, they consider 1M�, because the
mass loss rate in lower mass stars that reach the thermally pulsating AGB phase
(down to 0:8M�) is too small to significantly contribute to dust production. They
explore stellar initial masses up to 7M� and vary the initial stellar metallicity from
Z ¼ 0:001 (Z ¼ 0:07 Z�) to Z ¼ 0:02 (Z ¼ 1:4 Z�)7.

The grain properties depend on the elemental composition of the stellar
atmospheres, which change during stellar evolution. Particularly important are the
third dredge-up (TDU) episodes that follow each thermal pulse and that transport the
products of the He-burning shell to the stellar surface, transforming the original O-
star in a C-star.

However, stars more massive than 3–4 M� experience hot bottom burning
(HBB), i.e., proton-capture nucleosynthesis at the base of the outer envelope, that
favors the conversion of C to N by the CN-cycle and the reconversion of the C-rich
to an O-rich atmosphere.

Simple parametric formulae are used to describe TDU in the models by Ferrarotti
and Gail (2006), Zhukovska et al. (2008), Gail et al. (2009), where TDU parameters
depend on the initial stellar mass, metallicity, and on the number of pulses (Karakas
et al. 2002) and are fixed by comparing the model results to the observed distribution
of carbon stars in the Large Magellanic Cloud (LMC).

Similarly, HBB is also accounted for in a simplified way, assuming that it occurs
for all stars with masses above 4 M� as long as the envelope mass remains above a
critical metallicity-dependent limit. When this occurs, all the C and N nuclei are
immediately converted into their equilibrium abundance predicted by the CN-cycle.
Hence, the models do not account for partial conversion of C into 14N for stellar
masses at the lower mass limit for HBB, potentially overestimating the duration of
the M-stars phase (Ferrarotti and Gail 2006).

The resulting dust yields (the total dust mass released by individual AGBs) for a
finer metallicity grid have been presented by Zhukovska et al. (2008), Gail et al.
(2009) and are shown in Fig. 13. The four panels illustrate the predicted mass of the
four main dust species: carbon dust, silicate dust (that comprises forsterite, Mg2SiO4,
fayalite, Fe2SiO4, enstatite, MgSiO3, ferrosilite, FeSiO3, and quarz SiO2), iron dust,
and silicon carbide8.

The production of carbon dust is essentially limited to stars from the mass range
2M� �mstar � 4� 5M� that become C-rich during the TP-AGB phase. It is largely
independent of the initial stellar metallicity, although TDU becomes more efficient
with decreasing metallicity and even lower mass stars produce carbon dust (Gail
et al. 2009). Silicate dust is formed only by low-mass stars, with mstar � 2M�, that

7 Here, we have assumed a solar metallicity of Z�=0.0142 (Asplund et al. 2009).
8 Part of the data shown in Fig. 13 can be found as online material in Ferrarotti and Gail (2006).
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enter the instability strip before they become C-stars, and by stars suffering HBB,
mstar � 4� 5M�.

Silicate dust production depends strongly on metallicity, as the refractory elements
required for its formation (O, Si, Mg, Fe) are not synthesized by low- and
intermediate-mass stars and have to be present in the material from which the stars
formed. This requires a metallicity Z[ 0:1 Z� (Z[ 0:001). The production of
silicon carbide and iron grains requires even higher metallicity and is less efficient
than carbon or silicate dust production (Ferrarotti and Gail 2006; Zhukovska et al.
2008).

The results presented above are strongly dependent on the efficiency of TDU and
HBB, which in turn depend on the modeling of convection and on the complex
coupling between the outer region of the degenerate core and the inner region of the
external mantle during the TP-AGB phase.

Dust formation calculations based on improved models have been accomplished
independently by Nanni et al. (2013, 2014) and by Ventura et al. (2012b, 2012a); Di
Criscienzo et al. (2013); Dell’Agli et al. (2014, 2017, 2019b).

The models9 by Nanni et al. (2013, 2014) are based on a set of TP-AGB
evolutionary tracks with initial mass 1M� �mstar � 5� 6M� and metallicity
0:001 Z� � Z � 0:04 Z�, computed with the COLIBRI code (Marigo et al. 2013).
This integrates the stellar structure equations from the atmosphere down to the
bottom of the hydrogen-burning shell, using the characteristic quantities at the first
thermal pulse obtained from the PARSEC database of stellar models (Bressan et al.
2012). Compared to purely synthetic models, this approach allows to accurately
follow the changing envelope structure and the energetics and nucleosynthesis of
HBB. The models uses specific prescriptions for mass loss and TDU, whose
efficiencies are parametrized as a function of the current stellar mass and metallicity.
The models are then calibrated against observations of AGBs in the Galaxy (Nanni
et al. 2013) and in the Magellanic Clouds (Nanni et al. 2016, 2018).

Conversely, the models first presented by Ventura et al. (2012b, 2012a) and later
expanded to lower (Di Criscienzo et al. 2013; Dell’Agli et al. 2019b) and higher
(Dell’Agli et al. 2017; Ventura et al. 2018) initial stellar metallicity are based on the
ATON code (Ventura et al. 1998), which integrates the evolution of the stars from
their pre-main-sequence phase until the almost complete ejection of their external
mantle. This allows to compute the changes in the surface chemical composition due
to TDU or HBB in a self-consistent way, overcoming some of the limitations of
synthetic and semi-synthetic stellar models. Mass loss is computed as function of the
current stellar mass and luminosity using empirical prescriptions, with parameters
calibrated against observations (Ventura et al. 2012a).

The models are very similar for what concerns the wind description and dust
formation model, as both Nanni et al. (2013, 2014) and Ventura et al. (2012b, 2012a)
follow the method adopted by Ferrarotti and Gail (2006): a spherically symmetric
wind and a two-step dust formation scheme. Yet, Nanni et al. (2013) discuss two
alternative cases, named low condensation temperature (LCT) and high condensation

9 The total dust yields of TP-AGB stellar evolution models as a function of the stellar mass and metallicity
are available online at https://ambrananni085.wixsite.com/ambrananni/online-data-1.
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temperature (HCT) models, where different assumptions are made regarding the
regimes where silicate and carbon grains are allowed to grow. Here, we discuss only
their more recent data (Nanni et al. 2014, 2015), where the conditions for carbon dust
growth are the same as in Ferrarotti and Gail (2006) and Ventura et al. (2012b), but
silicates are allowed to form when Tdust\1400K, as if the only grain destruction
process were sublimation due to heating by the stellar radiation.10

A comparison between the AGB dust yields predicted by COLIBRI and ATON
models is shown in Figs. 14 and 15, where we also report the results obtained by
Zhukovska et al. (2008) for the same stellar initial metallicity. Some general trends
are common to all the models: carbon and SiC dust are mostly formed by lower mass
AGBs, while silicates are more efficiently formed by higher mass AGBs. In addition,
all the models show that the formation of silicates, SiC, and iron dust strongly
depends on metallicity. However, in some mass and metallicity ranges, the dust mass
released by individual AGBs can greatly vary between models. These variations can
be mostly ascribed to differences in the efficiency of TDU and HBB and in the
duration of the TP-AGB phase (Nanni et al. 2013; Ventura et al. 2014).

One peculiar feature of ATON models is the sharp transition from carbon dust to
silicate dust production that occurs around mstar � 3� 3:5M� (Ventura et al. 2012b).
Indeed, stars with lower masses never reach the conditions for HBB (the temperature
at the base of the convective envelope must become � 40 MK to activate advanced
proton-capture nucleosynthesis), independently of the convective model adopted.
However, the efficiency of TDU for stars with masses mstar � 3� 3:5M�, close to

Fig. 14 The mass of carbon (right panels) and silicates (left panels) produced by individual AGBs as a
function of their initial masses assuming an initial metallicity of Z ¼ 0:001 ðZ ¼ 0:07Z�Þ,
Z ¼ 0:008 ðZ ¼ 0:57Z�Þ, Z ¼ 0:014 ðZ ¼ Z�Þ. We compare the results of Zhukovska et al. (2008)
(gray solid lines), Nanni et al. (2014, 2015) (green dots and lines), and Ventura et al. (2012b, 2018) (red
squares and lines). In the bottom panels, the tracks from Zhukovska et al. (2008) and Nanni et al. (2015)
correspond to Z ¼ 0:02

10 In Ferrarotti and Gail (2006), dust species that can react with hydrogen molecules can be chemi-
sputtered and this process inhibits dust condensation unless Tdust\1000K.
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the limit for HBB, is very sensitive to the convection model adopted11 (Ventura et al.
2014). Figure 16 shows that this trend is maintained for all ATON models down to
Z ¼ 0:001 ð0:07 Z�). At lower metallicity, the dust production efficiency in stars with
mstar [ 2M� drops by more than 1 dex, because HBB prevents the formation of
carbon-type dust and their mass-loss rates and metallicity are too small to form
silicates. For Z ¼ 0:0003, higher mass models produce more dust, mostly in the form
of silicates, because they evolve at larger luminosities and experience larger mass
loss rates (Dell’Agli et al. 2019b).

One obvious implication of the above findings is that the contribution of AGBs to
dust enrichment in young (\300 Myr) starbursts is mostly limited to silicate dust
and starts to be significant when Z[ 0:07 Z�. On longer timescales, when
mstar � 3M� reach their TP-AGB phase, AGBs can contribute to carbon dust
enrichment, independently of the initial stellar metallicity.

3.2 Confronting models with observations

Theoretical models of AGB winds based on the PEDDRO scenario provide
information on the mass loss rate, wind velocity, and dynamical structure that can be
compared to observations. The agreement is generally good (see Figs. 15 and 18 in
Höfner and Olofsson 2018) for both C-stars (Eriksson et al. 2014) and M-stars
(Bladh et al. 2015, 2019). The comparison is limited by the number of models, that
often do not cover all the ranges of possible stellar parameters, and by the difficulty
in inferring the stellar parameters from the observations. With this in mind, the
comparison seems to suggest a scarcity of models with low outflow rates compared

Fig. 15 Same as Fig. 14 but for SiC and iron grains

11 All the ATON models are based on the full spectrum of turbulence and evolve at larger luminosities, on
more expanded configurations, in comparison with their counterparts calculated with the traditional mixing
length theory. This partially limits the efficiency of TDU for masses close to the limit for HBB (Ventura
et al. 2014).
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to the observations, pointing to possible deviations from the adopted spherical
symmetry or to clumpy gas and dust distributions in the atmospheres (Höfner and
Olofsson 2018).

Regarding specifically dust in AGB envelopes (and also in post-AGB envelopes,
which may provide a cleaner view of dust produced in the AGB phase), extensive
observations have been performed to characterize it at millimeter, infrared, and
optical wavelengths (e.g., Mauron and Huggins 2006; Buemi et al. 2007;
Groenewegen et al. 2011; Matsuura et al. 2013; Gottlieb et al. 2022; Velilla-Prieto
et al. 2023; Montargès et al. 2023). AGB dust formation models have been used to
interpret such observations in our Galaxy (Ventura et al. 2018; Tosi et al. 2023;
Dell’Agli et al. 2023), in the Magellanic Clouds (Dell’Agli et al. 2014, 2015b, a;
Nanni et al. 2016, 2018; Matsuura et al. 2013), and in Local dwarf galaxies
(Dell’Agli et al. 2016, 2018, 2019a). By running radiative transfer calculations on
time-dependent grids of AGBs, these studies allow to characterize individual sources
as well as to derive global information on the galaxies, such as the AGB dust
production rate (DPR) at the present time. Table 3 presents a summary of these
results, indicating—where possible—the sources that currently dominate dust
production and the observations used in the analysis.

Table 3 shows that current DPRs strongly depend on the galaxy properties,
particularly the total stellar mass and star formation history. Yet, for all the systems
considered so far, the current DPR of AGBs is found to be largely dominated by
carbon grains produced by mstar\3M� C-stars. Very likely, the contribution of
AGBs to silicate dust enrichment would be apparent in metal-rich young starbursts,
with stellar populations younger than 300 Myr.

It should be noted that a major limitation of the vast majority of the models is that
they assume spherical symmetry. Indeed, recent high-resolution millimeter and

Fig. 16 Total dust mass produced by individual AGBs as a function of the initial stellar mass predicted by
ATON models for varying initial metallicity, as indicated by the different colors in the legend on the right.
Squares and circles indicate models where the dominant dust species are, respectively, carbon and silicates.
The vertical line marks the transition between carbon and silicate dust production (adapted from Dell’Agli
et al. 2019b)
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optical observations of AGBs (Fig. 17) have revealed a very clumpy and
inhomogeneous structure of their dusty envelopes. Additionally, the distribution of
dust is found to be decoupled from the distribution of molecular gas (Montargès et al.
2023; Velilla-Prieto et al. 2023). These observations are a clear warning about the
suitability of simple, spherically symmetric models. Additionally, the same authors
report that the degree of polarization and its dependence on wavelength are different
for different AGBs in their sample, suggesting that both the dust chemical
composition and grain size distribution is different among different AGBs. This
could be an evolutionary effect and/or indicate a dependence on the metallicity and
mass of the progenitor, as expected by theoretical models.

Table 3 Total dust production rates (DPR) in [M�=yr] inferred by comparing AGB dust formation models
with observations of local galaxies. For each system, we also report the total stellar mass, metallicity,
current star formation rate (SFR) [M�=yr], the dominant dust species, the reference study, and the data
sample used. References for the observational samples: a: Gerbrandt et al. (2015); b: Boyer et al. (2015); c:
Jones et al. (2018); d: Sibbons et al. (2015); e: Meixner et al. (2006); f: Riebel et al. (2012); g: Jones et al.
(2017); h: Groenewegen and Sloan (2018); i: Gordon et al. (2011); l: Srinivasan et al. (2016)

Name Log
Mstar=M�

Z=Z� SFR DPR dominant species relevant data reference

Sextan A 6.6 0.07 0.006 6	 10�7 90% ½0:1� 0:2� lm
carbon

WHIRC/
WIYNc,
Spitzerb

Dell’Agli
et al.
(2019a)10%

½0:05� 0:07� lm
silicates

IC10 8.5 0.2 0.01 7	 10�6 � 0:15 lm carbon WFCAM/
UKIRTa,
Spitzerb

Dell’Agli
et al.
(2018)

IC1613 6.7 0.05 0.08 5	 10�5 80%
½0:003� 0:18� lm
carbon

WFCAM/
UKIRTd,
Spitzerb

Dell’Agli
et al.
(2016)

20%
½0:001� 0:08� lm
silicates

LMC 9.04 0.6 0.39 4:5	 10�5 85% ½0:05� 0:2� lm
carbon

Spitzere Dell’Agli
et al.
(2015b)15% 0:1lm silicates

LMC 9.04 0.6 0.39 1:77	 10�5 carbon Mixed
catalogsf ;g;h

Nanni et al.
(2019)

SMC 8.5 0.2 0.03 Spitzeri Dell’Agli
et al.
(2015a)

SMC 8.5 0.2 0.03 2:56	 10�6 Carbon Mixed
catalogh;l

Nanni et al.
(2019)

123

    2 Page 40 of 92 R. Schneider, R. Maiolino



4 Additional stellar sources of dust

4.1 Red super giants

Red Super Giants (RSGs) are the evolved, He-burning descendants of stars with
initial masses between about 12 and 30 M� (Levesque et al. 2006). Stars that are less
massive undergo second dredge-up and end their lives as asymptotic giant branch
(AGB) stars (Eldridge et al. 2007). Mass-loss rates increase with mass and stars that
are more massive suffer enough mass loss to remove their hydrogen envelopes and
become Wolf–Rayet stars.

Levesque et al. (2006) modeled the optical spectra of RSGs in the Milky Way
showing that many of these stars suffer extinction beyond that of their neighboring O
and B stars. They attribute this excess to dust extinction in the circumstellar shells of
these “smoky” stars, in the sense that when the surface temperature of a red
supergiant falls below about 5000 K, dust begins to condense out of the stellar wind
at a distance of around 5–10 rstar � 1000R� (Massey et al. 2009). This dust is
thought to be partially responsible for driving the stellar wind via radiation pressure,
and interferometry in the IR has demonstrated that for some RSGs, the dust is found
very close to the star itself (3–5 rstar), while in other cases, it is found at greater
distances, suggesting that the production of substantial amounts of dust is episodic in
nature, with timescales of a few decades (Danchi et al. 1994).

It might be expected that the amount of dust production would correlate with the
mass loss, which in turn correlates with the luminosity because this is responsible for
the stellar wind (van Loon et al. 2005). Massey et al. (2005) show that the RSG dust
production rate (indicated by the 12 lm excess) is well correlated with bolometric
luminosity

log
dmdust

dt
¼ �0:43Mbol � 12:0 ð5Þ

for Mbol\� 5, which roughly corresponds to masses [ 10M� and where the dust
production rate is measured in M�/yr. In Levesque et al. (2005), they used the

Fig. 17 Maps of degree of linear polarization (DoLP) at optical wavelengths in three AGBs. The red cross
shows the location of the star center, while the green and white dashed circles have radii 10 and 20 times
the stellar radius, respectively. Contours correspond to the 5r level of the DoLP in GY Aql and VX Sgr,
and to the 30r level in WAql. The maps illustrate the clumpiness and inhomogeneous distribution of dust
in the envelopes. Images reproduced with permission from Montargès et al. (2023), copyright by the
author(s)
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evolutionary tracks of Meynet and Maeder (2003) to estimate that the masses of
RSGs scale with luminosity as log ðmstar=M�Þ ¼ �0:50� 0:099Mbol, so they expect

log
dmdust

dt
¼ 4:3 log

mstar

M�
� 14:2 ð6Þ

for RSGs with masses 10\ðmstar=M�Þ\25. From the evolutionary models of
Meynet and Maeder (2003), they find that the RSG phase lasts 2 Myr (10 M�) to 0.4
Myr (25 M�), and they use the models to approximate

log tRSG ¼ 8:1� 1:8 log
mstar

M�
: ð7Þ

From the two above relations, one finds a scaling between the dust mass released by
an RSG and its stellar mass

log
mdust

M�
¼ 2:5 log

mstar

M�
� 6:1; ð8Þ

so that RSGs with masses 10\mstar=M�\25 release a dust mass in the range
�3:6� logmdust=M� � � 2:6 during their evolution. These figures are comparable
to the expected dust masses released by core-collapse SNe when accounting for
reverse shock destruction.

It is noteworthy that extra-intrinsic extinction close to the red supergiant
progenitors would give reduced luminosities and lower predicted masses, since mass
estimates are based on mass-luminosity relations. Walmswell and Eldridge (2012)
show that even using a crude spherically symmetric model, with no metallicity
variation, dust extinction and corrected mass determinations at the high-mass end
provide a solution to the so-called RSG problem, i.e., the apparent lack of RSG
progenitors with masses [ 17M� in the pre-explosion images of Type IIP SN
(Smartt 2009, 2015). Indeed, evidence for circumstellar extinction around
SN2017eaw progenitor star supports the conclusion that progenitor mass estimates
can be low if circumstellar extinction is not properly accounted for (Kilpatrick and
Foley 2018). By modeling the optical-to-mid IR SED in the 5 months before the
explosion, Kilpatrick and Foley (2018) show that the dust shell around SN2017eaw
was compact, with a radius of approximately 4000 R� (five times the photospheric
radius), and so, it is likely that this dust was vapourized within the first few days after
explosion. Hence, the question of whether such dust can survive the impact of high-
velocity ejecta from the subsequent supernova and thereby go on to enrich the dust
content of the host galaxy is an interesting one.

4.2 Wolf–Rayet stars

Stars with initial masses greater than 30 M� loose their hydrogen envelope and
become Wolf–Rayet (WR) stars. Their different emission spectra suggest that WR
stars experience three phases of evolution: the WN phase is characterized by
hydrogen burning in the core; the more evolved WC phase corresponds to helium
burning in the core, have no hydrogen left in their atmosphere, are rich in helium and
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carbon, and have a varying amount of oxygen. Those WCs with the most oxygen are
classified as WO stars.

Only WCs are known to produce dust, and even those may require a hydrogen-
rich OB binary companion for dust ejection (see Crowther 2003; Lau et al.
2020, 2021, 2022). Owing to the photospheric chemical composition, carbon-based
dust is expected to form (Cherchneff et al. 2000). The mixing of carbon-rich material
from the WC star plus hydrogen from the OB companion, together with efficient
shielding from their harsh ionizing fluxes via the shocked region of their colliding
winds most likely provides the necessary ingredients for dust nucleation and growth
to occur (Cherchneff et al. 2000; Crowther 2003). Indeed, Lau et al. (2020)
performed a dust spectral energy distribution analysis of 19 Galactic WC binaries,
revealing a broad range of dust production rates, _mdust ¼ 10�10 � 10�6 M�=yr, and
carbon dust condensation fractions between 0.002% and 40%, consistent with
predictions from theoretical models of dust formation in colliding-wind binaries.
Recent observations with JWST reveal the spatial and spectral signatures of over 17
carbon-rich nested circumstellar dust shells around the WR binary WR 140,
indicating their persistence in the luminous and hard radiation field of the central
binary system for at least 130 yr after the initial dust-formation event (Lau et al.
2022).

According to the evolutionary models of Meynet and Maeder (2003), WCs come
from stars with masses greater than 40 M�; the lifetime of the WC stage is
independent of mass, with tWC ¼ 0:2 Myr. The (total) mass-loss rates of WCs are
roughly independent of mass, and are about 10�5 M�/yr (Nugis and Lamers 2000).
Assuming a dust nucleation efficiency of fcond ¼ 1% (Dwek 1998), the dust mass
released by a WC star is expected to be

log
mdust

M�
¼ �1:7þ log

fcond
0:01

: ð9Þ

Similarly to RSGs, it is possible that a large fraction of this dust will be destroyed by
the explosion of the SN-Ib/c that ends the evolution of WR stars.

It is important to stress that for a standard stellar initial mass function, WC stars
are very rare, such that they are expected to be minor contributors to interstellar dust.
In addition, late-type WCs are known to be absent in low-metallicity galaxies (see
Massey 2003 and references therein), although Lau et al. (2021) show that efficient
dust-formation is feasible even at metallicities Z ’ 0:6 Z�, provided that the systems
host an O-type companion with a high mass-loss rate ( _mJ1:6	 10�6 M�=yr). In
more extreme environments (such as very metal-poor starbursts, or for most galaxies
at early times), RSGs could play a more prominent role compared to WR stars.

4.3 Classical Novae

Classical Novae (CNae) are transient events driven by runaway thermonuclear
reactions on the surfaces of accreting white dwarfs (WDs) in interacting binary
systems (see Starrfield et al. 2016 for a recent review). Observations of the outburst
show that a CN eject metal-enriched gas, and when the expanding gas has cooled to
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temperatures of 1500 K (50–200 days after the eruption), a dust condensation phase
starts, characterized by declining visual light and rising IR emission (Gehrz 1988).

Infrared observations have confirmed the formation of carbon, SiC and oxygen-
rich silicate grains (Starrfield et al. 2016 and references therein). The IR emission
continues to rise as the grains grow to a maximum radius of 0.2–0.55 lm within a
few hundred days after their condensation, and then falls as the mature grains are
dispersed by the outflow into the ISM (Gehrz et al. 1998). The rate of decline of the
IR radiation suggests that the grains begin to decrease in radius shortly after having
grown to their maximum size, consistent with the hypothesis that they could be
processed by evaporation or sputtering before eventually reaching the ISM. About
10�8 � 10�6M� of dust forms in each episode (see Table 5 in Gehrz et al. 1998).

The above results have been recently corroborated by Derdzinski et al. (2017),
who suggested that dust formation could occur in the cool dense shells behind shocks
caused by the interaction of the nova outflow with lower velocity mass ejected earlier
in the outburst. By applying classical nucleation theory and a thermodynamic
evolution model for the post-shock gas, they find that silicates and carbon grains can
form and grow to sizes � 0:1 lm, and total dust masses of 10�10 � 10�7 M�,
consistent with the observed ones.

Given these figures, CNe are unlikely to be a major contributor to interstellar
grains, although their rate is observed to be 35
 11 per year (possibly 50 per year) in
the Galaxy (Starrfield et al. 2016).

4.4 Type Ia supernovae

Despite extensive searches, no evidence for dust condensation in type Ia SNe (SNIa)
has been found to date. Spitzer and Herschel observations of type Ia SN remnants,
including Kepler and Tycho (Blair et al. 2007; Gomez et al. 2012; Williams et al.
2013), have provided no evidence for any dust associated with the ejecta, showing
that all the IR emission from these remnants come from pre-existing circumstellar
dust heated by the explosion blast wave. Explanations for the lack of newly formed
dust in type Ia SNe have been proposed, based on unfavorable physical conditions in
the ejecta and/or on the destructive effect caused by the reverse shock (Nozawa et al.
2011). Indeed, compared to core-collapse SNe, type Ia are characterized by a larger
expansion velocity of the ejecta (up to 104 km/s, one order of magnitude larger than
for Type-IIp SNe) that translates into lower gas density and less-efficient grain
condensation and growth. As a result, even if they form, grains have radii that never
exceed 0.01 lm (Nozawa et al. 2011). A larger abundance of 56Ni (0.6 M�)
compared to core-collapse SNe (about 0.06 M�) implies a larger flux of energetic
electrons and gamma photons produced during the radioactive decay, that can
prevent the formation of grain molecular precursors.

Despite these unfavorable conditions, theoretical models predict that, depending
on the efficiency of molecule formation and on the adopted sticking probability, a
mass of dust ranging between 3 10�4M� to 0.2 M� is able to form. While present
observational limits on type Ia SNe allow for the presence of � 0:03� 0:075M� of
silicate grains in the ejecta, carbon grain formation must be significantly smaller than
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predicted by some of the models, pointing to a larger suppression of C grain
condensation by energetic electrons and photons and/or that the outermost C–O
layers are almost fully burnt (Nozawa et al. 2011).

Finally, the effects of the reverse shock are expected to be more destructive for
SNIa than for type IIP SNe (see Sect. 2.3). Due to the lack of a hydrogen envelope,
the reverse shock can sweep up the dust formation region much earlier (\500 yr)
than in envelope-retaining SNe ([ 1000 yr). At such early times, the gas density in
the shocked ejecta is high enough that dust grains are efficiently decelerated and
eroded due to frequent collisions with the gaseous ions. In addition, the radii of
newly formed grains are small (0.01 lm), and they are quickly destroyed by thermal
sputtering without being injected into the ISM. As a result, if the circumstellar
medium density is larger than 0.1 cm�3, as suggested by the observed sizes of type Ia
SN remnants (Borkowski et al. 2006; Badenes et al. 2007), the dust mass decreases to
10�5M� in less than 1 Myr.

It is important to mention that the lack of dust formation in type Ia SN ejecta has
important implications for the origin of iron grains, as it implies that more than 65%
of iron is injected in the ISM in gaseous form (Dwek 2016). Yet, ultraviolet and X-
ray observations along many lines of sight in the ISM show that iron is strongly
depleted in the gas phase and that about 90% of the total iron mass must be locked up
in interstellar dust. These two evidences suggest that most of the missing iron must
have formed outside the traditional stellar condensation sources, likely through
accretion of ISM gas onto pre-existing silicate, carbon, or composite grains (Dwek
2016).

5 Relative importance of SNe and AGBs as dust polluters

If we restrict the analysis to the two main classes of stellar dust sources, SNe and
AGBs, estimating their relative importance in producing interstellar dust depends on
a number of factors: the adopted mass- and metallicity-dependent dust yields,
mdustðm; ZÞ, the stellar initial mass function (IMF), /ðmÞ, and the star formation
history, SFRðtÞ. Following Valiante et al. (2009), we can express the total mass of
dust released in the ISM by stars as:

MdðtÞ ¼
Z t

0
dt0

Z mup

msm

mdustðm; ZÞ/ðmÞ SFRðt0 � smÞ dm; ð10Þ

where msm is the mass of a star with lifetime sm which formed at time t0 � sm, and the
metallicity is computed at the stellar formation time, Z ¼ Zðt0 � smÞ. Adopting the
SN dust yields from Bianchi and Schneider (2007), with � 7% of the newly formed
dust surviving the passage of the reverse shock, and the AGB dust yields from
Ferrarotti and Gail (2006), Valiante et al. (2009) compute MdðtÞ assuming a Larson
IMF
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/ðmÞ ¼ dN

dm
¼ m�ðaþ1Þe�mch=m; ð11Þ

with a ¼ 1:35 and varying the characteristic mass mch from 0:35M� (equivalent to a
Salpeter-like or Kroupa-like IMF), to 10M� (equivalent to a top-heavy IMF). They
also explored the effect of changing the star formation history from a single burst to a
constant star formation rate, and adopted different (constant) stellar metallicities
(Z ¼ 0 and Z�). Using the mass- and metallicity-dependent stellar lifetimes from
Raiteri et al. (1996), they find that—at early times—dust production is dominated by
SNe as a consequence of the shorter lifetimes of their progenitor stars. AGB stars
start to produce dust after about 30 Myr (i.e., when a 8M� star evolves off the main
sequence to the AGB phase). When mch ¼ 0:35M�, the characteristic timescale at
which AGBs dominate dust production ranges between 150 and 500 Myr, depending
both on the assumed star formation history and on the initial stellar metallicity. This
conclusion is significantly affected by variations of the IMF: for a mch ¼ 5M�, dust
from AGB starts to dominate only on timescales larger than 1 Gyr, and SNe are
found to dominate dust evolution when mch � 10M�. Thus, variations of the stellar
IMF over cosmic history due to the smaller gas metallicity (see, e.g., Omukai et al.
2005; Schneider et al. 2012; Chon et al. 2021) and/or to the larger cosmic microwave
background temperature (see, e.g., Schneider and Omukai 2010; Chon et al. 2022)
might significantly affect the origin and properties of dust in the high-redshift Uni-
verse. Here, we revisit their analysis by exploring different combinations of SN dust
survival fractions and AGB dust yields.

5.1 Dependence on the adopted dust yields and stellar metallicity

We first explore in Fig. 18 the relative importance of SNe and AGBs when the stars
are formed according to a Salpeter IMF in the mass range ½0:1� 100�M�. We
consider two extreme star formation histories: in the left panels, the stars are formed
in a single burst at t ¼ 0, i.e., a single stellar population (SSP) model, and the time-
dependent dust mass released in the ISM, MdðtÞ, is normalized to the total stellar
mass formed in the burst, MH. In the right panels, the stars are continuously formed
with a constant SFR, and MdðtÞ is normalized to the constant value of SFR. As a
result, to compare the two models, we need to assume a specific value of MH and
time, tH, and multiply the SSP model by MH, and the constant SF model by MH=tH.

The different colors represent different sets of SN and AGB dust yields, with the
shaded regions reflecting variations in the adopted initial metallicity in the range
½10�4 � 1� Z�. In general, the dust mass released by a star is expected to depend on
the initial stellar metallicity. However, the extent of this dependence varies among
models. For SN dust yields, the Bianchi and Schneider (2007) models predict a
moderate dependence, with solar metallicity stars producing, on average, � 30%
more dust than stars with initial metallicity of 10�4Z� (see the orange shaded region).
The metallicity dependence is found to be more significant in the SN dust yields
computed by Marassi et al. (2019), partly also as a consequence of the different grid
of SN models adopted. Due to the reduced amount of mass lost in stellar winds,
J30M� stars with initial metallicity .10�2Z� experience a strong fallback or fail to
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explode; as a result, their dust (and metal) production is negligible, compared to more
metal-rich stars of comparable mass (see Marassi et al. 2019 for more details).
Similar considerations apply to AGB dust yields: the metallicity dependence of dust
yields depends on the adopted model (see also Sect. 3.1). For ATON yields, J3M�
stars—which experience HBB and do not produce carbon dust—produce a dust mass
that decreases by almost 2 dex when their initial metallicity decreases from solar to
’ 10�2Z� (see Fig. 16). The metallicity dependence of stellar dust yields is also
reflected in the dust composition, as it will be discussed in Sect. 5.3.

The top and bottom panels show, respectively, the results of SN dust production
with no/with the effects of the reverse shock destruction, assuming a circumstellar
medium density of nISM ¼ 0:6 cm�3 (see Table 1). In the first 3–5 Myr of evolution,
no dust is released in the ISM, until the most massive SN progenitors explode; SNe
dominate dust production for the first 35–50 Myr of the evolution, until the most
massive AGBs (.8M�) start to contribute (see the first vertical dotted line at t ¼ 35
Myr). On longer timescales, the relative importance of AGBs and SNe depend on a
number of factors: the degree of dust destruction by the reverse shock, the adopted
set of yields, and the initial metallicity of the stars. Assuming no reverse shock

Fig. 18 Relative importance of SNe and AGBs as stellar sources of dust, assuming that stars form
according to a Salpeter IMF in the mass range ½0:1� 100�M� when all stars form in a single burst (SSP at
t ¼ 0, left panels), and when stars form continuously with a constant SFR (right panels, see text). Different
colors indicate different sets of SN and AGB dust yields: SN dust yields are from Bianchi and Schneider
(2007) (orange, BS07), non-rotating models from Marassi et al. (2019) (cyan, M19), and the empirical SN
dust yield inferred by Galliano et al. (2021) from a detailed analysis of a sample of local galaxies (black,
G21, see Sect. 8); AGB dust yields are from Zhukovska et al. (2008) (gray, ZG08), the COLIBRI model
(green, N15), and the ATON model (red, ATON). For theoretical dust yields, the shaded regions encompass
variations in the initial stellar metallicity in the range ½10�4 � 1�Z� (as a reference, the dashed dark red line
shows the ATON prediction for a stellar metallicity of Z ¼ 0:1Z�). Top and bottom panels show the results
of SN dust yield with no/with reverse shock destruction, adopting a circumstellar medium density of
nISM ¼ 0:6 cm�3 (see Table 1). The two vertical dotted lines mark the lifetimes of a 8M� (35 Myr) and a
3M� (300 Myr) star, which correspond, respectively, to the maximum mass of AGBs, and the transition
mass from carbon (� 3M�) to silicate ([ 3M�) dust production (see Sect. 3.1). Independent of the
adopted star formation history, supernovae dominate dust production in the first 35–50 Myr of the
evolution, and the fractional contribution of AGBs depends on the strength of SN reverse shock
destruction, on the adopted set of yields, on the initial stellar metallicity, and SF history (see text)

123

The formation and cosmic evolution of dust... Page 47 of 92     2 



destruction, the fractional contribution of AGBs is always less than 10%, while it
grows to 30–40% (’ 14 %) at t ¼ 300 Myr (corresponding to the lifetime of a 3M�
star, see the second vertical dotted line in Fig. 18), and to 40–70% (’ 40%) at
t ¼ 1:5 Gyr for an SSP model (continuous SFR model) when SN dust destruction by
the reverse shock is taken into account. The range of fractional contribution reflects
the variation of the dust yields with initial stellar metallicity, and we have taken the
maximum spread among the different dust yields shown in Fig. 18 (ATON models
and M19 SN dust yields). The solid black lines in the two panels indicate the
empirical SN dust yield inferred by Galliano et al. (2021) from a detailed analysis of
a sample of local galaxies (see Sect. 8 for more details). This empirical value
provides an estimate of the effective SN dust yield, and appears to be consistent with
the theoretical predictions, when the effect of the reverse shock is accounted for.

5.2 Dependence on the stellar IMF

In Fig. 19, we further explore how the relative importance of SNe and AGBs depend
on the adopted stellar IMF. Following Valiante et al. (2009), we consider a Larson
IMF (see Eq. (11)) in the mass range ½0:1� 100�M� and we vary the characteristic
stellar mass, assuming mch ¼ 5M� (left panels), and mch ¼ 10M� (right panels),
adopting an SSP model; hence, the results can be compared with the left panels of
Fig. 18 which are indicative of a Larson IMF with mch ¼ 0:35M�. Compared to this
reference case, increasing the characteristic mass of the IMF leads to an increase of
the SN dust yield by a factor ’4–6; compared to the reference Salpeter IMF model,

Fig. 19 Relative importance of SN and AGBs for dust production, assuming that all stars are formed in a
single burst at t ¼ 0 according to a Larson IMF in the mass range ½0:1� 100�M� with mch ¼ 5M� (left
panels) and mch ¼ 10M� (right panels). Top and bottom panels show SN dust production with no/with the
effects of the reverse shock, respectively. Colored shaded regions and lines have the same meaning as in
Fig. 18. Compared to the Salpeter IMF, adopting a top-heavy IMF leads to an increase of the SN dust yield
by a factor 4–6, and the fractional contribution of AGB dust yields is always � 16%, adopting the
maximum spread among the different dust yields (ATON models and M19 SN dust yields)
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the AGB dust yields increase by a factor ’ 1:6 when mch ¼ 5M�, and decrease by a
factor ’ 2 when mch ¼ 10M�. The fractional contribution of AGB dust yields is
always � 16%, adopting the maximum spread among the different dust yields
(ATON models and M19 SN dust yields).

5.3 Effects on dust composition

The relative importance of SNe and AGBs for silicate (left panels) and carbon (right
panels) dust production is shown in Fig. 20, for an SSP model where all stars are
formed according to a Salpeter IMF in the mass range ½0:1� 100�M�. Similarly to
Figs. 18 and 19, top and bottom panels show SN dust production with no/with the
effect of the reverse shock, with colored shaded regions representing different sets of
SN and AGB dust yields, adopting an initial metallicity of progenitor stars in the
range ½10�4 � 1� Z�. The figure shows that silicate dust enrichment is very sensitive
to the initial metallicity of the stars, as illustrated by the large extent of the shaded
regions, both for SNe (particularly, when the effect of the reverse shock is
considered), and for AGBs (particularly when considering ATON dust yields). Also,
the degree of silicate dust destruction by the reverse shock strongly depends on the
adopted SN dust yields: the surviving silicate dust mass fraction is only ’ 2% for the
SN dust yields by Bianchi and Schneider (2007), ’ 16% for the non-rotating SN
models by Marassi et al. (2019), and ’ 80% for the least massive rotating SN models
with Z ’ Z� by Marassi et al. (2019). Conversely, carbon dust production is less
sensitive to the initial metallicity of the star, but depends on the adopted dust yields:
as anticipated in Sect. 3.1, ATON models predict a sharp transition from silicate dust
production (for initial stellar masses [ 3M�) to carbon dust production (for initial
stellar masses � 3M�), which can start only on timescales longer than ’ 300 Myr.
Hence, we expect SNe to dominate carbon dust production in young galaxies, where
most of the stars have ages t\300 Myr. The recent detection with JWST of the 2175
Å absorption feature, which is attributed to carbonaceous dust grains (specifically
polycyclic aromatic hydrocarbons, PAHs, or nano-sized graphitic grains), in the
spectrum of a galaxy at z ¼ 6:71 by Witstok et al. (2023), is a strong indication of
rapid carbon dust production, likely by Wolf–Rayet (WR) stars or by SNe.

5.4 Relevance of stellar sources of dust at z > 4

A summary of the typical dust enrichment timescales for some of the dust production
mechanisms discussed in the previous sections is shown in Fig. 1. To provide an
indication of their relative importance—given the time constraints at z[ 4—we also
represent with vertical dotted lines some reference values of the Hubble time at
4� z� 18 (adopting a standard KCDM cosmology with XM ¼ 0:3, XK ¼ 0:7, and
h ¼ 0:67). These are compared with the dust enrichment timescales of stars that are
formed in a single burst at zform ¼ 20 (tage ¼ 0) according to a Salpeter IMF with
masses in the range ½0:1� 100�M�. On the vertical axis, we show the time-
dependent cosmic dust yield, i.e., the dust mass released in the ISM (computed from
Eq. (10)) normalized to the total stellar mass formed (similar to the left panels in
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Figs. 18 and 20). The dark (light) blue-shaded regions illustrate the contribution of
core-collapse SNe, adopting the yields for non-rotating stellar progenitors with initial
mass in the range ½13� 120�M� from Marassi et al. (2019; see the cyan squares in
Fig. 3) spanning an initial progenitor metallicity in the range 0:1\Z=Z�\1
(0:01\Z=Z�\0:1). For the same yields and the same metallicity ranges, the cyan-
shaded regions illustrate the effects of the partial dust destruction due to the reverse
shock (indicated as SN rev. sh. in the legend), adopting a constant circumstellar
medium density of nISM ¼ 0:6 cm�3 (see Sect. 2.3 and Table 1). The figure shows
that SNe provide a prompt enrichment channel, which is capable of enriching the
ISM of galaxies already at z ’ 18. The degree of dust enrichment can be as big as
Md=MH ’ 10�2:5 or as small as Md=MH ’ 10�4:8, depending mostly on the effects
of the reverse shock and on the initial metallicity of the stars. SNe provide the
dominant contribution to early dust enrichment in the first few tens of Myr, compared
to WRs and RSGs (shown as the green dashed and red solid lines in Fig. 1). These
two contributions have been computed adopting the corresponding yields presented
in Sects. 4.1–4.2. In particular, we assume that stars with initial masses � 40M�
become WRs and contribute to dust enrichment as described by Eq. (9), while stars
with initial mass in the range 10–25 M� become RSGs and contribute to dust
enrichment as described by Eq. (8). Finally, the dark (light) yellow-shaded regions

Fig. 20 Silicate (left panels) and carbon (right panels) dust production for an SSP formed at t ¼ 0 with
initial metallicity in the range ½10�4 � 1�Z�. All stars are assumed to form according to a Salpeter IMF in
the mass range ½0:1� 100�M�, with different colored shaded regions representing specific sets of SN and
AGB dust yields, following the same color coding as in Figs. 18 and 19, with—in addition—the set of dust
yields for rotating SN models by Marassi et al. (2019) (dark turquoise, M19-rot). As expected, the
contribution of AGBs to silicate dust production (that comprises Mg2SiO4, Fe2SiO4, MgSiO3, FeSiO3, and
SiO2) strongly depends on the initial metallicity of the stars and on the adopted dust yields, but starts
already on timescales t[ 35� 50 Myr (see the dashed dark red line, which shows the contribution of
AGBs with initial metallicity Z ¼ 0:1Z� predicted by the ATON model); conversely, the contribution of
AGBs to carbon dust production starts only on timescales J300 Myr, as it requires .3M� stars to reach
the AGB stage
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illustrate the contribution of AGBs with initial progenitor metallicity in the range
0:1\Z=Z�\1 (0:01\Z=Z�\0:1). Here, we have adopted the yields from the
ATON model for stars with initial mass in the range ½1� 8�M� from Ventura et al.
(2012b, 2018); Dell’Agli et al. (2019b). It is clear that the most massive AGBs start
to contribute already after 35 Myr since the onset of star formation, but their dust
yield is very sensitive to the initial metallicity of the stars: at z ’ 10 (300 Myr since
the onset of star formation at zform ¼ 20), the AGBs’ contribution can be as large as
10�4:6.Md=MH.10�3:8 for stars with initial metallicity in the range 0:1\Z=Z�\1,
but can drop down to Md=MH ’ 10�5:6 for stars with initial metallicity ’ 0:01Z�.

Hence, at early cosmic times, the contribution of AGBs cannot be neglected,
particularly if the stars have metallicities Z[ 0:01Z�. However SNe appear to
dominate early dust production, in most of the cases, unless the effect of the reverse
shock is very significant. This is even more so if at early cosmic times, the stellar
IMF deviates from the Salpeter law, becoming progressively more top-heavy (biased
toward larger stellar masses), as suggested by semi-analytical models (Omukai et al.
2005; Schneider and Omukai 2010), high-resolution hydrodynamical simulations
(Chon et al. 2021, 2022), or empirical models (Jermyn et al. 2018; Steinhardt et al.
2022).

6 Alternative models: smoking quasar

So far, we have discussed stellar sources of dust, which are generally considered the
primary factories of dust. However, Elvis et al. (2002) first pointed out that gas in the
circumnuclear region of accreting super-massive black holes, aka Active Galactic
Nuclei (AGN), can also have the physical conditions adequate for the formation of
dust. Indeed, at least those AGN accreting at substantial rate relative to the Eddington
limit ( _MBH [ 0:01 _MEdd), are surrounded by very dense (n� 1011 cm�3, i.e.,
approaching the densities of stellar atmospheres), ionized clouds, which emit a
large number of recombination and collisionally excited nebular lines. These clouds
are located within the central parsec and are characterized by large velocities (a few
percent of the speed of light), causing their nebular emission lines to be highly
Doppler-broadened, which has resulted in this region being dubbed “Broad Line
Region” (BLR). The temperature of the gas in this region (� 2	 104 K) is too high
for the formation of dust. However, there are various indications that at least a
fraction of the BLR clouds are in outflow (e.g., Elvis 2000; Elitzur et al. 2014;
Kollatschny and Zetzl 2013; Matthews et al. 2020). Elvis et al. (2002) pointed out
that—during their outward trajectory, at a few pc from the BH—the clouds cool
down, because of both adiabatic expansion and reduction of the radiation flux from
the accretion disk, while maintaining relatively high densities. Therefore, such
outflowing clouds are expected to experience a phase in which temperature and
density are adequate for the nucleation of dust grains, and far enough from the AGN
not to be destroyed by its intense radiation field. The outflow velocities are large
enough to escape the central region, so they can enrich with dust the ISM of the host
galaxy and, potentially, even its intergalactic medium (IGM). Elvis et al. (2002)
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estimate that the most powerful AGN (quasars), with luminosities of about
1046 erg s�1, could produce dust at a rate of � 0:01M� yr�1.

As we will discuss in the second part of this review, such large production rate can
potentially be a rapid channel of dust formation rate in the early Universe, and could
explain some of the dust in distant galaxies, especially quasar host galaxies, which
have been observed to harbor large masses of dust (e.g., Bertoldi et al. 2003;
Venemans et al. 2018; Fan et al. 2023; Wang et al. 2008; Bañados et al. 2018; Wang
et al. 2021). In particular, Maiolino et al. (2006) already pointed out that this channel
of dust production could potentially explain most of the dust observed in some
distant quasars. However, Pipino et al. (2011) integrated the quasar dust formation
scenario by Elvis et al. (2002) into a more comprehensive model of dust evolution in
massive galaxies, finding that dust produced in quasar winds contributes little to the
global dust budget, and can play a significant role only in the central region of
galaxies.

More recently, Sarangi et al. (2019) explored this scenario via a more detailed
magneto-hydrodynamical modeling of quasar-driven winds. They confirmed that in a
significant fraction of such winds, the outflowing gas clouds reach temperatures and
densities adequate for the nucleation of dust (see Fig. 21). Most of the dust formed in
these winds is expected not to sublimate and to experience significant growth. As a
consequence, they predict a significant fraction of the quasar-driven wind (especially
toward the equatorial directions) to be heavily dust-loaded, possibly having most of
the metals locked into dust. They suggest that the “dusty torus” envisaged by the
unified model of AGNs, and observed by interferometric IR observations (Raban
et al. 2009; Burtscher et al. 2013; Tristram et al. 2014), could actually be a dynamic
structure resulting from dust formation and growth in such quasar-driven winds, in
agreement with previous suggestions on the nature of this nuclear structure (Elitzur
and Shlosman 2006; Nenkova et al. 2008). From their model, they derive an
analytical expression for the dust production rate in quasar-driven winds, given by

Fig. 21 Some of the gas and dust in the quasar-driven wind model presented by Sarangi et al. (2019), on
radial–azimuthal diagrams relative to the accretion disk. Left panel: gas temperature, where the yellow line
indicates the temperature below which dust nucleation can happen (� 4000 K). Central panel: dust
temperature distribution, where the brown line indicates the temperature (� 2000 K) below which dust
can survive against sublimation. Right panel: density of dust grains, limited to the region where dust can
survive. The black and white lines are the magnetic field lines. Images reproduced with permission from
Sarangi et al. (2019), copyright by AAS
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_Md ’ 3:5 _m2:25 M8 M�yr�1; ð12Þ

where _m ¼ _MBH= _MEdd is the accretion rate in units of the Eddington limit, and M8 is
the black hole mass in units of 108 M�. They, however, clarify that, because of the
various assumptions, the expression above is likely an upper limit on the dust pro-
duction rate. It is also important to note that their model predicts that most of the dust
formed in these winds is in the form of silicate dust (in agreement with observational
results indicating that a large fraction of the nuclear dust is made of silicates), as a
consequence of the nuclear region being oxygen rich.

We shall note that, in contrast to stellar sources of dust, this alternative scenario
requires the nuclear ISM to be pre-enriched. Therefore, the actual timescales for dust
production have to be convolved with the timescales for production of the refractory
elements. With this caveat in mind, in Fig. 22, we attempt to quantify the expected
dust mass formed by smoking quasars, using Eq. 12 and different BH evolutionary
scenarios. The bottom panel shows the redshift evolution of the BH mass, assuming

Fig. 22 Expected time evolution of the dust mass formed in quasar winds, assuming the dust production
rate estimated by Sarangi et al. (2019) and reported in Eq. (12). Bottom panel: adopted BH evolutionary
tracks. The light (dark) green lines represent the evolution of BHs formed from light (heavy) BH seeds at
z ¼ 20 (15), and accreting continuously at their Eddington rates (solid lines) or at 0.3 of their Eddington
rates (dashed lines). Top panel: for each evolutionary track, the redshift dependent dust mass formed in the
winds is computed integrating Eq. (12) and is normalized to the final BH mass at z ¼ 6. Note that this
should be interpreted as an upper limit to the dust mass produced in the wind, as it implicitly relies on the
assumption of a pre-enriched outflowing gas. Hence, the actual timescales for dust production have to be
convolved with the timescales for production of the refractory elements by stars in the quasar host galaxy.
The vertical dotted lines in both panels mark the adopted formation redshift of heavy BH seeds
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that that BH forms from a light seed with 100M� at z ¼ 20 (light green) or from a
heavy BH seed with 105M� at z ¼ 15 (dark green), and then grows continuously
with _m ¼ 1 (solid lines) or 0.3 (dashed lines)12. For each of these evolutionary tracks,
the top panel shows the corresponding dust mass formed in the winds, normalized to
the final BH mass at z ¼ 6, showing that quasar winds can lead to dust masses up to
Md=MBH.0:2� 1.

While more realistic models for the cosmological evolution of nuclear BHs and
their host galaxies are required to better assess the relative contribution of quasar
winds and stellar sources to ISM dust enrichment (Valiante et al. 2012, 2014), we can
provide an approximate estimate assuming a system with MBH=MH ’ 0:01� 0:1 at
z ’ 6, as suggested by observations of high-redshift quasars (Fan et al. 2023) and
AGNs, including recent JWST observations (see, e.g., Maiolino et al. 2023 and
references therein). Adopting an indicative value of the dust-to-stellar mass
contributed by stellar sources of Md=MH ’ 10�3 (in the range of what predicted
for a Salpeter IMF, see, e.g., Fig. 18), we find that the dust mass formed in quasar
wind can be comparable to the dust mass released by stellar sources if
Md=MBH ’ 0:01� 0:1, an efficiency that is well within the upper limits derived
above and shown in Fig. 22.

7 Dust reprocessing in the ISM

Once injected in the ISM, dust grains produced by stellar sources are expected to
experience significant reprocessing as they travel in the different phases of the ISM.

Some grains will be removed from the ISM if they are in star-forming regions and
will be incorporated in newly formed stars, a process generally known as astration.
Grains that are in the warm and hot ISM phase can undergo thermal and kinetic
sputtering when hit by SN shocks, or can be sublimated. This leads to a modification
of the size distribution of ISM grains and to a reduction of the ISM dust mass. In
regions exposed to intense radiation fields, photo-destruction of small grains can
occur.

Other processes can increase the ISM dust mass. In the cold neutral medium of the
ISM, grain growth by accretion of gas-phase elements, a process also referred to as
depletion of condensible elements from the gas, can lead to an increase in dust mass
as well as to a modification of the grain size distribution.

Finally, there are other processes which do not lead to a change in the total ISM
dust mass, but which alter the grain size distribution, such as grain shattering and
fragmentation by grain–grain collisions in low-velocity shocks, grain coagulation, or
which lead to structural modifications such as impact with high energy photons or
cosmic rays.

Some of these processes depend on the structural properties of the grains
(composition, size, and grain structure), and their relative importance is also tightly

12 The adopted BH evolutionary tracks are meant to be indicative of possible evolutionary scenarios which
lead to the formation of super-massive black holes powering the observed Active Galactic Nuclei (AGNs)
and quasars at z ’ 6. See Inayoshi et al. (2020) and Volonteri et al. (2021) for recent reviews on early BH
formation and growth.
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dependent on the nature of the environment where they reside, i.e., on the ISM
properties of the host galaxy. Hence, a detailed discussion of these processes is
beyond the scope of the present review, and we refer the interested readers to Draine
(2009), Hirashita (2013), and Galliano et al. (2018) for more information on their
theoretical descriptions and observational evidences.

Our purpose here is to provide a synthetic summary of how some of these
processes have been incorporated into galaxy evolution models, and how observa-
tions of local galaxies have recently provided important clues on their relative
importance. This may serve as a valuable support when interpreting the properties of
high-redshift galaxies.

7.1 Destruction by interstellar shocks

The expanding shock waves generated by SN explosions provide the dominant
destruction process of pre-existing ISM dust grains, through thermal and kinetic
sputtering, aided by shattering due to grain–grain collisions (see, e.g., Jones et al.
1996). Similarly to what has been discussed in Sect. 2.3, the results of different
studies depend on the physical processes implemented, on the treatment of the
shocks (steady-state shock or time-dependent hydrodynamical description in 1 or
3D), on the adopted initial grain size distribution and composition. A summary of
some of the existing estimates of dust survival fractions can be found in Table 2 of
Micelotta et al. (2018). Here, we briefly summarize a few recent results obtained by
Bocchio et al. (2014), Slavin et al. (2015), Hu et al. (2019), Martínez-González et al.
(2019), Kirchschlager et al. (2023).

Bocchio et al. (2014) adopted the grain model by Jones et al. (2013) to re-evaluate
dust processing by steady-state shocks with velocities vsh ¼ 50� 200 km/s,
propagating in a homogeneous ambient medium with density n0 ¼ 0:25 cm�3. The
results of their study are summarized in Fig. 23, where the pre-shock (solid lines) and
post-shock (histograms) grain size distributions of carbonaceous (blue) and silicate
(orange) grains are compared for increasing shock velocities (from left to right). The
smallest carbonaceous grains start to be destroyed already by a shock with velocity
50 km/s, and are completely destroyed when vsh � 175 km/s. Silicate grains are
more resistant, and their size distribution is affected by grain destruction and
fragmentation when vsh � 100 km/s. The following expressions provide a good fit to
their estimated carbonaceous and silicate grains destruction efficiencies as a function
of the shock velocity (Bocchio et al. 2014):

�carbðvs7Þ ¼
0:66þ 0:23 vs7 for 0:5\vs7 � 1:5

1 for 1:5\vs7 � 2

�

�silðvs7Þ ¼
0:61 vs7 � 0:31 for 0:5\vs7 � 1:25

0:11þ 0:28 vs7 for 1:25\vs7 � 2;

�

where vs7 is the shock velocity in units of 100 km/s. When vs7 ¼ 1, this implies that
�carb ¼ 0:89 and �sil ¼ 0:30.

This result can be compared with the values of �carb ¼ 0:10 and �sil ¼ 0:23 that are
found by Slavin et al. (2015) by running 1D hydrodynamical simulations of SNR
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evolution to follow dust destruction beyond the point at which the remnant becomes
radiative, where the plane parallel, steady-state shock approximation breaks down.
This is because during the late-stage remnant phase, relatively slow shocks still
destroy dust. In addition, they sweep up increasing volumes of the ISM, such that
even with a low efficiency of grain destruction, slow shocks can be important for the
overall grain destruction in the ISM (Slavin et al. 2015). However, the difference in
the dust destruction efficiency, particularly of carbonaceous grains, compared to
Bocchio et al. (2014), is due to the initial grain properties adopted by Slavin et al.
(2015), who start from an MRN distribution (dn=da / a�3:5 with 5 nm � a� 250
nm, Mathis et al. 1977) for both silicates and carbonaceous grains, with a
significantly smaller fraction of dust mass in very small carbon grains, compared to
Bocchio et al. (2014). For silicate grains following the same initial size distribution,
Kirchschlager et al. (2022) find that grain–grain collisions are very important and can
significantly increase the dust destruction rates, compared to runs when only
sputtering is considered. They evolve the SNR by running 3D hydrodynamical
simulations and find that �sil ¼ 0:3 ð0:2Þ when the blast wave expands in a
homogeneous ambient medium with density n0 ¼ 0:1 (1) cm�3.

The dust destruction efficiencies can be used to evaluate the dust destruction
timescale, sdest, also known as the lifetime of dust against destruction by SN shocks
(Dwek and Scalo 1980)

1

sdest
¼ RSN mdest

gas

MISM
; ð13Þ

where RSN is the rate of SN explosions, MISM is the total mass of the ISM, and mdest
gas

is the ISM mass that is completely cleared out of dust by a single SN explosion. This
can be written as

mdest
gas ¼

Z
�ðvsÞ dMsðvsÞ; ð14Þ

whereMsðvsÞ is the mass of the ISM shocked to a velocity of at least vs. For a Sedov–

Fig. 23 Comparison between the pre-shock (solid lines) and post-shock (histograms) size distributions of
carbonaceous (blue) and silicate (orange) grains found by Bocchio et al. (2014) assuming different shock
velocities (vsh = 50, 100, 150, and 175 km/s, going from left to right), and an initial grain model from Jones
et al. (2013). The 200 km/s post-shock size distribution is almost identical to the case of a 175 km/s shock.
Image adapted from Bocchio et al. (2014)
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Taylor blastwave expanding in a uniform medium, this can be expressed as (McKee
1989)

MsðvsÞ ¼ ESN

rv2s
¼ 6800M�

E51

v2s7
; ð15Þ

where E51 is the SN explosion energy in units of 1051 erg, and r ¼ 0:736 (Ostriker
and McKee 1988).

The results of different studies, particularly those based on hydrodynamical
simulations, are sometimes compared in terms of mdest

gas . These generally depend on

the adopted SN explosion energy, ISM density, initial grain size distribution, as well
as on the physical processes implemented in the simulations and the total integration
time. Table 4 reports a compilation of recent results.

Using 3D hydrodynamical simulations, Hu et al. (2019) quantify the amount of
ambient dust destroyed by thermal and non-thermal sputtering by a single SN
explosion exploring a broad range of ambient densities. In Table 4, we only report
their result for nISM ¼ 0:1 and 1 cm�3, which appear in very good agreement with
Slavin et al. (2015), although both of these studies predict smaller mgas

des compared to
Kirchschlager et al. (2022), which also include the effect of grain-grain collisions.
Note also that Kirchschlager et al. (2022) adopts a larger SN explosion energy and
ambient gas density compared to Slavin et al. (2015), and follow the evolution on a
longer timescale. Martínez-González et al. (2019) explore dust destruction when the
SN blast wave expands in the tenuous medium excavated by a pre-existing stellar
wind, terminating with a wind-driven shell. If the mass of the wind-driven shell
(WDS) is J40 the mass of the SN ejecta, the SN forward shock is unable to overrun
the WDS, and the ambient ISM medium ahead of the WDS remains unaffected. This
significantly decreases the dust destruction efficiencies, as shown in Table 4. It is
important to note, however, that even when the explosion takes place in a
homogeneous medium, their estimated mgas

des for a mixture of silicate and carbon
grains is significantly smaller compared to other studies, due to the shorter timescale
at which mgas

des is evaluated (6.1 kyr, compared to � 102 � 103 kyr, see
Kirchschlager et al. 2022).

The above studies allow to estimate dust destruction when a single SNR interacts
with its homogeneous environment. However, in a multi-phase ISM, the effects of
the interaction between the SNR and the ISM will be different if dust resides in cold
clouds, in the warm medium, or in the hot phase (McKee 1989). In addition, the
temporal and spatial correlation of SN explosions needs to be taken into account, as
SNe exploding in superbubbles or above the galactic disk will not be effective at
destroying dust (McKee 1989; Dwek and Scalo 1980). To account for these effects,
Eq. (13) is generally modified as

1

sdest
¼ RSN;eff mdest

gas;eff

MISM
; ð16Þ

where RSN;eff ¼ dSNRSN is the effective SN rate, and mgas;eff
dest ¼ feffmdest

gas , where the

parameter feff accounts for themulti-phase structure of the ISM. FollowingMcKee (1989),
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in a three-phase ISMmodel, thefilling factor of the hot,warm, and cold phases are fh � 0:7,
fw � 0:3, fc � 0:02, respectively. Since the density of the hot phase is too low for any dust
destruction to occur, and the filling factor of cold clouds is very small, the dominant
contribution comes from thewarmphase, and feff ¼ fw=fh � 0:4313.However, if the ISMis
instead dominated by the warm phase (fw [ [ fh), and the part of the shock front that
propagates into the hot gas does not destroy any dust, then feff ¼ fw, with fw.0:8 (Slavin
et al. 2015).Using observations in our owngalaxy, the correction factor for the SNeffective
rate has been estimated by McKee (1989) to be dSN � 0:36. A very similar value,
dSN � 0:4, has been found by Hu et al. (2019) by investigating dust sputtering in a multi-
phase ISM that resembles the solar-neighbourhood environment, where SNe are injected
stochastically into the ISM.

Assuming RSN;eff ¼ 1=125 yr�1, and MISM ¼ 4:5	 109 M�, one of the two ISM
models incorporated in feff , and mdest

gas from Table 4, it is possible to estimate the dust

destruction timescales in the Milky Way predicted by different studies. The results
are shown in Fig. 24.

Table 4 Compilation of carbon and silicate dust destruction efficiencies obtained by different studies

Reference carb mdest
gas ½M�� sil mdest

gas ½M�� Notes

Bocchio et al. (2014) 21100 4220 nISM ¼ 0:25 cm�3, E51 ¼ 1

Slavin et al. (2015) 1220 1990 nISM ¼ 0:25 cm�3, E51 ¼ 0:5

Hu et al. (2019) 1330 (1050) 1990 (1370) nISM ¼ 0:1 ð1Þ cm�3, E51 ¼ 1

Kirchschlager et al. (2022) – 6470 (7090) nISM ¼ 0:1 ð1Þ cm�3, E51 ¼ 1

dust mix mdest
gas ½M��

Martínez-González et al. (2019) � 45 WDB nISM ¼ 1 cm�3, E51 ¼ 0:9

Martínez-González et al. (2019) [ 120 no WDB nISM ¼ 1 cm�3, E51 ¼ 0:9

The results are reported in terms of mdest
gas , in solar masses, defined as the mass of ISM gas that is completely

cleared out of dust by a single SN explosion with energy E51, exploding in a homogeneous medium with
density nISM (see Eq. (14)). For Martínez-González et al. (2019), we show their result for a mixture of
carbonaceous and silicate grains when the SN explosion occurs within a pre-existing stellar wind-blown
bubble (WDB), or in a homogeneous medium (see also Kirchschlager et al. 2023 for a comparison between
these findings). We note that the quoted values for Bocchio et al. (2014) were not available in the original
paper and have been estimated from their reported dust destruction timescales

13 A derivation of this expression can be found in McKee (1989) and in Slavin et al. (2015). It is based on
the idea that the warm gas is confined into clouds (with filling factor fcloud ¼ fw) embedded in the hot
intercloud medium (with filling factor fh), and that the shocked cloud is at the same pressure of the shocked
hot gas, so that qcloudv

2
s;cloud ’ qhv

2
s;h, where qcloud (qh) and vs;cloud (vs;h) are the mass density and shock

velocity in the cloud (hot gas). The cloud shocks can be radiative, but the blast wave in the hot gas is not.
Hence, Eq. (15) in the hot phase can be written as: Ms;h ¼ fh qh Vs ¼ ESN=ðrv2s;hÞ, and the shocked cloud

mass can be written as: Ms;cloud ¼ fcloud qcloud Vs ¼ ðfcloud=fhÞ ðqcloud=qhÞMs;h ¼ ðfcloud=fhÞESN=ðrv2s;cÞ,
which then leads to Eq. 16, with feff ¼ fcloud=fh ¼ fw=fh.
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With the exception of the very small dust destruction timescales predicted for
carbonaceous grains by Bocchio et al. (2014), all the other studies14 predict values of
sdest in the range 100 Myr–1 Gyr.

It is important to note that both feff and dSN are likely to be non-universal, i.e., to
depend on the star formation history, stellar initial mass function, and ISM properties
of the galaxy, which adds additional uncertainty on sdest. In Fig. 24, we also show the
empirical results found by Galliano et al. (2021) applying a Bayesian analysis to a
large sample of local galaxies of the DustPedia project (Davies et al. 2017) and of the
dwarf galaxy sample (DGS Madden et al. 2013). The vertical solid line represents the
value of mdest

gas ’ 1288M� that they find assuming this to be a universal parameter

(the same for all the galaxies in the sample), the horizontal dashed line is the value of
sdest ¼ 300 Myr that they infer for the Milky Way (yellow star), and the shaded
region provides the range of values of sdest found for the galaxies in the sample,
which are characterized by a broad range of metallicities, star formation rates, and
stellar masses (see Galliano et al. 2021 and Sect. 8).

7.2 Destruction in the hot gas

In addition to dust destruction by SN shocks, once the grains enter a hot plasma
(TJ106 K), they are sputtered away by thermal collisions with both protons and
helium nuclei. This process has been investigated in the past by many authors
(Draine and Salpeter 1979; Seab 1987; Tielens et al. 1994) and it has been
implemented in models describing dust evolution in elliptical galaxies (Tsai and
Mathews 1995; Hirashita et al. 2015), where the hot phase largely dominates the
galactic ISM. Recently, thermal sputtering in galactic haloes has also been included
in cosmological hydrodynamical simulations which follow dust evolution on-the-fly
(Aoyama et al. 2017; McKinnon et al. 2017; Li et al. 2019; Vogelsberger et al. 2019;
Graziani et al. 2020).

In general, the sputtering yield (target species ejected per incident ion/projectile)
for ions of type i depends upon the kinetic energy of the impinging ion, Ei, and on the
angle of incidence between the ion and the surface, h, YiðEi; hÞ.

The sputtering rate therefore depends upon the angle-averaged yield

hYiðEiÞi � 2

Z p=2

0
YiðEi; hÞ sinh cosh dh; ð17Þ

which is generally taken to be twice the normal incidence yield, i.e., hYiðEiÞi ¼
2 YiðEi; 0Þ (Draine and Salpeter 1979). The erosion rate of grain by thermal sput-
tering is given by

da

dt
¼ �nH

msp

2qgr
Ri Ai hYiðEiÞvii; ð18Þ

where nH is the number density of hydrogen, msp is the average mass of the sputtered

14 We do not show the results by Martínez-González et al. (2019) here, as they predict grain destruction
timescales that are longer than the age of the Universe, when applied to Milky Way conditions.
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species, qgr is the density of the grain material, Ai is the mass fraction of impinging
species i with velocity vi, and the average is over a Maxwellian distribution.

Different methods to evaluate the sputtering yields for projectile–target combi-
nations of astrophysical interests have been adopted, based either on simulated data
(using the TRIM code, see, e.g., Bianchi and Ferrara 2005, or the EDDY code, see, e.
g., Nozawa et al. 2006), on fitting experimental data with an analytic formula (the so-
called universal relation derived by Bohdansky 1984, see, e.g., Tsai and Mathews
1995), or a mix of the two (Nozawa et al. 2006). The tabulated parameters to
compute the sputtering yields can be found in Nozawa et al. (2006), and the
corresponding erosion rate of each dust species in a gas with a metallicity of Z ¼
10�4Z� is shown in Fig. 25 as a function of the gas temperature. The temperature
dependence reflects the energy dependence of the sputtering yields, and the erosion
rates steeply increase from T ’ 105K, reach a peak in the range ð4� 20Þ 	 107K,
and then slowly decline. At T � 2	 106K, C grains have the lowest erosion rate,
while FeS grains have an erosion rate at TJ107K which is about 1 dex larger, and is
the highest among the dust species considered. At 2	 106 K� T � 107 K, the
erosion rate varies in the interval � ½0:4� 4� 	 10�6 nH lmyr�1cm3.

Alternatively, the analytic form proposed by Tsai and Mathews (1995) can be
adopted

Fig. 24 Comparison between the SN dust destruction timescales, sdest, implied by the different mgas
dest

reported in Table 4 for Milky Way conditions (RSN;eff ¼ 1=125 yr�1, MISM ¼ 4:5	 109 M�) and assuming
feff ¼ 0:43 (empty symbols), and 0.8 (filled symbols). Where possible, we show separately the results for
carbonaceous (violet points) and silicate grains (orange points). B14 = Bocchio et al. (2014), S15 = Slavin
et al. (2015), H19 = Hu et al. (2019), K22 = Kirchschlager et al. (2022). Note that the results for silicate
grains predicted by S15 and H19 perfectly overlap. We do not show the results of Martínez-González et al.
(2019) as they imply much longer sdest, larger than the age of the Universe. The vertical solid line is the
empirical mdest

gas ’ 1288M� found by Galliano et al. (2021) through a Bayesian analysis of a large sample
of local galaxies from the DustPedia and Dwarf Galaxy Sample (see Sect. 8 and Fig. 27), and the
horizontal dashed line is the sdest ¼ 300 Myr for the Milky Way (yellow star), with the shaded region
encompassing the range of sdest across the galaxies in the sample
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da

dt
¼ �3:2	 10�18 cm4s�1 q

mH

T0
T

� �w

þ1

� ��1

; ð19Þ

where q is the gas mass, mH is the hydrogen mass, T0 ¼ 2	 106 K, and w ¼ 2:5.
When recast in the same units, the above expression leads to a sputtering rate of
� 0:5	 10�6 nH lmyr�1cm3 at T ¼ T0, in good agreement with the results pre-
sented in Fig. 25.

Starting from the above expressions, the sputtering timescale can be defined as

ssp � a
da

dt

����
����
�1

’ 100Myr
a

0:1lm

� �
10�3cm�3

nH

� �
T0
T

� �w

þ1

� �
; ð20Þ

where we have assumed a typical grain radius a ¼ 0:1lm, and a gas density in the
hot phase of nH ¼ 10�3 cm�3. Given a grain of density qgr and mass

mgr ¼ 4pa3qgr=3, the variation of the dust mass due to thermal sputtering in the hot
gas can be written as

dMd;sp

dt
¼ Ngr

dmgr

dt
¼ 3

M d

a

da

dt
¼ �3

M d

ssp
; ð21Þ

where the number of grains Ngr ¼ Md=mgr is assumed to be constant. The above
equation is the way thermal sputtering in the hot gas has been generally included in
semi-analytical (Popping et al. 2017) and hydrodynamical simulations (Aoyama et al.
2017; McKinnon et al. 2017; Li et al. 2019; Vogelsberger et al. 2019; Graziani et al.
2020).

Fig. 25 The erosion rate of different grain species by thermal sputtering in a hot gas with a metallicity of
Z ¼ 10�4Z� as a function of temperature, computed using Eq. (18) and the sputtering yields calculated by
Nozawa et al. (2006). Image reproduced with permission from Nozawa et al. (2006), copyright by AAS
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7.3 Grain growth in the interstellar medium

Given the dust destruction timescales estimated above, many authors, starting from
Draine and Salpeter (1979), have reached the conclusion that most of the interstellar
dust is not stardust, but was formed in the ISM (see Draine 2009 and references
therein). Following Draine (2011), the argument is very simple: the mean residence
time of an atom in the ISM of the Milky Way can be computed as
sSF ¼ MISM=SFR� 109 yr, where the ISM mass is MISM ¼ 4:5	 109 M�, and the
star formation rate is SFR.5M�=yr. If we assume that all the Si atoms enter the ISM
as stardust grains, only a fraction of sdest=ðsdest þ sSFÞ� 0:20 of these would still be
found in dust grains. Yet, observations of gas-phase ISM abundances show that
J90% of the Si atoms are missing from the gas phase, i.e., they are depleted onto
dust grains (Jenkins 2009). Hence, most of the currently observed silicate grains must
have formed in the ISM (Draine 2011).

7.3.1 Empirical evidences

There are empirical evidences of localized dust processing in the ISMof theMilkyWay
and Magellanic Clouds, such as variations in the grain emissivity (Köhler et al. 2015),
that could be explained by coagulation and accretion of grain mantles (Ysard et al.
2015). Depletion studies provide evidence that the fraction of heavy elements that is
locked up in grains correlates with the density (Jenkins 2009; Tchernyshyov et al. 2015;
Jenkins andWallerstein 2017;Roman-Duval et al. 2021). Resolved FIR observations of
dust emission in nearby galaxies, combined with atomic andmolecular gas maps, show
that the dust-to-gas ratio, D/G, increases with density within each galaxy, with grain
growth being the most likely explanation (Roman-Duval et al. 2017; Clark et al. 2023).
Finally, the relation between the D/G and metallicity in local galaxies does not follow a
linear trend, but shows a knee, at approximatelyZ� 0:2 Z�, belowwhich theD/Gdrops
sharply (Rémy-Ruyer et al. 2014; Galliano et al. 2018; DeVis et al. 2019; Galliano et al.
2021, see also the discussion in Sect. 8). This is generally interpreted to reflect a
threshold above which grain growth starts to dominate over stellar dust production
(Asano et al. 2013; de Bennassuti et al. 2014; Feldmann 2015; Zhukovska et al. 2016;
Schneider et al. 2016; Ginolfi et al. 2017; Galliano et al. 2021; Choban et al. 2022)15,
even in high-redshift galaxies (Mancini et al. 2015; Popping et al. 2017; Graziani et al.
2020; Di Cesare et al. 2023), although other explanations have been proposed (De
Looze et al. 2020; Priestley et al. 2022b). In particular, De Looze et al. (2020) apply a
Bayesian approach similar to Galliano et al. (2021) to fit the local sample of JINGLE
galaxies (Saintonge et al. 2018), finding that their present-day dust masses can be
explained primarily by stellar dust, with a contribution of 20–50% from grain
growth in the ISM, if dust destruction timescales are long (sdest � 1� 2 Gyr), and if the
survival fraction of newly formed SN dust passing through the reverse shock is high
(g ¼ 37� 89%). This conclusion differs from the results by Galliano et al. (2021)

15 Even before these studies, the contribution of grain growth to ISM dust enrichment was included in the
models by Dwek (1998) and Hirashita (1999), and found to be important to explain the observed depletion
patterns and dust-to-gas mass ratios in high metallicity galaxies.
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based on the DustPedia and Dwarf Galaxy Sample (DGS), which indicate that grain
growth is the dominant formation mechanism at metallicity above Z ¼ 0:2 Z�. The
difference between these two analyses is probably due to the broader extent in
metallicity (particularly to low-metallicity galaxies, with Z\0:2 Z�) of the sample
considered by Galliano et al. (2021) (see the discussion in Galliano et al. 2021 and
Sect. 8). A different conclusion has also been found in the analysis by Nanni et al.
(2020), who fit individual galaxies of theDGSwith a dust evolutionmodel with the aim
of reproducing the observed dust-to-stellar mass evolution as a function of time. They
find that dust growth in the ISM is not necessary to reproduce the properties of the
galaxies in their sample, and, if present, the importance of this process would be
counterbalanced by galactic outflows. This shows that the assumptions in the dust
evolution model and parameter degeneracies may bias the results, leading to different
conclusions even when the same galaxy sample is considered.

7.3.2 The physics of grain growth

It is to be said that we do not yet understand how grain growth occurs in the ISM (see the
seminalwork byBarlow1978,which already highlighted some of the difficulties in growing
grains in the ISM). The collision rate between atoms or ions onto pre-existing grains depends
on the physical conditions of the interstellar gas (temperature and density, which affect the
thermal velocities of colliding ions and atoms, aswell as the degree of turbulence,whichmay
accelerate the grains), and on the geometric cross section of the grains, which will be
dominated by the smallest grains. In addition, it will be sensitive to the charge state of the
grains, with neutral and negatively charged grains having an increased collision rate with
positive ions thanks to Coulomb focusing (Draine 2009). Weingartner and Draine (1999)
discussed the collision rates of positively charged ions in different phases of the ISM,
accounting for the charge distribution of small grains. They find that in the cold neutral
medium (CNM),with nH � 30 cm�3 and T � 100 K, the accretion timescale, sa, defined as

s�1
a ¼ � 1

n

dn

dt
;

where n is the number density of the ions, can be as short as � 2	 105 yr,
sufficiently rapid to account for the observed depletion factors of elements like Si and
Ti (Savage and Sembach 1996).

It is important to stress that the above quoted valuewas obtained under the assumption
of a sticking coefficient S ¼ 1 (a maximum probability of sticking of the ion with the
grain surface in each collision), and an idealized phase of the ISM, characterized by
constant values of nH and T. Zhukovska (2014) used 3D hydrodynamical simulations of
giant molecular clouds in a Milky Way like galaxy, and allow for a temperature-
dependent sticking coefficient, using the observed Si depletion as a critical constraint of
themodel. Theyfind that a sticking coefficient that decreaseswith temperature provides a
bettermatch the observedSi depletion,with � 50 (30)%ofgrain growthoccurring in gas
with 5 cm�3 � nH\50 cm�3 (50 cm�3 � nH\500 cm�3, see their Fig. 5, where the
show the evolution of the grain growth rate in different bins of density). Also, enhanced
collision rates due to Coulomb focusing are important to match the observed depletion–
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density relations for both silicate and iron dust (Zhukovska et al. 2016), reducing the
accretion timescales from � 15 Myr (� 14 Myr) to � 1 Myr (� 0:16 Myr) for Si (Fe)
species in the CNM (assuming typical values of nH � 30 cm�3 and T � 100K).

Grain growth is not only a matter of kinetics: the colliding atom or ion must also
be bound to the surface of the grain in a way that it allows it to be retained against
thermal desorption, UV and Cosmic Ray irradiation, which may provide enough
energy to the accreted species to eject them from the grain surface and back to the gas
phase. A discussion of the relevant processes and of the current uncertainties is
provided by Draine (2009), Zhukovska et al. (2016), Ferrara et al. (2016), and
Ceccarelli et al. (2018). It is generally assumed that grain growth occurs once the
accreted atom or ion (adsorbed species) reaches an active sites of the grain surface, i.
e., a site with dangling bonds and high binding energy. The diffusion of adsorbed
species on the surface of the grain occurs on the so-called “scanning timescale”

s�1
s �N�1

s m0 expð�Ed=kTdÞ;
where Ed is the diffusion energy, Td is the dust temperature, m0 � 1012s�1 is the
vibrational frequency of the sticking species, and Ns ¼ 4pa2ns is the number of
active sites for a grain with radius a, with ns � 1:5	 1015cm�2 being the surface
density of physisorption sites (Hasegawa et al. 1992). Hence, for a grain radius of
a ¼ 100 nm, Ns � 106, while for small grains, with a ¼ 1 nm, Ns � 180. The dif-
fusion energy is poorly known, and it is generally taken to be a fraction fd ¼
0:3� 0:8 of the binding energy Eb of the adsorbed species (Ferrara et al. 2016). The
scanning timescale is generally compared to the thermal desorption timescale

s�1
d;th � m0 expð�Eb=kTdÞ:

When ss\sd;th, the adsorbed species can scan the entire surface of the grain before
being thermally desorbed. Unfortunately, the binding energies of the atoms of interest
(C, Mg, Si, Fe) to surfaces of interest (amorphous silicate or carbonaceous materials)
are not known. In Zhukovska et al. (2016), Ferrara et al. (2016), and Ceccarelli et al.
(2018), the binding energy for Si and Fe is taken to be Eb=k ¼ 2700 K and 4200 K
from Table 4 of Hasegawa and Herbst (1993), respectively. From the same Table, we
find the binding energy for C to be 800 K. Adopting these values and fd ¼ 0:5, in
Fig. 26, we show the ratio of ss=sd;th as a function of Td for C and Si assuming three
different grain sizes, a ¼ 1; 10, and 100 nm. The shaded region is where grain
growth is hindered by thermal desorption. The result is very sensitive to the binding
energy of the adsorbed species and C atoms can grow only on very small grains,
while Si (and Fe) atoms can grow for a range of grain sizes and temperatures (see
also the discussion in Zhukovska et al. 2016). It is important to keep in mind that the
scanning timescale has a very steep dependence on Td, and becomes smaller than 1
Myr when Td [ 25� 30 K ([ 10 K) for for Si (C) atoms scanning grains with sizes
a� 100 nm. Stochastic heating of very small grains due to UV photon absorption can
increase the grain temperature well above the equilibrium value, and drastically
reduce the scanning timescales, even when accounting for radiative cooling (Zhu-
kovska et al. 2016).
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The above considerations lead us to conclude that very small grains, with sizes
� 10 nm, are likely to play a very important role for grain growth in the cold neutral
medium, as they have the largest total surface area, the highest fraction of negatively
charged grains, and—aided by stochastic heating—their scanning timescales is
shorter than the thermal desorption timescale. Once the grains are incorporated in
dense molecular clouds, their growth is problematic as the accretion of silicon and
carbon-bearing species occurs simultaneously with the formation of icy mantles
(Ferrara et al. 2016; Ceccarelli et al. 2018). Icy mantles are weakly bound to the grain
surface and rapidly evaporate when the grains return to the diffuse phase.

It is important to stress that despite the uncertainties that persist on the surface
reactions leading to the growth of silicate and amorphous carbon grains in the ISM,
the condensation of complex silicates with pyroxene composition at temperatures
between 10 and 20 K by accretion of molecules and atoms on cold surfaces and
subsequent reactions between them has been proven experimentally (Rouillé et al.
2014). The experiments clearly demonstrate an efficient silicate formation at low
temperatures, with final fluffy aggregates consisting of small nanometer-sized
primary grains. More recently, both silicate and carbonaceous materials have been
experimentally proved to condense from cold precursors in the absence of radiations,
such as interstellar UV photons and cosmic rays, and that species from one of two
groups that consist respectively of silicate precursors and carbonaceous matter
precursors do not react at cryogenic temperatures with those belonging to the other
group (Rouillé et al. 2020). Such a finding constitutes a clue as to the separation
between silicate and carbonaceous materials in the ISM, and supports the hypothesis
that dust grains can be grown in the ISM.

Fig. 26 Comparison between the scanning and thermal desorption timescales. We show their ratio as a
function of the grain temperature, for C (blue) and Si (orange), adopting three different grain sizes:
a ¼ 1; 10; 100 nm (from right to left). We have assumed a binding energy of Eb=k ¼ 800 K for C and
2700 K for Si, and the corresponding diffusion energy to be Ed ¼ fdEb, with fd ¼ 0:5 (see text). The
shaded region is where ss [ sd;th, and grain growth is prevented by thermal desorption. The figure shows
that for small grains, there is a range of grain temperature for which the scanning timescale remains smaller
than the thermal desorption timescale. The scanning timescale has a very strong dependence on Td, and
becomes smaller than 1 Myr when Td [ 25� 30 K ([ 10 K) for for Si (C) atoms scanning grains with
sizes a� 100 nm
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7.3.3 The grain growth timescale

Chemical evolution models generally adopt a very simplified description of the
process, capturing the kinetics of the process. Different expressions have been
proposed for the grain growth timescales. Following Asano et al. (2013), the dust
mass growth rate in the ISM can be expressed as:

dMd

dt

� �
growth

¼ Nd pha2i S qgasZ hvi; ð22Þ

where Nd is the number of grains, ha2i is the second moment of the grain size, S is
the sticking coefficient, qgasZ is the gas-phase metal density, and hvi is the mean
velocity of gas-phase metals. The number of grains can be estimated as Nd ¼ Md=md,
where md ¼ 4pha3ir=3 is the average mass of spherically symmetric grains with
density r, and ha3i is the 3rd moment of the grain size. We can write,
qgasZ ¼ Z qgas ¼ Z lmH nH, where Z is the gas metallicity, nH is the number density
of the ISM phase where grain growth occurs, and l is the mean molecular weight.
Assuming l ¼ 1:4, r ¼ 3 g cm�3 (for silicate grains), S ¼ 1, a mean mass of col-
liding species of AmH with A ¼ 20, and that AmHhv2i ¼ kT , the grain growth
timescale can be written as

sgrowth ¼ Md
dM d

dt

� ��1

growth

¼ 6:7	 106 yr
a

10 nm

� �
nH

30 cm�3

� 	�1 T

100K

� ��1=2 Z

Z�

� ��1

;

ð23Þ
where a is the typical size of the grains, defined as a ¼ ha3i=ha2i (Hirashita and Kuo
2011), and Z� ¼ 0:0134. For the CNM, the above expression leads to a grain growth
timescale of sgrowth � 6:7Myr assuming an average grain radius of 10 nm and solar
metallicity. This is approximately consistent with the value reported by Zhukovska
et al. (2016) for silicate grains in the CNM (15 Myr), although they show that the
enhanced collision rate due to Coulomb focusing reduces the grain growth timescale
to 1 Myr (see above). We shall note that while this simple parametrization allows to
reproduce galaxy-integrated dust-to-metals (D/Z) ratios, more sophisticated chemical
models that track the evolution of specific dust species are needed to reproduce the
observed scaling relation between individual element depletions and D/Z with col-
umn density and local gas density (see, e.g., Zhukovska 2014; Zhukovska et al. 2016;
Choban et al. 2022).

A different parametrization of the grain growth timescale has been proposed by
Mattsson and Andersen (2012). They start from the assumption that grain growth
occurs predominantly in molecular clouds, and define the grain growth timescale as

sgrowth ¼ Rd
dRd

dt

� ��1

growth

¼ mddc
Spa2RZhvi ; ð24Þ

where Rd is the dust surface density, RZ ¼ ZRmol is the molecular cloud surface
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density of gas-phase metals, and dc is the typical size of molecular clouds. Assuming
that Rmol � RH2 , and that RSFR ¼ aRH2 , the grain growth timescale is written as

sgrowth ¼ mddca
Spa2ZRSFRhvi ¼

Rgas

�growth Z RSFR
; ð25Þ

where

�growth ¼ Spa2Rgashvi
mddca

ð26Þ

is the grain growth parameter, a dimensionless factor that depends on the physical
properties of the ISM environment where grain growth occurs, and it is assumed to
be constant (Mattsson and Andersen 2012). Often, Eq. (25) is written in terms of the
total gas mass and SFR (De Looze et al. 2020; Galliano et al. 2021)

sgrowth ¼ Mgas

�growth Z SFR
; ð27Þ

and �growth is left as a tuning parameter, to be determined by observations. By
applying a Bayesian analysis of a large sample of local galaxies from the DustPedia
and Dwarf Galaxy Sample (see Sect. 8), Galliano et al. (2021) find an empirical value
of �growth ’ 4045, and a distribution of values for sgrowth that is quite scattered,
ranging from � 1 Gyr, for the lowest metallicity galaxies in the sample, to � 45 Myr
around solar metallicity. Yet, there are significant variations in sgrowth for similar
values of Z, suggesting that even in the simple parametrization described by Eq. (27),
the grain growth timescale depends on the specific conditions prevailing in each
galaxy. When compared to Eq. (23), we find that—for a solar metallicity galaxy—the
two parametrizations lead to comparable results if we assume that the average radius
may vary in the range 10nm� a� 67 nm, and that the CNM may be characterized by
a broader range of gas densities, with 5cm�3 � nH � 30 cm�3. The significant scatter
in the grain growth timescales inferred for galaxies with comparable metallicities by
Galliano et al. (2021) reflect their different star formation histories and ages.

8 A nearby galaxy perspective on dust evolution processes

Recently, Galliano et al. (2021) have conducted an empirical statistical study based
on the sample of � 800 nearby galaxies of the DustPedia project (Davies et al. 2017)
and of the dwarf galaxy sample (DGS Madden et al. 2013), which spans a broad
range of metallicities, gas fractions, specific star formation rates, and galaxy types.
By adopting a hierarchical bayesian approach (Galliano et al. 2018), they infer the
dust properties of each object from its spectral energy distribution, and then fit
theoretical tracks to their sample to derive empirical constraints on key dust evolution
processes. Following Rowlands et al. (2014) and De Vis et al. (2017), they adopt a
one-zone dust evolution model where dust is produced by SN and AGBs16, can grow

16 Following De Vis et al. (2017), AGBs are assumed to condense 15% of their heavy elements into dust.
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in the ISM, can be destroyed by SN shocks, and can be removed from the ISM by
astration and galaxy outflows. The efficiencies of individual processes are described
by simple parametrizations, that depend on three main tuning parameters: the IMF-
averaged SN dust yield per SN, defined as

hYSNi ¼
R 40M�
8M�

/ðmÞmSN
dustðmÞ dmR 40M�

8M�
/ðmÞ dm

;

that enters in the definition of the dust condensation timescale

1

scond
¼ hYSNiRSN

Md
; ð28Þ

where RSN is the SN rate and Md the total dust mass in the ISM. The other tuning
parameters are the grain growth efficiency �growth that enters in the definition of the
grain growth timescale given by Eq. 27, and mass of gas that is cleared out of dust by
a single SN explosion, mdest

gas , that enters in the definition of the dust destruction

timescale given by Eq. 13. These tuning parameters are assumed to be universal, i.e.,
they are fitted to the whole galaxy sample assuming their values to be the same for
each galaxy17. Hence, the main assumption in this approach is that differences
between galaxies are due to their particular star formation history.

Figure 27 shows the posterior distribution of the three tuning parameters assuming
a Salpeter IMF. From this analysis, they infer the following values:
hYSNi ’ 7:3þ0:2

�0:3 	 10�3M�=SN, �growth ’ 4045þ404
�354, m

dest
gas ’ 1288þ7

�8M�.
From these values, it is possible to infer the posterior PDF of the dust evolution

timescales for each galaxy, using Eqs. 13, 27, and 28. The results are shown in
Fig. 28, where the three panels show scond, sgrow, and sdest (from top to bottom) for
each galaxy as a function of the metallicity, expressed as the oxygen over hydrogen
abundance ratio18. Although there is a scatter between galaxies with similar
metallicity, which results from variations in their star formation histories, some clear
trends appear: the dust condensation timescale increases with metallicity, and ranges
from scond � 0:1� 1 Gyr for the most metal-poor systems to scond � 1000 Gyr for
solar metallicity galaxies, indicating that this process is too inefficient to account for
the dust mass in chemically evolved galaxies. The grain growth timescale decreases
with metallicity, ranging from sgrowth � 1 Gyr for the most metal-poor systems to
sgrowth � 0:05 Gyr for solar metallicity galaxies, with an average value at 12 ? log(O/
H) � 8.5 (Z � 0:65 Z�) of � 45 Myr, indicating that in this metallicity range, dust
formation is dominated by grain growth. Finally, the dust destruction timescale is
also very scattered but appears to stay approximately constant and with a value of
sdest � 0:3 Gyr across the metallicity range encompassed by the sample. These results

17 There is another set of model parameters that are fitted to each individual galaxy, and that control its
particular star formation history (see Table 6 in Galliano et al. 2021).
18 Following Galliano et al. (2021), we adopt here a solar metallicity value of 12 ? log(O/H) =
8:69
 0:05, so that Z=Z� ¼ 2:04	 10�9 	 10ð12þlogO=HÞ.
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imply that dust production is dominated by grain growth in the ISM above a
metallicity of 12 ? log(O/H) ’ 8.0 (Z ’ 0:20 Z�).

It is important to stress that a key aspect of this analysis is that the galaxy sample
extends to very low-metallicity systems, in the range 0:03� Z=Z� � 0:2. These
systems appear to be very critical in constraining the main dust evolution tuning
parameters, as they sample a regime where dust production is dominated by stellar
sources. The steep non-linear dustiness-metallicity relation reported in the left panel
of Fig. 27 supports the evidence that stardust can not be the dominant dust formation
process in solar metallicity systems. This also explains the different conclusions
drawn by De Looze et al. (2020) by means of a bayesian analysis of the JINGLE
galaxy sample, which have a more limited metallicity coverage (only 1 source
between 0:13� Z=Z� � 0:2, and none below this range). According to their analysis,
the average galaxy scaling relations, including the dustiness vs metallicity, can be
reproduced using closed-box galaxy evolution models (no gas infall or outflows)
with a high fraction of SN dust that survives the reverse shock (37–89%), low grain
growth parameters �growth ’ 30� 40, and long dust destruction timescales, sdest ’
1� 2 Gyr (these parameters are not assumed to be universal in their analysis).
Hence, low-metallicity dwarfs appear key to disentangle the two main mechanism of
dust production, effectively constraining the stellar dust yields (Galliano et al. 2021).

Fig. 27 Left panel: example of fitted evolutionary tracks to the dustiness (dust-to-gas mass ratio) vs
metallicity relation. Each of the 556 galaxies of the sample investigated by Galliano et al. (2021) is
represented as skewed uncertainty ellipses, that are the 1r contour of a bivariate distribution having the
same means, variances, skewnesses, and correlation coefficient as the posterior distribution. The central dot
shows the mode of this bivariate distribution (see Galliano et al. 2021 for more details on this
representation). The yellow star is the Milky Way galaxy. The colored contours represent the posterior PDF
of dust evolutionary tracks, marginalizing over the star formation history of each galaxy, and assuming a
Salpeter IMF. Right panel: posterior distribution of the tuning parameters adopted in the hierarchical
Bayesian analysis of the local sample of galaxies analyzed by Galliano et al. (2021): mdest

gas is the ISM mass
that is completely cleared out of dust by a single SN explosion, �growth is the grain growth parameter, and
hYSNi is the IMF-averaged dust yield per single SN (see Sect. 8) assuming a Salpeter IMF. The colored
contours display the bidimensional posterior PDF of pairs of parameters, marginalizing over the other ones.
The histograms show the posterior PDF of each tuning parameter. Images reproduced with permission
from Galliano et al. (2021), copyright by the author(s)
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While the above results appear promising, the analyses conducted so far rely on
relatively simplified modeling of the relevant physical processes. More realistic star
formation histories, metal-dependent stellar dust yields, as described in Sects. 2.1 and
3.1, metal-dependent dust destruction efficiencies (as recently suggested by Priestley
et al. 2022b) need to be explored and incorporated in dust evolution models,
particularly when attempting to constrain the origin of dust by comparing galaxy
samples with a broad range of physical properties.

9 Implications for dust formation scenarios in the early Universe

In the second part of this review, we will discuss in detail how these various channels
are relevant for the production of dust in the early Universe, and especially at z[ 4,
by illustrating how they have been incorporated in cosmological models and by
comparing them with available observational constraints. However, here we provide
an overview of the relevance and implications of these sources of dust for the
enrichment in the early Universe.

Core collapse SNe are the most probable candidates for producing the bulk of, at
least, dust seeds in the early Universe. Indeed, the dust yields of their ejecta are
observed (and predicted) to be fairly high (more that 10�3 dust masses per every
stellar mass formed); in combination with the high supernova rate in the earliest
phases of stellar evolution (within the first few tens Myr), this potentially implies that
grains produced by SNe might dominate the dust content in galaxies in the earliest
cosmic epochs. However, the main source of uncertainty is the effect of the reverse
shock, which may destroy most of the dust produced in the ejecta. Models span a
wide range of predictions about the dust survival in the ejecta, from nearly total
disruption to most of the grains surviving. Additionally, even for what concerns the
dust formed in the ejecta, models can span a wide range of yields and dust
composition, depending on progenitor mass, metallicity, and model assumptions.
These predictions can be directly tested with observations of supernovae only locally,
hence spanning a limited parameter space. In the early Universe, the metallicities and
progenitors masses were much different than probed locally, hence implying that the
local observational constraints may not fully apply. However, observational
constraints on dust properties and composition at high-z (Mdust=Mstar, temperature,
emissivity and extinction curve) can shed light on the fraction of dust produced by
SNe in the early Universe, and potentially even discriminate between different
models.

b Fig. 28 Dust evolution timescales for each galaxy of the sample analyzed by Galliano et al. (2021) as a

function of metallicity. The three panels display the posterior PDF for each galaxy, represented as skewed
uncertainty ellipses, that are the 1r contour of a bivariate distribution having the same means, variances,
skewnesses, and correlation coefficient as the posterior distribution. The central dot shows the mode of this
bivariate distribution (see Galliano et al. 2021 for more details on this representation). The galaxies are
color coded according to their Hubble stage, with early-type (T � 0) in red, late-types (0\T\9) in green,
and irregulars (T � 9) in blue. The yellow star represents the Milky Way, at the maximum a posteriori of
the three tuning parameters. Image reproduced with permission from Galliano et al. (2021), copyright by
the author(s)
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Contrary to some early claims, AGBs can also be an early and effective source of
dust at z[ 4. Indeed, the first AGBs start producing dust as soon as � 35 Myr after
the onset of star formation. In the next review, we will show that models can ascribe
to AGBs even more than half of the dust observed in massive systems already in
place at z� 6. AGBs from progenitors more massive than � 3M� (leaving the Main
Sequence at 300 Myr, hence more likely to contribute to dust at high redshift), have
grain production yields that plummets strongly with metallicity, which may be an
issue at z[ 4. In this regime, the bulk of the dust produced is dominated by silicates,
which could potentially be tested via observations. The production of dust in AGBs
from lower mass progenitors is less dramatically sensitive on metallicity, and in this
range, the composition of most of grains is carbonaceous in nature. However, already
for progenitors with masses of 2M� the lifetime on the main sequence is half a
Gigayear, implying that the timescale for dust production would start to be in tension
with the age of galaxies observed at z[ 6 (generally no more than a few hundreds
Myr) or even with the age of the Universe.

Red Super Giant stars (RSGs), which originate from massive stars, can potentially
be a fast dust enrichment channel. Their dust yields can approach that of SNe after
reverse shock, and hence, they could potentially contribute to the dust enrichment in
the early Universe. However, it is very likely that the supernova explosion at the end
of the RSG phase destroys most of the dust produced. Therefore, RSGs are a less
plausible channel for the dust production at high-z, and overall across most of the
cosmic epochs.

Wolf–Rayet stars (WRs) are also a very fast factory of dust, which can therefore
be potentially relevant in the earliest epochs, with yields even higher than RSGs.
However, they are subject to the same issue as the latter, in the sense that the SN-Ib/c
following the WR phase is likely to destroy most of the dust produced. Additionally,
dust is observed to form only in the WC subclass of WR, and WC are not observed to
form in low-metallicity systems. The latter is an additional major problem, which
makes WC an unlikely source of dust at z[ 4, where the bulk of the galaxy
population have subsolar metallicities.

Dense AGN-driven winds are predicted to provide the optimal environment for
dust production. Given the large population of AGN revealed by JWST at z[ 4, this
is a potential channel of early enrichment that should be considered seriously. It does
require the ISM to be pre-enriched, but observations show that most galaxies
(including those hosting AGN) have already reached metallicities � 0:1 Z�, even at
z� 11. According to models, quasar winds can potentially produce as much dust as
the black hole mass by z� 6, hence potentially accounting for the large dust masses
observed in quasar hosts at this early epochs. However, the predicted dust mass is
likely an upper limit, as it would require the black hole accreting at a substantial rate
(Eddington or super-Eddington) for a few hundred million years. However, the
primary problem remains that this scenario would require a direct observational
evidence of dust formation in quasar winds.

Finally, the dust reprocessing in the ISM is likely much more relevant in the early
Universe. For instance the high SN rate, in the compact star-forming regions
characterizing galaxies in the first billion years, may result into an enhanced
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destruction rate by shocks in the ISM. The strong radiation pressure from young stars
is also likely to preferentially expel dust grains from galaxies.

On the other hand, the high gas density of the ISM in early galaxies may result
into very short timescales (� 106 � 107 yr) for the growth of dust grains in the ISM
at z[ 4. Therefore, once dust seeds are produced through various possible channels
(SNe, AGBs, or AGN winds), growth in the ISM might likely provide the bulk of the
dust mass. Of course, this requires the ISM to be enriched; however, as already
mentioned, the ISM of galaxies is already fairly enriched by z� 10.

We will discuss more in detail these various scenarios in the second part of our
review.

10 Conclusions and outlook

In this review, we have attempted to summarize the findings on dust production
mechanisms, which are relevant for understanding the formation of dust in the early
Universe, and which will provide the backbone of the second part of the review,
which will discuss the observational findings and models of dust at high redshift. We
have focused on theoretical models of dust sources, but also discussing comparison
with observations.

Summarizing the various models of dust formation is not simple, given that, as we
have seen throughout the review, there is a large variety of models and assumptions,
which can result into completely different dust yield and dust properties for the same
class of objects. With this caveat in mind, in the following, we can provide some
general summarizing consideration about the possible sources of dust.

● Core-Collapse Supernovae

– Different models have been developed to describe the formation of dust in SN
ejecta, from Classical Nucleation Theory (CNT) to Kinetic and Molecular
Nucleation Theories (KNT, MNT). In these frameworks, theories have
spanned a broad range of assumptions in terms of properties of the SN
explosion, dynamical evolution of the SN remnant, physical processes
implemented in the models, and late-time evolution of the grains when they
cross the forward shock and are slowed down in the ISM.

– Depending on the assumptions and model prescriptions, the predicted dust
masses produced by SN ejecta (before reverse shock) range between
� 0:03M� and � 1M�.

– These predictions embrace the mass of dust typically observed in SN remnants
(about 0:4M�, � 50 years after the explosion); although we warn that there is
a large dispersion in the measurements, and that the dust masses inferred from
the observations can change significantly based on the different assumption to
convert observational quantities to dust masses.

– The reverse shock (� 104 yr after explosion) is recognized to be a crucial
phenomenon that can drastically reduce the yield of dust production of SNe
and reshape the distribution of grain sizes and species. Yet, different models
predict quite different survival rates, spanning from scenarios in which the
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disruption is essentially total to models that predict a survival rate of up to
80%.

– Despite these uncertainties, it is generally acknowledged that supernova ejecta
are likely the main channel for dust production associated with stars more
massive than 8 M�.

● Asymptotic Giant Branch stars (AGBs)

– This is the dominant dust production for low and intermediate mass stars
(0:8M�\mstar\8M�).

– Most models adopt a simplified approach of stationary, spherically symmetric
winds, due to the difficulties of integrating self-consistently the dust
production in the complex AGB atmosphere models. Yet, depending on the
detailed assumption about the structure of the stellar envelope and energetics
of nucleosynthesis in the various evolutionary steps, the dust mass production
can vary by more than one order of magnitude in certain stellar mass ranges,
and in certain metallicity ranges.

– Carbon grains are mostly produced in AGBs with masses in the range
2M�\mstar\3� 3:5M� (which become C-rich during the TP-AGB phase).
This is the range for which the AGB dust production is maximum, reaching
about 10�2 M� per star, which, convolved with the IMF, results into the main
dust production mechanisms in the local Universe and for evolved systems.

– The limited mass range in which carbon dust is produced has also implications
for observations in the early Universe, as AGBs are unlikely to produce
carbon-rich dust in systems younger than about 300Myr

– Silicate dust production requires initial metallicities Z[ 0:07 Z�, and it is
formed primarily by low-mass AGBs (mstar\2M�), and by stars more
massive than 4–5 M� (suffering Hot Bottom Burning). This implies that in
young systems, dust produced by AGBs is mostly in the form of silicates.

● Red Super Giant Stars (RSGs)
RSGs with masses 10\mstar=M�\25 are estimated to produce and eject a dust
mass in the range �3:6� logmdust=M� � � 2:6, which is comparable to the
expected dust masses from core-collapse SNe, after reverse shock. However, it is
likely that most of this dust is destroyed in the subsequent supernova explosion.

● Wolf–Rayet (WR) stars
WR stars, formed out of stars more massive than 40M�, are expected and
observed to produce and expel gas, but only in the more evolved WC phase. The
estimated dust production during this phase is about 10�2 M�. However, most of
this dust is expected to be destroyed by the subsequent SN explosion. Moreover,
WR stars are very rare (at least for a standard IMF) and are therefore expected to
be a minor dust contributor. Finally, WCs are known to be absent in low-
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metallicity galaxies, hence unlikely to contribute to the dust production in the
early Universe.

● Classical Novae
Classical Novae are observed to be another interesting source of dust, which form
in the dense shells behind the shocks produced in the outburst. However, although
the rate of these events is about 35 per year in the Milky Way, each event is
estimated to produce dust masses of only � 10�10 � 10�7 M�. Therefore, they
are unlikely to be major contributors of dust.

● Type Ia SNe
Although theoretical models predict that type Ia supernovae can produce dust
masses in the range between 3	 10�4 � 0:2M�, no observational evidence has
been found for dust formed in their ejecta, with upper limits of
� 0:03� 0:075M�. The much higher energetics (and lower densities) involved
in type Ia SN explosions are likely responsible for the lack of dust formation (and
rapid destruction). The lack of iron dust formed in type Ia SNe implies that most
of the depletion of iron in dust grains must happen via accretion from the ISM.

● Quasar winds
The dense clouds ejected from quasars are expected to pass through a phase in
which density and temperature are optimal for the nucleation of dust grains. In
powerful quasars, models expect that the dust production rate could be up to a few
M�/yr, and hence, they could potentially contribute to the dust enrichment of the
host galaxy, even in the early Universe. However, it should be taken into account
that this mechanism requires the pre-enrichment of the ISM in the nuclear region.

Clearly, the emerging picture is that the primary source of dust in galaxies is SN ejecta
and AGB winds. Assessing the relative contribution of these two sources of dust at
different times, hence at different cosmic epochs, is less obvious. While the production
by SNe is essentially prompt, the production of dust by the first AGBs starts as early as
35 Myr after the beginning of star formation, and catches up fairly quickly (Fig. 1).
Whether and when AGB dust dominates over the SN production (including reverse
shock) depends on various factors, primarily the stellar IMF, metallicity, the degree of
dust destruction by the SN reverse shock, and other parameters affecting the dust yield
in the two phenomena. For instance, with a standard IMF, AGB dust may start
dominating the dust content within a few 100 Myr, while in the case of a top-heavy
IMF, the AGB dust may need more than 1 Gyr to dominate over the SN-produced dust.
Such susceptibility on the IMF (but also on metallicity) has obviously important
implications at high redshift if, as expected by various models, the IMF evolves with
time (along with the chemical enrichment).

We have finally discussed that, regardless of the source of dust, its fate is
unavoidably affected by its evolution and reprocessing in the ISM. Interstellar shocks
generated by SNe can easily destroy dust grains in the ISM and change their size
distribution, depending on the shock velocity and on the initial size distribution of the
grains. Another fundamental process is the growth of grains through the accretion of
gas-phase metals. This process is still poorly understood, but in the cold neutral
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medium of the ISM can be very efficient and very rapid (with timescales as short as a
few Myr), implying that possibly most of the dust mass in the ISM of evolved (metal-
rich) galaxies is actually primarily resulting from growth in the ISM. In the early
Universe, the dense environments in high-redshift galaxies may enhance dust
growth. However, the lower gas metallicity can result into grain growth timescales
comparable to the age of the Universe at those epochs.

The results reported in this review have highlighted the tremendous progress in
modeling the dust formation and processing mechanisms, as well the impressive
observational results obtained on dust sources through various cutting edge facilities.
New models and numerical simulations, that consistently treat the dust formation
with the complex physical processes and with less idealised assumptions, together
with extensive observing programs, especially probing dust thermal emission in the
far-IR/submm (e.g., with ALMA and NOEMA), and in the mid-IR (e.g., with JWST
and, in the near future, with the ELT), will certainly provide tighter constraints on the
relative role of the various dust production sources and processing, as well as on the
resulting population of dust grains in different environments. However, the results
obtained so far already provide an adequate backbone for the extensive models that
are being developed to interpret the puzzling observations on dusty (and non-dusty)
galaxies at high redshift. These exciting observational results, that are being obtained
with facilities such as ALMA and JWST, as well as the models that have been
proposed to explain them, will be the topic of the second part of this review.
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