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Mass-loss and silicate production
in oxygen-rich AGB stars: current
understanding and open
questions
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AGB stars play a crucial role in the chemical enrichment of the Universe,
polluting their host galaxies with gas and dust that reflect the nucleosynthesis
processes active during their evolution. Among the dust species formed in the
AGB phase, oxygen-rich dust is produced in significant quantities in sources with
masses above 4 solar masses, influencing wind dynamics and, consequently, the
total dust budget of such stars. In this regard, this manuscript aims to update
the reader on some key open questions that still limit the estimation of the
role of oxygen-rich AGB stars in the silicate budget of the interstellar medium
in galaxies. This is achieved by reviewing previous studies and focusing on the
limitations in the description of mass-loss rates and dust yields.
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1 Introduction

TheAsymptoticGiantBranch (AGB)represents a crucialphase in theevolutionof low-and
intermediate-mass stars (∼0.8–8 M⊙), characterized by complex nucleosynthesis processes,
intense mass-loss, and significant dust production. During this phase, stars experience
substantial structural and internal changes, developing a degenerate CO core surrounded
by alternating burning shells of hydrogen and helium (Herwig, 2005), while their extended
convectiveenvelopeundergoes significantmass-loss throughpowerful stellarwinds.Thestellar
winds, composed of gas and dust, are responsible for a substantial portion of the material
returned to the interstellar medium (ISM), contributing to the formation of new stars and
planetary systems (Tielens et al., 2005; Karakas, 2010). The chemical composition of the
circumstellar envelope, particularly the surface carbon-to-oxygen (C/O) ratio, determines the
type of dust produced. Carbon-rich AGB stars (C/O > 1) produce carbonaceous dust (CRD),
while oxygen-rich AGB stars (C/O < 1) produce oxygen-rich dust (ORD), mainly composed
of silicates such as olivine, pyroxene, and quartz. Both species are recognized as among the
most efficient dust manufacturers in the Universe (Ferrarotti and Gail, 2006).

This manuscript focuses on oxygen-rich AGB stars and the silicates they produce,
which play a crucial role in various astrophysical contexts. In fact, silicates have been
observed in diverse environments, from nearby protoplanetary disks (Maaskant et al., 2015)
to the surroundings of active galactic nuclei (Xie et al., 2017) and even in distant quasars
(Pennock et al., 2022). For this reason, a deeper understanding of these environments
requires a more detailed characterization of oxygen-rich sources, particularly in metal-
rich systems where they dominate the stellar population (Li et al., 2023). Moreover,
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the impact of silicates on the cosmic cycle of matter is significant
(Henning, 2010). They influence the thermal balance of dense and
cold regions within interstellar and circumstellar dust populations,
contribute to interstellar extinction, and emit thermally in the
infrared and millimeter wavelengths. Additionally, studying this
dust species provides a unique opportunity to probe AGB wind
structures, as its formation depends on specific thermodynamic
conditions that are highly sensitive to stellar outflow properties
(Gail and Sedlmayr, 2013). Silicate grains play a key role in wind
acceleration but require sufficient growth to interact effectively with
stellar radiation. If they remain too small, the radiative pressure
is insufficient to drive a wind; however, when their sizes approach
the wavelengths where stellar flux peaks (0.1–1 μm), they can
efficiently scatter radiation, enhancing their contribution to the
wind-driving process (Höfner, 2008).

Nonetheless, modeling the formation and growth of silicate
grains in AGB winds remains challenging, given the delicate
interplay between dust condensation, mass-loss, radiation pressure,
and local thermodynamic conditions (Mattsson et al., 2010; Gail
and Sedlmayr, 2013). Metallicity further modifies these processes,
as illustrated by observations of oxygen-rich AGB stars that show a
nearly linear decrease in gas-to-dust ratios (Marshall et al., 2004).
Accurately quantifying how oxygen-rich AGB stars shape the dust
content of galaxies and how the production of silicates regulates the
mass-loss process is thus a pivotal goal for both stellar evolution and
cosmic dust research.

We note that this mini-review does not aim to provide a
comprehensive overview of AGBmass-loss and dust production, but
rather seeks to highlight some limitations that still hinder our ability
to robustly assess the importance of oxygen-rich AGB stars for the
silicate enrichment of the interstellar medium in galaxies and, more
broadly, in the Universe.

2 Dust formation in oxygen-rich AGB
stars: The role of the C/O ratio and
progenitor mass

As anticipated in the Introduction, the mineralogy of the dust
formed in AGB winds depends primarily on the C/O ratio. This is
due to the extreme stability of the COmolecule, which entirely locks
the less abundant element between carbon and oxygen, making it
unavailable for dust formation. The abundances of these elements
are significantly influenced by theThirdDredge-Up (TDU) (Herwig,
2005) and Hot Bottom Burning (HBB) (Sackmann and Boothroyd,
1991). The TDU is a mixing process that enhances the surface
carbon abundance, and repeated TDU episodes can lead to C/O > 1,
consequently favoring the formation of CRD. Conversely, ORD is
favored when the number of TDU episodes is too low to achieve
C/O > 1 or when HBB is active. In fact, HBB is a nucleosynthetic
process that lowers the surface carbon abundance, operating at
temperatures above 40 MK and thus occurring in stars with masses
exceeding approximately 4 M⊙. Stars in this mass range, known as
intermediate-mass stars, are predicted to be themost efficient silicate
producers in their stellar winds (Ventura et al., 2014; 2018).

In oxygen-rich winds, various dust species can form, including
silicates, alumina (Al2O3), and solid iron (Ferrarotti and Gail, 2002;
2006; Gail and Sedlmayr, 1999). Among these, alumina dust is

the most stable, forming at high temperatures of around ∼1500 K,
corresponding to a distance of ∼1–2 R∗ from the star’s photosphere.
However, due to its high optical transparency, alumina dust does
not contribute significantly to wind acceleration and therefore does
not hinder the formation of other dust species. In contrast, silicate
dust forms in a more distant region, approximately ∼10 R∗ from
the star, where temperatures range from 1000 to 1100 K (Gail and
Sedlmayr, 2013; Höfner, 2008). Once silicates form in sufficient
quantities and reach adequate size, they become the primary
drivers of radiative pressure, playing a crucial role in accelerating
the AGB wind (Dell’Agli et al., 2014).

Before silicates and other dust species can condense, initial seed
nuclei (known as nucleation) must form; however, this remains a
major open question in oxygen-rich AGB winds (Jeong et al., 2003;
Woitke, 2006; Gail and Sedlmayr, 2013). Al2O3, the most stable
dust species, is a leading candidate due to its high condensation
temperature and proximity to the star. (Karovicova et al., 2013;
Höfner et al., 2016). Titanium dioxide (TiO2) and iron oxides
(FeO, Fe2O3) have also been proposed as potential condensates
(Jeong et al., 2003; Gail and Sedlmayr, 2013), although evidence
suggests that they are not primary nucleation seeds. Stellar
metallicity, which dictates the abundance of key metals like Al and
Ti, may act as a bottleneck, affecting both nucleation and subsequent
dust condensation (Nanni et al., 2013; Ventura et al., 2018). While
a detailed discussion is beyond the scope of this review, nucleation
remains a key factor in dust formation efficiency across different
stellar environments.

In AGB stars, silicates can be observed in both amorphous
and crystalline forms (Waters et al., 1996; Molster et al., 2002).
These two forms exhibit distinct features in infrared spectroscopic
observations: amorphous silicates produce broad, smooth bands at
9.7 and 18 μm, while crystalline silicates display sharper resonance
peaks. The exact positions and shapes of these peaks are highly
sensitive to factors such as composition, lattice structure, grain size,
and morphology (Molster et al., 2002; Koike et al., 2003). This is
evident in Figure 1, which shows the spectra of an AGB (SSID165,
panel A) and a post-AGB (HD 179821, panel B), where the location
of the aforementioned silicate species is highlighted. Temperature
plays a key role in determining whether silicates condense into a
crystalline or amorphous lattice: formation above the glass transition
favors the more energetically stable crystalline arrangement (e.g.,
olivine, pyroxene, quartz), whereas lower temperatures typically
result in amorphous grains.

Concerning the amount of dust produced, the progenitor mass
of a star generally plays a pivotal role in this aspect. For instance, in
thework ofVentura et al. (2018), different evolutionarymodels agree
that higher-mass stars produce larger amounts of silicates, as they
are characterized by higher luminosities and mass-loss rates (Gail
and Sedlmayr, 2013). This is illustrated in Figure 21 of that study.

3 Mass-loss and silicate formation in
oxygen-rich AGB stars: challenges and
advances

In recent years, significant efforts have been made to develop
accurate models of AGB stars that couple stellar evolution with the
processes of dust formation and its influence on wind dynamics
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FIGURE 1
(A) Spitzer spectra from the sample studied both by Jones et al. (2012) and Marini et al. (2020) of SSID165, an oxygen-rich AGB star, showing the
characteristics features of the silicates in the amorphous structure at 9.7 and 18μm (B) ISO spectrum (Sloan et al., 2003) of the Galactic post-AGB star
HD 179821, where we indicated with dashed lines the range of some crystalline silicates complexes.

(Ventura et al., 2012; 2014; Nanni et al., 2013; 2014). This is
essential for evaluating how wind dynamics shape stellar evolution
and determine the properties of the material ejected into the ISM.
In this context, the framework proposed by the Heidelberg group
(Ferrarotti and Gail, 2002; 2006) has played a pivotal role, providing
valuable insights into dust production, particularly regarding the
formation of silicate grains in oxygen-rich AGB stars. However,
several uncertainties still affect the accuracy of these theoretical
results, particularly regarding the luminosities and mass-loss rates
reached by intermediate-mass AGB stars (Karakas and Lattanzio,
2014) and the likelihood of these stars evolving into the C-star phase
during the final stages of their AGB evolution (Ventura et al., 2018).

Since the mass-loss process directly influences the amount and
composition of dust expelled into the interstellar medium, a detailed
understanding of this mechanism is essential for quantifying silicate
production. However, accurately modeling mass-loss rates, which
are critical for dust formation, has been a long-standing challenge.
Early mass-loss prescriptions, such as the Reimers (1975) formula,
provided a simple parameterization based on stellar luminosity,
radius, and mass. However, since it was derived from observations
of red giants and does not account for the effects of dust formation,
it fails to describe the intense mass-loss rates of late AGB stars.
Consequently, it is most commonly used to model mass-loss
during the early AGB phases. Bloecker (1995) proposed a more
advanced prescription based on the dynamical calculations for
Mira-like star atmospheres by Bowen (1988), which introduced
a stronger dependence on luminosity, capturing the rapid mass-
loss rates observed in intermediate-mass stars. Vassiliadis and
Wood (1993), hereafter VW93 further improved these models by
linking mass-loss rates to stellar pulsation periods, allowing for a
more realistic description of the increasing mass-loss toward the
end of the AGB phase, particularly during the so-called super-
wind phase. Recent work by Goldman et al. (2017) introduced an
empirical mass-loss prescription that accounts for both luminosity

and metallicity effects, revealing a strong correlation between mass-
loss rates and luminosity. Their findings suggest that AGB mass-
loss is nearly independent of metallicity within a range of half to
twice the solar value. Each model provides valuable insights but
faces to fully capture the complexities of stellar atmospheres and
interactions, particularly in the final AGB phases. Additionally, the
calibration of parameters, such as the scaling factor in Bloecker
(1995) prescription, remains debated, and it is likely that no single
prescription can fully account for the diversity of all OH/IR stars
(Goldman et al., 2017). In this regard, a comprehensive overview of
the various mass-loss prescriptions can be found in Rosenfield et al.
(2014). This underscores the need for more refined models that
better incorporate diverse stellar conditions and observational
constraints, which are crucial for improving our understanding of
mass-loss and dust formation in AGB stars.

The parameterization of AGB star winds and the connection
between mass-loss rates and the conditions required for dust
condensation depend on the assumptions made in wind dynamics
models. These models, which typically assume spherically
symmetric flows to simplify computations, fall into two categories.
Steady wind models have been instrumental in studying the driving
mechanism of winds, predicting dust yields, and are commonly
applied in stellar population studies (e.g., Nanni et al., 2013;
Nanni et al., 2014; Dell’Agli et al., 2014). While they are well-
suited for coupling with stellar evolution models, their limitation
is that mass-loss rates are treated as input parameters rather
than being derived as a result. Time-dependent models, on the
other hand, simulate the formation of dust and its role in driving
mass-loss (Höfner et al., 2016). While these models can provide
mass-loss rates as an output, their complexity makes it challenging
to couple them directly with stellar evolution models. Thus,
despite these advances, critical challenges remain, including the
complex interplay between pulsations, dust formation, and wind
acceleration.
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These challenges are particularly relevant for oxygen-rich AGB
stars, as the production of silicate grains depends sensitively on
the local physical conditions in the stellar atmosphere. Recent
observational studies have confirmed the complexity of mass-
loss dynamics in deeply embedded AGB stars, revealing intricate
circumstellar structures and extreme dust production rates. These
findings highlight the limitations of simplified theoretical models
and underscore the need for more advanced prescriptions that can
accurately reproduce the observed properties of these stars. For
example, studies such as Bladh et al. (2019) show that mass-loss
rates do not exhibit a straightforward correlation with pulsation
properties, suggesting that additional factors, such as non-LTE
effects or time-dependent chemistry, may play a role. Furthermore,
high-resolution imaging has revealed non-spherical morphologies
in the circumstellar envelopes of AGB stars, indicating the potential
influence of mechanisms such as binary interactions, magnetic
fields, or stellar rotation (Decin et al., 2020). These complexities
emphasize the need for models that account for asymmetries and
non-linear processes to accurately capture the conditions under
which silicate dust forms and is ejected.

Understanding mass-loss mechanisms is vital to resolving
the debate on whether intermediate-mass AGB stars contribute
significantly to silicate production in galaxies. While their
role is likely negligible in metal-poor environments, silicate
yields at sub-solar, solar, and super-solar metallicities remain
unclear due to conflicting studies (Schneider et al., 2014;
Ventura et al., 2014; Ventura et al., 2020). Models that integrate
hydrodynamical simulations and observational constraints will be
crucial for refining our understanding of silicate production and the
role of oxygen-rich AGB stars in the chemical evolution of galaxies.

4 Deeply obscured AGB stars as
drivers of silicate production

While all oxygen-rich AGB stars contribute to the silicate
budget, deeply embedded sources with extreme mass-loss rates
appear to be the primary contributors. These objects, characterized
by thick circumstellar dust shells, provide key insights into the
terminal AGB phases and the peak of silicate dust production.

In this section, we first review the observational evidence
supporting the role of high-mass-loss oxygen-rich AGB stars
as major silicate dust producers, focusing on studies that have
identified and characterized these sources. We then discuss the
theoretical advances that have shaped our understanding of their
dust formation processes, including recent modeling efforts that
highlight the connection between mass-loss, dust production, and
stellar evolution.

4.1 Observational evidence

Oxygen-rich AGB stars with high mass-loss rates have been
widely recognized by the scientific community as key contributors to
the silicate enrichment of the ISM, often appearing heavily obscured
by their dusty envelopes. As a result, they have been extensively
studied and are considered ideal laboratories for exploring the
interplay between stellar evolution, mass-loss processes, and dust

production. Indeed, Olivier et al. (2001) conducted a comprehensive
study of 58 dust-enshrouded AGB stars within approximately
one kpc of the Sun, using infrared photometry from various
surveys (Two Micron Sky Survey, IRAS, and AFGL). Their analysis
revealed that the majority of these sources are cool variable
stars experiencing moderate to high mass-loss, confirming the
importance of local dust-enshrouded AGB stars in the galactic
dust budget. van Loon et al. (2005) analyzed obscured AGB stars
in nearby galaxies, contributing to the understanding of their
properties through the analysis of infrared emissions. Jones et al.
(2012) demonstrated their crucial role in the production of large
amounts of silicates, particularly in metal-rich environments.
Groenewegen and Sloan (2018) further expanded this work by
studying a sample of both carbon-rich and oxygen-rich AGB
stars in the Magellanic Clouds, combining Spitzer IRS spectra
with optical and infrared photometry to model their spectral
energy distributions and derive mass-loss rates and luminosities.
Their results confirmed the existence of a population of extremely
dusty oxygen-rich AGB stars with significant contributions to the
overall dust budget. High-resolution observations have revealed
unexpected complexities in the circumstellar environments of these
stars. Most notably, Decin et al. (2020) identified spiral structures
around extreme OH/IR stars, revealing them to be wide binary
systems and showing a correlation between the morphology of
AGB ejecta and the current mean mass-loss rate in these systems.
Additional insights have come from AKARI/IRC observations of
extremely red IRAS sources, as reported by Bunzel et al. (2009),
showing that OH/IR variables exhibit strong silicate absorption
features at 10 μm, indicative of their substantial dust production.

4.2 Theoretical understanding and
advances

The theoretical framework for understanding the observations
outlined in Section 4.1 has evolved significantly through various
modeling efforts since the early studies. Early work by Ferrarotti and
Gail (2006) established foundational models for dust production
in AGB stars across different chemical phases (M, S, and C),
incorporating complex radiation-dust interactions in circumstellar
shells. Their models, while comprehensive in treating various
dust species, including olivine, pyroxene, and quartz, suggested
lower silicate condensation temperatures than later experimental
measurements would indicate. Nanni et al. (2013) advanced this
understanding by developing detailed models of dust formation
in circumstellar envelopes using the COLIBRI code. Their
work particularly emphasized the importance of condensation
temperature in silicate formation, comparing low condensation
temperature (LCT) and high condensation temperature (HCT)
models. They identified the significant role of chemo-sputtering in
silicate destruction at temperatures above 1100 K and demonstrated
how dust production varies with stellar mass and metallicity.
Ventura et al. (2018) further contributed by providing a detailed
comparison of two different evolutionary codes (ATON and
MONASH) for modeling solar-metallicity AGB stars. Their work
underscored the crucial importance of considering dust formation
processes and metallicity in AGB evolution, particularly in the final
phases where dust production peaks. More recently, Marini et al.
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FIGURE 2
Theoretical models from the work by Marini et al. (2023). Time variation of the mass-loss rate (A) and dust production rate (B) of model stars of initial
mass 4M⊙ (black lines and circles) 5M⊙ (red lines and squares) and 6M⊙ (blue lines and triangles), calculated with the mass-loss prescription by Bloecker
(1995). Green points refer to the inter-pulse phases, and indicate results from modelling based on the VW93 description of mass-loss.

(2023) explored silicate dust production in a group of deeply
obscured intermediate-mass AGB stars in the Galaxy, testing
different mass-loss rate prescriptions to better reproduce the
observational data. The best agreement was achieved using the
VW93 formula, leading the authors to show that intermediate-mass
stars undergo a dramatic increase in silicate dust production during
their terminal AGB phases. This enhanced production remains
highly efficient until the very final stages, just before contraction into
the post-AGB phase.The process is characterized by extremely high
mass-loss rates (10−4 M⊙/yr) and is evidenced by deep absorption
features at 9.7 and 18 μm. Such features confirm that these stars
represent the most significant contributors to silicate production
across the Universe, as suggested by earlier studies (Riebel et al.,
2012). A comparison of some of the results obtained by Marini et al.
(2023) using different mass-loss descriptions (Bloecker, 1995, and
VW93) is shown in Figure 2, where the time variation of the mass-
loss rate and silicate production rate of intermediate-mass AGB
stars are displayed. Significant differences are found in the mass-loss
rates experienced, especially during the final phases, with the VW93
models producing values approximately three times higher than
those calculated using the Bloecker (1995) prescription.

The implications of these extrememass-loss rates are substantial
and directly impact the dust production rate of the stars, as seen
in the panel (B) of Figure 2. Marini et al. (2023) showed that
the total amount of silicate dust expelled into the interstellar
medium during the final stages of intermediate-mass AGB stars
is approximately three times larger than previously estimated
by earlier studies, including Dell’Agli et al. (2017), Nanni et al.
(2018), and Ferrarotti and Gail (2006), which had calculated lower
silicate yields for intermediate-mass stars at similar metallicities
(see Table 2 in Marini et al., 2023).

This comprehensive body of observational and theoretical work
underscores that, to accurately assess the contribution of AGB
stars to the silicate enrichment of the interstellar medium in
galaxies and the Universe, it is crucial to focus particularly on
the most extreme cases of mass-loss in oxygen-rich AGB stars.
These heavily obscured stars, despite their relatively small numbers,
appear to dominate the overall silicate dust production, especially
in metal-rich environments. The findings highlight the critical
importance of accurately modeling mass-loss processes and dust
formationmechanisms in these stars, with particular attention to the
terminal AGB phase, to precisely quantify their role in the cosmic
dust cycle.

5 Conclusion

Heavily obscured oxygen-rich AGB stars in the intermediate-
mass regime (M≥4 M⊙) have emerged as pivotal contributors
to cosmic dust enrichment, particularly through the production
of silicates. Although comparatively rare, these deeply embedded
sources, distinguished by extreme mass-loss rates, can dominate
the dust budget in metal-rich environments. Their optically thick
envelopes not only obscure the central star from direct view but also
offer a uniquewindow into the final andmost dust-productive stages
of AGB evolution.

While significant progress has been made in characterizing
these objects, fundamental gaps remain in our understanding of
the mechanisms governing their mass-loss and dust formation.
Although current one-dimensional models and empirical
frameworks capture key features of AGB winds, they still produce
divergent estimates of the total dust budget, reflecting uncertainties
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in howpulsations, dust condensation, and nucleosynthesis processes
interact to shape the circumstellar envelope chemistry.

The advent of next-generation observational facilities promises
to revolutionize our understanding of these stars. The James
Webb Space Telescope (JWST) and forthcoming extremely
large telescopes will enable high-angular-resolution infrared
observations, allowing us to map the distribution of silicate grains
with unprecedented detail and probe the thermal and chemical
conditions under which dust condenses. Systematic spectroscopic
surveys across different metallicity regimes will further clarify how
local environments influence mass-loss rates, dust composition, and
ultimate dust yields.

On the theoretical front, there is a pressing need for more
advanced, multidimensional models that incorporate stellar
pulsations, dust-driven winds, magnetic fields, rotation, and binary
interactions-phenomena known to influence circumstellar outflows.
Such models must not only reproduce the global dust budget but
also account for the complex morphologies and episodic mass-loss
patterns inferred from high-resolution imaging and spectral data.

Ultimately, the study of heavily obscured oxygen-rich AGB
stars extends beyond stellar astrophysics. These objects play a
central role in the galactic dust cycle, supplying essential raw
materials for the formation of new stars and planets. By refining
our models of their final evolutionary phases and leveraging
increasingly sophisticated observational capabilities, we can gain
deeper insights into how intermediate-mass AGB stars influence
the chemical evolution of galaxies and, by extension, the broader
cosmic ecosystem.
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