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Abstract As low- and intermediate-mass stars reach the asymptotic giant branch
(AGB), they have developed into intriguing and complex objects that are major players
in the cosmic gas/dust cycle. At this stage, their appearance and evolution are strongly
affected by a range of dynamical processes. Large-scale convective flows bring newly-
formed chemical elements to the stellar surface and, together with pulsations, they
trigger shock waves in the extended stellar atmosphere. There, massive outflows of gas
and dust have their origin, which enrich the interstellar medium and, eventually, lead
to a transformation of the cool luminous giants into white dwarfs. Dust grains forming
in the upper atmospheric layers play a critical role in the wind acceleration process,
by scattering and absorbing stellar photons and transferring their outward-directed
momentum to the surrounding gas through collisions. Recent progress in high-angular-
resolution instrumentation, from the visual to the radio regime, is leading to valuable
new insights into the complex dynamical atmospheres of AGB stars and their wind-
forming regions. Observations are revealing asymmetries and inhomogeneities in the
photospheric and dust-forming layers which vary on time-scales of months, as well as
more long-lived large-scale structures in the circumstellar envelopes. High-angular-
resolution observations indicate at what distances from the stars dust condensation
occurs, and they give information on the chemical composition and sizes of dust
grains in the close vicinity of cool giants. These are essential constraints for building
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realistic models of wind acceleration and developing a predictive theory of mass loss
for AGB stars, which is a crucial ingredient of stellar and galactic chemical evolution
models. At present, it is still not fully possible to model all these phenomena from first
principles, and to predict the mass-loss rate based on fundamental stellar parameters
only. However, much progress has been made in recent years, which is described in
this review. We complement this by discussing how observations of emission from
circumstellar molecules and dust can be used to estimate the characteristics of the
mass loss along the AGB, and in different environments. We also briefly touch upon
the issue of binarity.

Keywords Stars: AGB and post-AGB · Stars: atmospheres · Stars: evolution · Stars:
mass loss · Stars: winds, outflows · Circumstellar matter

1 Setting the stage

Studies of pre-solar dust grains found in meteorites reveal that the material from
which our solar system formed has its origin in stars with a wide range of fundamental
properties (see, e.g., Nittler and Ciesla 2016). The isotopic composition of individual
dust grains makes it possible to trace them back to either massive stars which exploded
in core-collapse supernova events, or to less massive stars which lost a significant
part of their mass through stellar winds during their late stages of evolution. This
review takes a closer look at the latter process, focusing on the phase when low-
and intermediate-mass stars ascend the asymptotic giant branch (AGB). The massive
winds of these cool luminous giants play a decisive role in determining their observable
properties, their further evolution and their final fate (e.g., Herwig 2005; Lattanzio and
Karakas 2016), as well as providing the building blocks for new generations of stars
and planets (e.g., Tielens 2005). Therefore, it is of fundamental importance for a wide
range of astrophysical problems to understand the mechanisms which cause these
outflows, and to measure their properties.

The structure of this review reflects the development of our knowledge about mass
loss on the AGB, from a purely descriptive to an increasingly predictive nature. After
an introductory part, which describes fundamental properties of AGB stars and basic
concepts, we discuss the methods which are used to measure mass-loss rates and other
wind properties, and we give a broad overview of the results. Then, we turn to the
mechanisms which cause the outflows, giving a description of modelling approaches
as well as key theoretical results, before comparing the current generation of wind
models to observations. In this context, a special emphasis is put on problems in
establishing the dependence of the mass-loss rate on fundamental stellar parameters,
which is essential for models of stellar and galactic chemical evolution. Finally, we
discuss known challenges and open questions, and we round off with conclusions and
future perspectives, regarding both theoretical and observational work. While we give
some key historic references to illustrate the development of the field, the focus is
on describing the current state of the art, and discussing where improvements will be
necessary in the future.
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Over the years, AGB stars have become a broad research topic, and not all funda-
mental aspects can be covered here as was attempted in Habing and Olofsson (2003).
The interior structure and evolution (which will only be summarized briefly below) are
discussed in the extensive review by Herwig (2005). Nucleosynthesis and stellar yields
of single AGB stars are the topic of a recent review by Karakas and Lattanzio (2014),
while binary evolution is discussed by De Marco and Izzard (2017). Willson (2000)
gives a detailed analysis of problems in deriving a “mass-loss formula”, i.e., a quantita-
tive description of how the mass-loss rate depends on fundamental stellar parameters,
as used in evolution models. The textbook by Gail and Sedlmayr (2014) provides a
detailed introduction to the physics and chemistry of circumstellar envelopes around
AGB stars.

1.1 Stars on the asymptotic giant branch: evolution and properties

The AGB phase is a late stage in the evolution of low- and intermediate-mass stars, with
an initial mass range of about 0.5–8 M� (the exact value of the upper limit depends on
the treatment of convection). After leaving the main sequence, these stars go through a
first red giant branch (RGB) phase, and come out of the subsequent central-He-burning
stage with an inert carbon/oxygen core where eventually the electron-degeneracy pres-
sure dominates. For these stars, nuclear burning in the stellar core is over. They will
ascend a red giant branch for the second time, the AGB, powered by alternating burn-
ing of H and He in thin shells surrounding their inert C-O core. This will be their final
evolutionary stage as stars, before they turn into white dwarfs. Taking into account the
age of the Universe, the observable AGB stars correspond to an initial mass in excess
of ≈ 0.8 M�; less massive stars have not had time to reach the AGB, yet. Assuming
that stellar birth follows approximately a Salpeter initial-mass function (IMF), the
majority of stars that have died in our Universe have done this directly following the
AGB stage.

The double-shell burning structure of AGB stars, i.e., a He-burning inner shell
which is replenished by a H-burning outer shell, leads to a phenomenon called He-
shell flash, or thermal pulse. In a cyclic process, phases of intense He-shell burning,
which last a few hundred years, interrupt longer periods of quiescent H-shell burning
with a duration of a few× 104 year, depending on mass. The He-burning activates
nucleosynthesis in the inter-shell region, and the outward flow of the energy released
by He-burning causes extinction of the H-shell burning and leads to dredge-up of
material from the inter-shell region to the surface via the convective outer envelope of
the star. It is during the thermally pulsing stage (TP-AGB) that AGB stars produce a
large fraction of the elements we find in the universe, and the efficiency of the third
dredge-up process determines how much of this nucleo-enriched material will reach
the surface (see, e.g., Karakas and Lattanzio 2014, for an overview of nucleosynthesis
on the AGB, and for definitions of technical terms).

AGB stars are initially of spectral type M (with C/O ≈ 0.5 by number), but the
gradual dredge-up of newly produced carbon may eventually lead to a situation where
C/O > 1 in the atmosphere, and a carbon star has formed. There is a lower limit
to the initial mass (≈ 1.5 M� for solar composition, less for lower metallicity) for
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this process to work. In the transition from spectral type M to C, S-stars are formed
(0.5 � C/O � 1 covering the spectral types MS, S, and SC). The hot-bottom-burning
(HBB) process prevents the formation of carbon stars when the initial mass is above
a certain limit (≈ 4 M� for solar composition, less at lower metallicity) since CNO-
burning destroys the carbon produced by He-burning. Thus, the most massive AGB
stars are likely to remain M-stars to the end.

The low effective temperatures (around 3000 K and below) and high luminosities (a
few 103 to a few 104 L�) reached during the AGB phase correspond to typical stellar
radii of several hundred solar radii. In combination with current masses well below
8 M�, the resulting surface gravities are typically 4–5 orders of magnitude below that of
a sun-like star. This makes AGB stars prone to lose mass from the loosely bound surface
layers if a sufficiently effective process can accelerate the atmospheric gas beyond the
escape velocity. A phenomenon that presumably adds to the effects of low surface
gravity is dynamical levitation of the atmospheres due to shock waves, triggered by
stellar pulsation. The existence of stellar pulsations in AGB stars was earlier deduced
from their pronounced photometric variability with typical periods of 100–1000 days,
and later supported by observations of variable spectral line profiles, due to Doppler
shifts, and changes in stellar radii, derived with interferometric methods. Classically,
variable AGB stars are divided into irregular, semiregular (SRV), and Mira variables
based on the regularity and amplitude of the light curve in the visible.

Mass-loss rates of AGB stars, determined with various observational methods, are
typically in the range of 10−8–10−5 M� year−1, but values as high as 10−4 M� year−1,
or even above, have been found for more extreme objects. Thus, it has been obser-
vationally shown that AGB stars can eventually reach mass-loss rates so high that
mass loss is the process which determines the evolutionary time scales, instead of
nuclear burning. Hence, a full understanding of AGB evolution, e.g., its time scales,
the maximum luminosity reached, the nucleosynthesis outcome, and the yield to the
interstellar medium (ISM), requires an understanding of the mass-loss process.

In line with the general opinion, we argue in this review that the most likely wind-
acceleration mechanism is radiation pressure on microscopic solid-state particles (dust
grains), formed in atmospheres that are levitated by pulsation. Seen from the per-
spective of quantitative modelling, this mass-loss mechanism is complicated, since
it involves a range of interacting, time-dependent physical processes on microscopic
and macroscopic scales, as well as a coupling of dynamical phenomena in the stel-
lar interior (convection, pulsation), the atmosphere (strong radiating shocks), and the
wind formation region (dust condensation, radiative acceleration), which correspond
to quite different physical regimes, Fig. 1. At present, it is still not fully possible to
predict the mass-loss rate from first principles, as a function of fundamental stellar
parameters, only. However, much progress has been made during the last decades,
and this is one of the two main topics of this review. The other one concerns the
observational characterization of the mass-loss process, e.g., its magnitude, geometry,
kinematics, composition, and its dependence on stellar characteristics such as mass,
luminosity, and metallicity. This is done by studying the properties of the escaping
material, i.e., the circumstellar envelope (CSE) of gas and dust.

An important aspect is the extent to which AGB stars contribute to the chemical
evolution over cosmic time in terms of dust and element production, and to the inte-
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Fig. 1 A schematic figure of an AGB star and its circumstellar environment, including regions and processes
of relevance to this review. The stellar radius (R∗) of a typical AGB star is of the order 1 AU (above 100
solar radii). By courtesy of S. Liljegren

grated light of galaxies. Estimates suggest that AGB stars are a major source of dust
in the Milky Way (e.g., Tielens 2005), but their contribution to dust production in the
early universe is still debated (Michałowski 2015, and references therein). To asses
the effects of AGB stars on their host galaxies requires, among other things, an under-
standing of how the mass-loss process depends on stellar metallicity. This will affect
the mass return, not only directly, but also through the fact that a less efficient mass
loss may lead to a significant fraction of the ≈ 3 − 8 M� stars ending as supernovae
of type 1.5, with consequences for the early chemical evolution. Mass loss also deter-
mines the maximum luminosity reached by an AGB star. Current estimates suggest
that AGB stars dominate the mid-IR light in young to moderate-age galaxies with low
amounts of diffuse dust (Villaume et al. 2015, and references therein). Any errors in
our understanding of the mass loss thus propagate into errors in our understanding of
the chemical evolution of the universe and the evolution of galaxies.

1.2 Early indications of mass loss

The first evidence of (substantial) post-main-sequence mass loss came through obser-
vations of the binary system α Her by Deutsch (1956). Circumstellar absorption lines
were seen in the spectrum of the companion star, suggesting circumstellar gas as far
away as 105 R� from the M giant. With an estimated outflow velocity of 10 km s−1,
the gas velocity is well above the escape velocity at this point. The estimated mass-loss
rate was 3 × 10−8 M� year−1. In a study of similar systems, Reimers (1975) derived
an empirical relation between mass-loss rate and stellar characteristics (luminosity,
mass, and radius) that bears his name.

There were also indirect indications. Auer and Woolf (1965) found that the Hyades
cluster contains about a dozen white dwarfs (WDs); each one must have a mass below
the Chandrasekhar limit of 1.4 M�. But, the Hyades cluster has stars with a mass
of 2 M� that are still on the main sequence (MS). Consequently, the white dwarf
progenitors must have lost at least 0.6 M� during their post-MS evolution.
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The advent of infrared observations led to considerable progress, e.g., the 2.2µm
IRC-survey by Neugebauer and Leighton (1969) and the AFGL catalogue of Price and
Walker (1976). It was shown that late-M red giants often have an excess of radiation at
infrared wavelengths, an effect of dust in a CSE. In some objects, the dust optical depth
is so high that most of the stellar energy are emitted at wavelengths longer than 2µm.
Gillett et al. (1968) and Woolf and Ney (1969) attributed an emission band around
10µm to small silicate particles, and Gehrz and Woolf (1971) estimated circumstellar
dust masses and mass-loss rates of M giants. Similar results were found for carbon
stars (Woolf and Ney 1969). The appearance of different dust compositions around
M- and C-type giants was explained by Gilman (1969) to be the consequence of the
high binding energy of the CO molecule, which prevents the less abundant of the two
elements from forming other molecules and solids. The launch of the space telescope
IRAS in 1983, which made a full-sky survey at 12, 25, 60, and 100µm, increased
substantially the number of detected mass-losing sources.

Wickramasinghe et al. (1966) showed that light pressure on graphite grains can
push both the grains and the surrounding gas out of the stellar gravitational field, as
a consequence of momentum exchange between dust and gas. Circumstellar OH (in
maser emission) was first detected in 1968 (Wilson and Barrett 1968), and circumstellar
CO rotational lines were observed a few years later towards the carbon star IRC+10216
(aka CW Leo) (Solomon et al. 1971). The first detailed physical/chemical model of a
CSE was presented by Goldreich and Scoville (1976). The OH masers were explained
as due to infrared pumping of OH molecules in a shell where they formed through the
dissociation of H2O by the interstellar radiation field.

Theoretical arguments suggested that very high mass-loss rates—well in excess of
what would result from an extrapolation of Reimers’ law—must be reached at the
end of the AGB evolution (Renzini and Voli 1981; Vassiliadis and Wood 1993). This
phenomenon is often referred to as “superwind”. The observational support for such
a phase came with the identification of mass-loss rates reaching 10−4 M� year−1 and
beyond using OH 1612 MHz maser line observations of so-called OH/IR stars (Engels
et al. 1983; Baud and Habing 1983).

In the decades following these initial discoveries, considerable progress has been
made thanks to both space- and ground-based instrumentation, as will be discussed
in this review. These developments have given access to spectral energy distributions
with a wide wavelength coverage (unaffected by terrestrial features), high spectral
resolution data on circumstellar atomic/molecular lines, and structural information
on CSEs via interferometry of nearby objects, complemented by large-scale surveys
and photometric monitoring of large samples of stars. In recent years, high-angular
resolution techniques, covering wavelengths from the visual to the radio regime, have
started to give direct insights into the dynamical atmospheres and wind acceleration
regions of AGB stars which is essential for understanding the mass-loss mechanism.

1.3 The onset of outflows: atmospheric conditions and forces

Considering the high luminosities of AGB stars, it is natural to assume that their winds
are driven by radiation pressure. Each photon carries momentum corresponding to its
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energy divided by the speed of light, and the total momentum of the photons emitted
by the star per second is given by the stellar luminosity divided by the speed of
light (L∗/c). This quantity is comparable to, or exceeds, the typical momentum of
the gas and dust leaving the star per second, which can be expressed as mass-loss
rate multiplied by terminal wind velocity (Ṁυ∞). Assuming the so-called single-
scattering limit (i.e., each stellar photon transfers momentum through one interaction,
corresponding to Ṁυ∞ = L∗/c), a typical star with a luminosity of L∗ = 5000 L�
should, in principle, be able to sustain a wind with a velocity of 10 km s−1 and a
mass-loss rate of about 10−5 M� year−1.

This argument is, of course, based on a simple order-of-magnitude estimate, and it
ignores the fact that the material leaving the star must be lifted out of the gravitational
potential, not just accelerated to its final speed from a state of rest. To estimate the
forces which are necessary for driving a stellar wind, they should be compared to the
gravitational force of the star. Radiative acceleration, i.e, the transfer of momentum
from photons to matter through absorption and scattering, depends critically on the
total radiative cross section per mass of stellar material. To estimate the amount of
opacity required for driving a stellar wind by radiative pressure, we consider the
relative magnitude of the outwards directed radiative acceleration compared to the
inwards directed gravitational acceleration acting on a layer of material, i.e.,

arad

agrav
= 〈κ〉 L∗

4π c GM∗
(1)

where 〈κ〉 is the flux mean opacity (total cross section per unit mass), and M∗ denotes
the current mass of the star (G = gravitation constant). The possible values of this
ratio fall into two distinct regimes, i.e., <1 where gravitational attraction dominates
and >1 where the radiative acceleration exceeds gravity, separated by the special case
where the two forces are equal in magnitude. The latter situation corresponds to a
critical value of the flux mean opacity, given by

〈κ〉crit = 4π c GM∗
L∗

≈ 2.6

(
M∗
M�

) (
L∗

5000 L�

)−1 [
cm2 g−1

]
. (2)

It should be noted here that wind driving may be a cumulative process, with radia-
tive pressure acting on material that is temporarily moving upwards on a ballistic
trajectory, due to the effect of shock waves. In that case, a value of arad/agrav that is
somewhat below 1 may be sufficient to lift the material out of the stellar potential well.
Nevertheless, 〈κ〉crit as given in Eq. (2) is a good order-of-magnitude estimate for the
flux-mean opacity required to drive an outflow, and a starting point for a discussion
of relevant opacity sources.

In the atmospheres of cool giant stars, most of the gas is in molecular form, and
certain species may condense into solid particles in the upper atmospheric layers.
In principle, both gas and dust opacities might contribute to radiative pressure. In
practice, however, the flux mean opacity will be dominated by those species that
absorb or scatter photons efficiently in the near-IR wavelength region, around the
stellar flux maximum. For comparison, we note that the winds of hot luminous giants,
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with typical velocities of about 1000–3000 km s−1, are presumably driven by atomic
line opacity, with Doppler shifts in the wind acceleration zone strongly increasing the
effective line width (see, e.g., Owocki 2010; Smith 2014; Puls et al. 2015, for recent
reviews on mass-loss mechanisms in massive stars). With typical velocities in AGB
star winds being about a factor of 100 lower, the latter effect is much smaller, and
atomic lines are not expected to contribute significantly to the radiative pressure in
these cool stars, where the photospheric flux declines steeply in the visual and UV. The
rich spectrum of vibration–rotation lines of abundant molecules, on the other hand,
overlaps with the stellar flux maximum in the near-IR wavelength region, and their
contribution to radiative pressure has been discussed in the literature (e.g., Elitzur
et al. 1989; Jorgensen and Johnson 1992). While molecules clearly have a significant
impact on the thermal structures of AGB star atmospheres, it seems that their total
flux-mean opacity does not reach values which affect atmospheric and wind dynamics
(e.g., Cherchneff et al. 1991; Bessell et al. 1996; Liljegren et al. 2016).

In contrast, dust grains are good candidates for driving winds of AGB stars, as they
can be very efficient at absorbing and/or scattering the stellar photons, depending on
their chemical composition and size. The optical properties of solid particles are mostly
determined by electronic transitions in the visual to UV range, and lattice modes in
the mid-IR region, which give rise to the characteristic spectral features observed in
CSEs (see Sect. 2.1). Certain materials which are likely ingredients of circumstellar
dust around AGB stars (e.g., amorphous carbon, or magnesium-iron silicates) are
also efficient absorbers in the near-IR range around the stellar flux maximum. If dust
particles with the right properties are abundant in the outer atmospheric layers, their
collective opacity can easily exceed 〈κ〉crit and trigger an outflow.

Dust species that are commonly associated with wind driving (i.e., amorphous
carbon or silicates) will typically condense at temperatures of 1500–1000 K, or below.
A rough estimate for the temperature of dust particles as a function of distance from
the center of the star, Td(r), can be obtained by assuming that (i) the grain temperature
is set by radiative equilibrium, (ii) the stellar radiation field can be described with a
Planck function corresponding to the effective temperature T∗, geometrically diluted
with distance, and (iii) the grain absorption coefficient can be approximated with
a power law κabs ∝ λ−p in the relevant wavelength region around the stellar flux
maximum, where λ denotes the wavelength and p is a material-dependent constant
(see, e.g., Bladh and Höfner 2012, for examples of such fits). This leads to

Td (r) ≈ T∗ (2r/R∗)−
2

4+p (3)

where R∗ is the stellar radius (see, e.g., Lamers and Cassinelli 1999, for a derivation of
this formula). The closest distance at which grains of a given material can form (without
evaporating due to radiative heating) is denoted as Rc in the following. It can be
estimated by finding the point where the grain temperature is equal to the condensation
temperature Tc of the material. According to Eq. (3), when setting Td (Rc) = Tc, we
obtain
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Fig. 2 An illustration of the Pulsation-Enhanced Dust-DRiven Outflow (PEDDRO) scenario. Left: a central
slice through a global 3D radiation-hydrodynamical model of an AGB star (Freytag and Höfner 2008),
showing effects of convection and pulsation on the gas density (orange) and dust distribution (green) in
the extended atmosphere of the star (width of the box: about 4 R∗). Right: a schematic diagram showing
trajectories of mass layers in the atmosphere and wind acceleration zone. From Höfner (2016)

Rc/R∗ ≈ 0.5 (Tc/T∗)−
4+p

2 . (4)

As an example, we consider grains of amorphous carbon which are generally assumed
to drive the winds of C-rich AGB stars: in this case, p ≈ 1 and Tc ≈ 1500 K, leading
to Rc ≈ 2–3 R∗, which is in good agreement with detailed models and observations.
The situation for silicate grains, forming in atmospheres with O-rich chemistry, is
more intricate, as will be discussed in Sect. 4.2, but condensation distances are in the
same range.

In the case of a hydrostatic stellar atmosphere, the gas density drops exponentially
with distance from the star, and even at the low surface gravities of AGB stars prac-
tically no gas would be found at typical dust condensation distances. This problem
was recognized early on, and different levitation mechanisms, as well as alterna-
tive wind driving mechanisms, have been discussed in the literature (cf. Sect. 6.2.2).
Over the years, however, a broad consensus has been reached that a combination of
pulsation-induced shock waves and radiation pressure on dust is the most promising
mechanism to explain atmospheric levitation and wind driving, especially regarding
the more evolved AGB stars with low effective temperatures, large pulsation ampli-
tudes, and high mass-loss rates. This scenario of a pulsation-enhanced, dust-driven
outflow (see Fig. 2) is supported by various observations, ranging from correlations
of mass-loss indicators with pulsation properties (e.g., Whitelock et al. 1991, 2003;
Glass et al. 2009; McDonald and Zijlstra 2016) to spatially resolved structures of
dynamical atmospheres and dust formation regions (e.g., Tej et al. 2003; Wittkowski
et al. 2007; Zhao-Geisler et al. 2012; Karovicova et al. 2013; Stewart et al. 2016b;
Khouri et al. 2016a; Ohnaka et al. 2017).
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1.4 Basic concepts and definitions

As outlined above, there is convincing empirical evidence for substantial mass loss
during AGB evolution. A reliable quantitative determination of the mass-loss rate for
individual stars, and of trends with stellar parameters, is, however, a rather complex
problem, as will be discussed in detail in the following sections. Here, we introduce
some basic concepts and definitions that will be used throughout the text.

Mass-loss rate Mass loss from AGB stars usually takes the form of a continuous,
more or less steady, outflow of gas and dust, i.e., a stellar wind. The mass-loss rate
is defined by the total mass escaping from the stellar atmosphere in all directions per
unit of time, Ṁ . Theoretically, it can be determined by integrating the local mass flux
in the stellar wind over a closed surface around the star, e.g., a spherical shell, which is
located at a suitable distance where the flow velocity exceeds the local escape velocity.
In practice, this means that both the mass density and the flow velocity (in direction
and magnitude) have to be known at any point of this shell, since the local mass flux
is the product of these two quantities.

The standard CSE model Extracting the necessary information to determine mass-loss
rates from (mostly spatially unresolved) observations requires assumptions about the
structure of the CSE, to make an interpretation of the relevant spectral features possible.
The standard CSE scenario, commonly used for deriving mass-loss rates, assumes a
steady, spherically symmetric outflow. Regarding the radial profile of the flow velocity,
different approaches may be used, (i) a purely kinematic one, directly prescribing a
radial velocity profile (or a constant velocity, for large distances from the star), or (ii) a
dynamical one, where the velocity profile results from solving an equation of motion,
taking relevant forces into account. In the latter case, it is usually assumed that the
outflow is accelerated by radiation pressure on dust grains which form instantaneously
at a distance from the star where they are thermally stable. The dust grains transfer
momentum to the surrounding gas through collisions, thereby accelerating it away
from the star. In the following, we will refer to this set of assumptions as the Steady
Circumstellar Radiative Acceleration (SCRA) scenario. When considering the large-
scale structure of the CSE, averaging over time-scales far longer than the pulsation
period, the assumption of a steady flow is quite natural. Also, presuming that radiation
pressure and gravity are the dominant forces, an overall spherical symmetry of the
outflow can be expected. Models based on the standard CSE scenario can be used to
derive mass-loss rates and other wind properties by comparing the resulting synthetic
spectra with corresponding observations. Different mass-loss indicators (molecular
line profiles, dust features, and the overall shape of the SED), as well as more specific
model assumptions, will be discussed in Sect. 2.

Predictive power of wind models While SCRA-type models allow the calculation of
radial profiles of flow velocities and densities in CSEs, they require the dust proper-
ties (composition, abundance, grain size) and the mass-loss rate (or the gas density
and velocity at the condensation radius) as input parameters, in order to set the start-
ing conditions of the steady outflow. In Sects. 4 and 5, we will discuss a different
type of dynamical models which predict dust properties, wind velocities and mass-
loss rates for given stellar parameters and pulsation properties by following the flow
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of matter from the pulsating sub-photospheric layers, through the time-dependent
dynamical atmosphere, into the dust formation and wind acceleration region. In accor-
dance with the underlying mass-loss mechanism, we will refer to these models as
Pulsation-Enhanced Dust-DRiven Outflow (PEDDRO) models, to distinguish them
from SCRA-type models. Finally, it should also be mentioned here that a more sophis-
ticated type of SCRA models has been developed, where dust formation is treated as
a non-equilibrium process, and grain growth in the accelerating wind is described
in detail. This type of steady wind model is nowadays mostly used in combination
with stellar evolution models, in order to predict dust yields and spectral energy dis-
tributions of stellar populations. Since the basic problem of the SCRA-type models
remains, i.e., that the mass-loss rate is a model input, not a result, we will mention
such models only briefly in this review.

2 Measurements of mass-loss rates: background

In this section, we describe various empirical methods for estimating stellar mass-loss
rates on the AGB, and discuss their underlying assumptions, and their advantages
and shortcomings. Since all methods for estimating mass-loss rates are based on the
radiation emitted by the gas and dust in the CSE produced by the mass loss, we start
with some general information on its properties.

2.1 Basic properties of circumstellar envelopes

The gas and dust particles that escape the stellar gravitational attraction form a stellar
wind which is observable as an expanding CSE around the AGB star. Since the mass-
loss rates and acceleration efficiencies vary substantially depending on the properties
of the mass-losing star (and in some cases its surroundings), the characteristics of the
CSEs also vary considerably, e.g., in terms of opaqueness, geometry, kinematics, and
chemistry.

At the highest mass-loss rates, the central star will be highly obscured, i.e., essen-
tially all of the stellar (optical) radiation is absorbed in the circumstellar dust and
re-emitted at longer wavelengths. On such objects, in principle, only information
from the CSE is available. In general, the mass-loss rates are lower than this, and the
stellar and circumstellar characteristics can be studied simultaneously, although they
are not always easy to disentangle. The winds of AGB stars are slow by astronomical
standards; the large majority are found to have velocities in the range 3–30 km s−1,

and typical values fall in the range 5–15 km s−1, reflecting the low escape velocities
at the surfaces of these giant, moderate-mass stars.

The chemical compositions of the gas and dust in the CSE reflect the composition
of the stellar atmosphere at the time when the material was ejected, although not
necessarily in a straightforward way. In particular, the relative abundances of C and O
are important, both for the atmosphere and CSE, due to the high binding energy of the
CO molecule. CO forms deep inside the atmosphere, effectively binding up the less
abundant of the two species (which therefore also determines the abundance of CO)
and leaving the rest of the more abundant species to form other molecules and solids.
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Consequently, the stellar spectra and wind acceleration by radiation pressure on dust
are both strongly affected by the C/O ratio. In the context of the CSE and mass-loss
rate determinations, the CO molecule plays a special role due to its stability against
dissociation, making it a tracer of the gas density over a wide radial range. Throughout
this review, we often describe separately the characteristics of O-CSEs (connected to
M-type AGB stars, C/O < 1 by number), C-CSEs (carbon stars, C/O > 1), and
S-CSEs (stars of spectral types MS, S, and SC, with C/O close to 1).

The CSE gas primarily consists of hydrogen in molecular form (H2), efficiently pro-
duced in the cool (� 2500 K) atmospheres of AGB stars, at least for sufficiently high
mass-loss rates (Glassgold and Huggins 1983). The expanding hydrogen gas stays
molecular until it eventually becomes photodissociated by the energetic interstellar
UV field. In addition to H2, the CSEs of AGB stars have proven to be surprisingly
rich in molecular species of varying complexity; more than 90 different species (not
counting isotopologues) have been detected. The molecular setups of O- and C-CSEs
are markedly different (Cernicharo et al. 2000; Velilla Prieto et al. 2017), except for the
fact that CO is the most abundant molecule (next to H2) in both cases (H2O may rival
CO in O-CSEs). The S-CSEs appear to lie in between the O- and C-CSEs chemistry-
wise (Schöier et al. 2011; Danilovich et al. 2014). This diversity of molecular species
is the effect of a varied astrochemistry: thermal-equilibrium (TE) stellar atmosphere
chemistry, non-TE chemistry induced by shocks due to pulsational motion, and cir-
cumstellar chemistry proper, often induced by photodissociation (Millar 2016). It is
not clear whether chemical surface reactions on grains play an important role in the
circumstellar case. In the C-CSEs, there is also evidence of very large molecules, often
seen in post-AGB objects where they are believed to be excited by UV emission: fea-
tures in the range 3–12 µm have been assigned to polyaromatic hydrocarbons (PAHs)
or very small hydrogenated amorphous carbon grains (HACs) (Buss et al. 1993), and
even fullerenes (C60 and C70) have been detected (Cami et al. 2010; Sloan et al. 2014).

The CSE dust constitutes about one percent or less of the total circumstellar mass.
Yet, the dust provides large diagnostic capacity, and it plays a major dynamic role.
As for the gas, the dust composition depends on the C/O ratio. The O-CSEs are
dominated by silicate dust, in amorphous form (features at 10 and 18µm), except
for the low-mass-loss-rate objects where various Si-free oxides appear prominently,
in particular alumina (Al2O3; feature at 13µm) (Blommaert et al. 2006; Golriz et al.
2014). Crystalline silicate dust (reaching about 10 % by mass), e.g., forsterite features
at 11, 23, 28, 33, and 69µm, is also present (Blommaert et al. 2014). This leads
to sharper dust features whose characteristics are sensitive to, e.g., temperature and
composition (de Vries et al. 2010). It was initially thought that the fraction of crystalline
dust increased with mass-loss rate, but that has recently been questioned (Liu et al.
2017). In addition, there is amorphous and crystalline water ice (< 20 % by mass)
at the highest mass-loss rates (Lombaert et al. 2013). In the C-CSEs, the featureless
amorphous carbon dust emission is dominating. Features due to SiC (at 11.3µm) and
possibly MgS (“the 30µm feature”) dust are present (Lombaert et al. 2012; Messenger
et al. 2013), but not the sharper features seen in O-CSEs. For historic overviews on
studies of dust in CSEs, see, e.g., Dorschner (2010) and Molster et al. (2010).
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The CSEs are interesting in their own rights, but in the context of this review their
main importance is that they provide observational possibilities for estimating stellar
mass-loss rates.

2.2 The standard CSE model

Most mass-loss rate estimates are based on the assumption of a “standard” CSE around
the AGB star. This is a spherical cloud of smoothly distributed gas and dust particles,
formed by a constant stellar mass-loss rate and expanding with a velocity that is con-
stant outside a limited acceleration region. Depending on the strength of collisional
coupling, the gas and dust components may move at different speeds. Added to this
basic picture are descriptions of important physical and chemical processes, such as
heating, cooling, chemical reactions, and photodissociation. All mass-loss rate esti-
mates are more or less dependent on the extent to which these assumptions are valid.

Velocity profiles As briefly mentioned in Sect. 1.4, the description of the flow velocity
in a CSE model may be handled in different ways. The simplest approach is a kinematic
one, where the radial profile of the velocity follows a prescribed parameterized shape,
or is assumed to be constant (a good approximation at larger distances from the star,
beyond the limited wind acceleration zone). The kinematic approach is often used in
connection with the modelling of molecular line profiles since they contain information
about gas velocities, making it possible to constrain free parameters in the assumed
radial profiles. Alternatively, the flow velocity profile can be derived by solving an
equation of motion that takes the relevant forces into account. This method is mostly
used in connection with mass-loss indicators that give no direct constraints on the
velocities, in particular dust continuum emission.

As discussed in this review, there are good reasons to believe that radiation pressure
on dust is an essential component of the mass-loss mechanism, at least above a critical
mass-loss rate. In this scenario, the momentum of stellar photons is transferred to
the dust grains by absorption and scattering and, eventually, via friction, to the gas
particles. In the context of the standard CSE model, wind acceleration is regarded as a
steady-state situation where dust is formed instantaneously with a given gas-to-dust-
mass ratio and given grain properties, at a distance from the star where the grains are
thermally stable. We will use such a description (the SCRA scenario, see Sect. 1.4)
as a guideline for the interpretation of observational data. A characteristic quantity is
the ratio of the radiative and gravitational forces, given by

Γ = 〈κd〉L∗
4πcGM∗

υg

rgdυd
, (5)

where 〈κd〉 is the flux-mean opacity per unit mass of dust, υg the gas velocity, υd
the dust velocity, and rgd is defined as the ratio of the gas and dust mass-loss rates
(Ṁ/Ṁd; note that other definitions exist, and it is not always clear which one is used).
Assuming that Γ is constant (i.e., independent of r ), the SCRA scenario leads to the
following expression for the gas terminal velocity, i.e., the asymptotic value of υg(r)
at large r ,
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υ∞ =
√

2GM∗
r0

(Γ − 1) + v2
0, (6)

where r0 is the radius where the acceleration starts (approximately the dust condensa-
tion radius) and v0 the velocity at r0 (often assumed to be the sound speed). In general,
however, Γ is not constant, e.g., due to a dependence of 〈κd〉 on distance from the star
caused by changes in the radiative flux (reddening due to circumstellar absorption), or
effects of grain drift relative to the gas, as will be further discussed below. Therefore,
it should be noted that Eq. (6) only gives a rough estimate of υ∞.

With density decreasing outwards in the CSE, the collisional coupling between gas
and dust becomes weaker, and the dust particles tend to move outwards faster than
the gas particles, i.e., the former move relative to the latter with a drift velocity. An
approximate expression for its terminal value can be obtained (see, e.g., Krüger and
Sedlmayr 1997). It depends on the mass-loss rate, and for low mass-loss rates it may
be substantial (but it is believed to be limited by grain sputtering at some velocity),
meaning that the dust velocity may be substantially higher than the gas velocity. For
high mass-loss rates, the difference between the two velocities is more modest.

Density distributions The gas and dust density distributions in the CSE, ρg(r) and
ρd(r), are linked to the flow velocities and mass-loss rates of the gas and dust compo-
nents by the continuity equation. In a steady wind, mass conservation can be expressed
as Ṁ = 4πr2υ(r)ρ(r). In its simplest form (assuming a constant expansion velocity),
this corresponds to

Ṁi = 4πr2υ∞,iρi(r), (7)

where Ṁi, υ∞,i, and ρi are the mass-loss rate, velocity, and density of component i (gas
or dust), respectively. In this case, the densities decrease with distance as r−2. In the
wind acceleration zone, where the flow velocity increases with r , on the other hand,
the density profiles are steeper, i.e., ρi ∝ υi(r)−1r−2. Also a time-varying mass-loss
rate can, under certain circumstances, be accounted for in this formalism, as long as
the expansion velocity is not changing. A problem arises, however, in a situation with
a time-varying expansion velocity, e.g., a faster wind catching up with a slower wind.
In this case, the relation between mass-loss rate (at a given time) and density (at the
corresponding radius in the CSE) breaks down. In addition to variations at the base of
the wind, the joint expansion of two fluids, gas and dust, may lead to flow instabilities
in the CSE (Simis and Woitke 2003; Dreyer et al. 2011) and, hence, alterations in the
density structure not described by Eq. (7).

Individual molecular density distributions may differ substantially from the total
gas density distribution, due to chemical processes and photodissociation. The latter
depends on the shielding against the interstellar UV radiation, i.e., on the outward col-
umn density of dust or of the molecules themselves in the case of photodissociation
in lines and, hence, on the mass-loss rate.1 H2 is the molecule with the density distri-
bution of largest spatial extent because of its high abundance combined with it being

1 We note that a stellar chromosphere and/or a companion may contribute significant UV emission (Montez
et al. 2017).

123



Mass loss of stars on the asymptotic... Page 15 of 92  1 

self-shielding, i.e., it is photodissociated in lines. Its particle density, nH2(r), follows
an r−2 law in a standard CSE with constant flow velocity. The density distributions
of other molecules are often expressed in terms of their fractional abundance with
respect to H2, fX(r) = nX(r)/nH2(r).

Since there is no efficient destruction process for the dust in the wind (except for
sputtering by gas particles in case of high drift velocities between dust and gas, see
above), it is expected to survive to large distances from the star, and hence is, in prin-
ciple, an efficient mass-loss-rate-history estimator. On the other hand, the abundances
and characteristics of various dust components may vary substantially in the inner
CSE due to grain formation and evolution.

Radiation fields The radiation from the central star will have characteristics that
depend on the stellar evolutionary state, i.e., on the fundamental stellar parameters,
and the C/O ratio. In the context of empirical mass-loss-rate estimates, the stellar spec-
tral energy distribution is often assumed to follow that of a blackbody, but also more
sophisticated theoretical stellar spectra are used. The circumstellar dust contributes
scattered starlight and, in particular, its own heat radiation. This component strongly
depends on the mass-loss rate. The primary effect of these two sources of radiation
in this context is the heating of the dust and the excitation of atoms and molecules.
Excitation of low-frequency transitions is further affected by the cosmic microwave
background radiation (at ≈ 2.7 K) in the external parts of the CSE. Finally, the inter-
stellar radiation field leads to molecular photodissociation and hence affects the CSE
chemistry, as outlined above. This radiation component may differ depending on the
location of the star with respect to, e.g., the Galactic plane and OB associations.

A major complication arises due to the pronounced variability of AGB stars. The
luminosity variations are limited to about a magnitude, but variations in specific wave-
length ranges can be considerably larger. The dust radiation follows the luminosity
variations of the star, but it has recently been shown that also circumstellar line emission
can be significantly affected by this (Cernicharo et al. 2014). However, in the context
of mass-loss-rate estimates from circumstellar CO lines, this can be considered only
a minor problem since the lines are dominantly collisionally excited (although some
caution should be exercised at lower mass-loss rates and for higher-J lines).

Thermodynamics The local kinetic energy of the gas particles (excluding that of the
bulk motion due to the outflow) is determined by heating and cooling processes accord-
ing to an energy-balance equation (see, e.g., Gail and Sedlmayr 2014). The dominant
heating process is due to collisions with the dust grains streaming through the gas,
while one of the dominant cooling terms is due to the adiabatic expansion of the gas.
There is also a substantial contribution from line cooling, mainly CO and H2O in
O-CSEs, and CO and HCN in C-CSEs. Most of the heating and cooling terms used
in radiative transfer codes are given in the form of analytical descriptions for which
the validity in certain parameter ranges can be questioned. As a guideline, over a
sizable radial range the kinetic temperature distribution can be approximated by a
power law, r−ε , where ε lies in the range ≈0.6–1.2 (Teyssier et al. 2006; De Beck
et al. 2010; Maercker et al. 2016a), with some indication that it is shallower (≈ 0.4)
in the inner CSE (Lombaert et al. 2016). The external parts of high-mass-loss-rate
CSEs may become very cool if the expansion velocity of the CSE is so high that no

123



 1 Page 16 of 92 S. Höfner, H. Olofsson

heating processes can counteract the adiabatic cooling. It is expected that the gas in
low-mass-loss-rate CSEs is warmer than the gas in high-mass-loss-rate CSEs.

The dust temperature is locally determined by a balance between the absorption
of the infalling radiation (at shorter wavelengths) and the subsequent reemission (at
longer wavelengths), see Sect. 1.3. This is discussed further in Sect. 4.2. The result is
a dust temperature distribution that is fairly shallow as a function of r , ε ≈0.4. The
more optically thick the CSE becomes, the more of the stellar radiation is converted
into longer-wavelength radiation close to the star, and the cooler we expect the dust
envelope to be.

2.3 Mass-loss-rate estimators

The densities and velocities in the CSE are linked to the stellar mass-loss rate via
the continuity equation, Eq. (7), describing the conservation of mass. Already from
a theoretical point of view, one may have to separate mass-loss rates for different
components because gas and dust expand at different velocities. In addition, there is
an important empirical difference between mass-loss rates based on the molecular
lines and those estimated from dust emission. In the case of dust, the emission only
gives information on the dust optical depth (and the dust temperature). To convert
this into a dust-mass-loss rate requires an assumption on the dust expansion velocity,
which is not measurable.

Unfortunately, the dominant mass component is normally not accessible to obser-
vation and, hence, no direct measure of the total mass-loss rate is available. In AGB
CSEs, this applies to H2 because its rotational energy levels are not excited in the rela-
tively cool CSEs, and (strong) electric-dipole transitions are not allowed. Instead, a far
less abundant gas probe is used, and an extrapolation to the total mass-loss rate must
be done. A similar situation occurs when dust-mass-loss rates are converted to total
mass-loss rates by adopting a gas-to-dust-mass ratio. However, it must be emphasized
that the dust-mass-loss rate is in itself a very important property, e.g., through its rela-
tion to the chemistry and physics of the ISM, interstellar extinction, and star-formation
efficiency.

There are a number of criteria that should be fulfilled by a good mass-loss-rate
estimator: (i) it should be applicable to CSEs of all chemistries, as well as (ii) to a
wide range of mass-loss rates and objects in different stages of evolution on the AGB;
(iii) the emission should be strong and, hence, allow observations of distant objects;
(iv) the radiative transfer should be manageable;2 and finally (v) in the case of lines
the fractional abundance should be known or easily estimated.

Thus, conversion of observed circumstellar properties into a stellar mass-loss rate
requires a careful identification of suitable mass-loss-rate estimators. This will be
discussed in the following two sections.

2 In the case of lines, this means that (iva) the energy-level diagram should be simple and the radiative
transition rates and collisional cross sections are well known and (ivb) there are observable transitions of
quite varying excitation energies; in the case of dust this means that (ivc) the emission properties should be
well characterized over a broad wavelength range.
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2.3.1 Molecular line emission

The usefulness of a molecule as a mass-loss-rate estimator depends on the extent to
which the criteria given above are fulfilled. It is clear that CO is outstanding, fulfilling
essentially all criteria. Therefore, mass-loss-rate estimates based on circumstellar CO
line emission will be discussed at some length.

CircumstellarCO rotational line emissionCircumstellar CO rotational line emission at
mm/sub-mm wavelengths is an excellent mass-loss-rate estimator for several reasons:
CO is, next to H2, the most abundant species in CSEs of all chemical types; the lines are
inherently relatively weak and hence do not saturate except for high mass-loss rates; the
energy levels are easily collisionally excited and, combined with the high abundance,
this leads to strong lines; the energy level structure is simple where rotational lines
probe an extended energy range; the abundance is believed to be determined by the
fact that CO is very stable against dissociation, i.e., the C and O abundances determine
the CO abundance in O- and C-CSEs, respectively. The line shape carries information
on the gas expansion velocity, the optical depth, and the extent of the emitting region.
The distance to the object is a major source of uncertainty through its importance
for the absolute line intensities (line intensity ratios would give distance-independent
estimates, but that requires a very good handle on the physics/chemistry of the CSE,
and very well-calibrated observational data).

The fractional CO abundance, fCO, required to convert from CO-loss rate to total
mass-loss rate, warrants a discussion. A basic uncertainty is to what extent C and O
are fully associated into CO in O- and C-CSEs, respectively (e.g., Papoular 2008). A
definitive observational determination of the actual circumstellar CO abundance has
never been done. Furthermore, in C-stars the CO abundance follows the O abundance,
and here a metallicity dependence is expected. In M-stars, where the CO abundance
follows the C abundance, the situation is more complicated. For lower masses, a
metallicity dependence is expected (no dredge-up of C). For higher masses, the hot-
bottom-burning (HBB) process may drastically lower the C abundance and, hence,
lower the CO abundance. The extreme OH/IR-stars may be of this type. Solar abun-
dances for C and O, and full association, lead to an fCO of 5 × 10−4 and 10−3 in O-
and C-CSEs, respectively. Values close to these are also what is normally used for stars
in the solar neighbourhood. In summary, the uncertainty in a mass-loss-rate estimate
due to the assumed CO abundance is likely to be limited, i.e., within a factor of a few,
but likely to be larger for S-stars and more massive M-stars.

Related to this is the size of the CO envelope, which also affects the strength of
the CO lines. This is determined by photodissociation and hence the strength of the
interstellar UV field. Mauron et al. (2013) have shown, using dust-scattered light, that
there is a steep gradient in the strength of the interstellar radiation field with Galactic
radius, and the distribution of OB associations causes substantial local variations.
In lower-metallicity and/or extragalactic environments, the interstellar UV field may
be very different (e.g., McDonald et al. 2015). The results on the circumstellar CO
chemistry of Mamon et al. (1988) are frequently used in CO line radiative transfer
modelling, but recent studies suggest that these may have to be revised (Li et al. 2014,
2016).
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Fig. 3 Examples of observed circumstellar CO rotational lines (histogram) and the associated lines based
on radiative transfer modelling (red solid line) of the carbon star LP And. The mass-loss rate is estimated
to be 7 × 10−6 M� year−1. Image reproduced with permission from Ramstedt et al. (2008), copyright by
ESO

Descriptions of the implementation of CO line radiative transfer in numerical
codes are given in, e.g., Groenewegen (1994a), Schöier and Olofsson (2001), and
Decin et al. (2006). The codes include non-LTE excitation, where collisions with
H2 and/or radiative excitation through excited vibrational states are dominating, and
often non-local radiative transfer. The treatment of the circumstellar thermodynamics
and the dust radiation field varies though. Examples of observed and modelled CO
rotational-line profiles are shown in Fig. 3. Ramstedt et al. (2008) and De Beck et al.
(2010) produced mass-loss-rate estimate formulae based on observational quantities
like velocity-integrated CO-line intensity and υ∞, as well as on assumptions on, e.g.,
fCO and distance to the source. The formula of Ramstedt et al. (2008) gives estimates
with an uncertainty of a factor of three within the range 10−7 to 10−5 M� year−1 (and
within the adopted circumstellar model), while that of De Beck et al. (2010) is more
elaborate, and the mass-loss-rate range of applicability is somewhat extended.

The connection between the mass-loss rate at the retarded time tret, i.e., the
time when the matter was ejected, and the density at the corresponding radius,
≈υ∞tret, makes it possible to follow mass-loss-rate variations with time, the mass-
loss-rate history. Since the kinetic temperature varies with radius we expect CO
lines with different excitation-energy requirements to probe different parts of the
CSE. The principle is well illustrated by setting the energy of the rotational state
J , EJ = BJ (J + 1) (expressed in temperature unit, where B = 2.75 K), equal to
the kinetic temperature, Tk(rJ), since most of the emission involving this energy level
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will come from gas with this temperature and hence from the radius rJ. Assuming that
Tk = 250× (1015 cm/r)0.7 K (see Sect. 2.2), we arrive at r ≈ 2×1017, ≈ 5×1015,
and ≈ 1015 cm for the J = 1–0, 5–4, and 10–9 lines, respectively.3 The correspond-
ing retarded times are ≈ 6500, ≈ 150, and ≈ 30 years for υ∞ = 10 km s−1. Thus, it
is important to realize that lines originating from different transitions probe the mass-
loss rate at different epochs in the past, and average the mass-loss rate over different
time scales.

CircumstellarOHmaser emissionCircumstellar OH maser emission at a wavelength of
18 cm has been frequently used despite the fact that it is only seen towards O-CSEs and
in maser emission, thus fulfilling few of the criteria for a good mass-loss-rate estimator.
The primary reason that OH has also served as a successful mass-loss-rate estimator
is that its 
-doubling lines of the 2�3/2 ground state are strong due to the maser
effect in O-CSEs, in particular the 1612 MHz line, and hence enables observations of
objects at large distances. However, the maser effect causes a problem, since observed
line brightnesses are not easily (and reliably) converted into quantitative measures
of, e.g., the mass-loss rate. Instead OH maser emission mass-loss-rate estimates are
based on the fact that the size of the emitting OH shell depends on the mass-loss rate
(circumstellar OH is a photodissociation product of H2O), and the OH luminosity
for a saturated maser depends on the size of the OH shell. Hence, there is a relation
between mass-loss rate and OH maser luminosity. Using this, relations between OH
flux densities and mass-loss rate have been derived (e.g., Baud and Habing 1983).
Mass-loss-rate estimates based on such relations are believed to provide order of
magnitude estimates. OH line emission has the obvious disadvantage of not providing
mass-loss-rate estimates for C-CSEs. The method has been used extensively over the
years, but in this review we will only discuss it in special contexts.

The circumstellar 1612 MHz OH maser line exhibits characteristic double-peaked
profiles as a consequence of the expansion of the OH shell and the maser amplification
in the radial direction (Engels and Bunzel 2015). Hence, the gas expansion velocity
can be determined with relatively high accuracy from the separation of the blue- and
red-shifted peaks. Amplification in a shell combined with radiative excitation from
the variable star provides a method for distance estimates of these objects through
phase-lag measurements (Engels et al. 2015).

2.3.2 Dust emission

Dust emission can be divided into a broad continuum and sharper features (�λ/λ

of the order � 0.1). The latter are due to lattice modes (the more ordered the grain
structure, the sharper the features). Both properties can be used to estimate the dust
optical depth of the CSE, and hence, through an assumption of the dust expansion
velocity, provide a dust-mass-loss-rate estimate.

3 Note that at low mass-loss rates the photodissociation cuts off the CO envelope such that all lines probe
the entire CSE, at least for the lower-lying-J lines, see Teyssier et al. (2006).
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Fig. 4 Dust-mass-loss rates for a sample of carbon stars in the LMC as a function of the colour KS–
[8.0]. The dust-mass-loss rates are determined using SED fitting and assuming a dust expansion velocity
of 10 km s−1 for all sources. The green line is a fit to the data and the dashed line is the relation derived by
Matsuura et al. (2009). This illustrates not only the spread around the fit, but also the difference in relations
found in different studies. Image reproduced with permission from Riebel et al. (2012), copyright by AAS

Dust featuresDust features are less useful than molecular lines for estimating mass-loss
rates for several reasons. They are more ambiguous and consequently an identification
of the carrier is often not fool-proof. The inherent strength of a feature is less accurately
known. Also, the fraction of the dust that contributes to a particular feature is difficult,
if not impossible, to estimate a priori and can only be determined reliably if a full
fit to the SED and all the features is produced (e.g., de Vries et al. 2010). Finally,
and most importantly, at low mass-loss rates a feature is in emission and its strength
increases with the mass-loss rate, but eventually the feature saturates, weakens, and
finally goes into absorption with a strength that increases with the mass-loss rate (the
10µm silicate feature provides an example; Bedijn 1987). A careful SED modelling
is consequently required for an accurate estimate of the dust-mass-loss rate using dust
features.

Dust continuum emissionDust continuum emission in the absence of features provides
no indication of the composition of the dust, and hence caution must be taken when
selecting material-dependent properties. In addition, the grain size (or, more generally,
the grain-size distribution) plays an important role for the wavelength dependence of
its emissivity. This applies also to the shape of the dust grains (spherical, elongated,
fuzzy, etc.) and to their structure (coated, inhomogeneous, porous, etc.). Hence, dust-
mass-loss rates based on fits to dust continuum emission are already from the outset
affected by some considerable uncertainties. Moreover, the methods for estimating
them from continuum emission can be more or less sophisticated. We will discuss
four of them below.
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Mono-chromatic flux density estimate In its simplest form, a “mono-chromatic” flux
density is used as a dust-mass-loss-rate estimator, a method that rests on substantial
simplifications. In the past, estimates based on, e.g., the IRAS 60µm flux density were
often used (e.g., Jura 1988).

Flux excess and colour estimate A considerable improvement in accuracy is
obtained using a flux excess (the flux density in excess of that of the star), or using two
(well-selected) flux densities and form their ratio, i.e., a colour. The relations used for
estimating dust-mass-loss rate from flux excess or colour are either calibrated against
other methods, or they are derived from theory for the particular dust composition in
question. An example of a flux-excess estimate is provided by the work of Srinivasan
et al. (2009) that is based on the Spitzer 8µm excess (in turn estimated from SED mod-
elling, see below). Examples of colour estimates are relations between dust-mass-loss
rate and K–[12] (Whitelock et al. 2006), K–[8] and K–[24] (Matsuura et al. 2013),
[6.4]–[9.3] (Groenewegen et al. 2007), and [3.6]–[8.0] (Matsuura et al. 2013; Reiter
et al. 2015), where [12] is the IRAS 12µm flux while the rest are Spitzer fluxes. A
state-of-the-art example is given in Fig. 4, where dust-mass-loss rates derived from
SED fits are compared to the KS–[8.0] colour for a sample of carbon stars in the Large
Magellanic Cloud (LMC).

The advantage of these methods is that the estimates are essentially distance inde-
pendent, but they do not provide better than order-of-magnitude values. The obvious
drawback is that they rest on the poor assumption that (for a given chemical type) the
CSEs only differ by their dust optical depths. Another disadvantage is that, depending
on the observational input, they are often sensitive to only a fraction of the dust compo-
nents, e.g., only the warm dust, or only the emission due to small grains. Nevertheless,
flux excess or colours are the most common ways of estimating dust-mass-loss rates
for large samples for which data are nowadays available due to major surveys (in
particular of extragalactic objects).

Spectral energy distribution (SED) estimate A safer approach is to use a cover-
age of the SED which is as broad as possible, and supplement this with a detailed
radiative transfer model that may take into account additional complexities like multi-
component dust, grain-size distribution, CSE morphology, etc. This is the most reliable
of the empirical methods for obtaining dust-mass-loss-rate estimates, but it rests on a
large number of assumptions; an obvious remaining problem is that the dust kinemat-
ics cannot be measured. Examples of SED fits are shown in Fig. 5. This method was
applied by, e.g., Groenewegen et al. (2007) and Gullieuszik et al. (2012) to samples
of stars. Because of the complex modelling it is normally not a good method for large
samples, but the GRAMS grids4 for C-rich (Srinivasan et al. 2011) and O-rich (Sargent
et al. 2011) objects have been used in such contexts.

Estimate of mass-loss rate based on a dust-driven wind scenario This makes it
possible to avoid explicit assumptions about the (unmeasurable) dust velocity. Instead
the velocities of dust and gas are determined by the radiative pressure and the drag
force between these two components. By solving the coupled problem of dynamics

4 Extensive grids of SEDs based on COMARCS hydrostatic models for the stars (Aringer et al. 2009) and
the 2Dust radiative transfer code for calculating the circumstellar parts of the SEDs (Ueta and Meixner
2003).
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Fig. 5 Examples of SED fits to photometric data of three stars: a blue O-rich star (#62, J − Ks = 1.2m),
and two C-rich stars (#202, J − Ks = 1.5m; #276, J − Ks ≈ 4m). Image reproduced with permission
from Gullieuszik et al. (2012), copyright by ESO

and radiative transfer, which defines the radial structure of the outflow, SCRA-type
models link the mass-loss rate to the (measurable) gas velocity and the optical depth of
the CSE (which can be inferred from the observed SED). The principle can easily be
illustrated for a situation where radiative pressure and gravitation are the only relevant
forces, and the ratio of the corresponding accelerations, Γ , defined in Eq. (5), does not
depend on the distance from the star. In that case, the equation of motion for a steady
outflow can be solved explicitly. By transforming from radial distance to an optical
depth scale and using the assumption that the mass-loss rate is constant, a simple
relation between mass-loss rate, terminal velocity of the gas, flux-averaged optical
depth of the CSE, τF, and stellar luminosity can be obtained, i.e.,

Ṁ = τF
L∗
cυ∞

(
1 − 1

Γ

)
, (8)

(assuming that the initial velocity at the dust formation distance is negligible; for
details see, e.g., Netzer and Elitzur 1993; Ivezić and Elitzur 1995). The physical
interpretation is that the momentum carried away from the star per unit time by the
wind, Ṁυ∞, should equal that of the photon flow, L∗/c, times the effectiveness of
the momentum transfer from photons to dust, as measured by the dust optical depth,
while the parenthesis takes into account that the material must be lifted out of the stellar
gravitational potential. An example of this approach is given in Groenewegen et al.
(1998). Note that the formula rests on the assumption that the grains that dominate the
SED are also the grains responsible for the wind acceleration.

A simple formula as the one given above will not hold for all cases, since the
ratio of radiative acceleration to gravitational deceleration, Γ , in general will not be
constant. It will depend on the distance from the star due to changes in the radiative
flux (reddening), grain drift relative to the gas, and other processes. To derive con-
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nections between wind properties and SEDs, the equations describing the dynamics
and radiative transfer in the CSE, coupled by the radiative pressure, have to be solved
simultaneously, using numerical methods.5 A similarity between the general situation
and the simple case of Eq. (8) is that the mass-loss rate cannot be determined from
the SED (or dust optical depth), alone. For given dust properties (composition, grain
size, abundance) at the starting point of the wind, the SCRA scenario will give similar
SEDs for all models with the same Ṁ/L3/4∗ ratio (or Ṁυ∞/L∗, which is equivalent in
this context), as demonstrated by Elitzur and Ivezić (2001). Therefore, an additional
quantity, e.g., the wind velocity υ∞, has to be determined independently, to break the
degeneracy between Ṁ and other parameters, regarding their effects on the SED.

A way to obtain the total mass-loss rate is to solve the equations of motion for
the dust and the gas (connected via the drag force) simultaneously, using the dust
optical depth (from SED modelling) and the gas terminal expansion velocity (e.g.,
from observed circumstellar CO lines) as constraints, and the mass-loss rate as the
free parameter (Krüger et al. 1994). Ramstedt et al. (2008) used the latter approach and
performed a detailed comparison between mass-loss rates estimated from circumstellar
dust and from CO lines, finding that they generally agree to within a factor of three.

3 Observed mass-loss characteristics

The following overview of observational results is structured around several topics.
First, we present empirical results on mass-loss rates and wind velocities for nearby
stars, based primarily on CO as an indicator, which can also be used to calibrate
other methods. Furthermore, resolved CSE structures make it possible to check basic
assumptions of the standard CSE scenario, regarding overall spherical symmetry and
steady flows, as well as giving indications about changes of mass-loss rates on evo-
lutionary timescales. Then, we turn to larger samples of more distant, unresolved
objects and the dependence of mass loss on metallicity, and we round off with a short
discussion of the total mass lost by AGB stars.

3.1 Results for nearby stars

Reliable mass-loss-rate estimates are primarily based on CO rotational-line emission
and are limited to nearby stars, i.e., stars within ≈1 kpc of the Sun, for which multi-
CO-line data exist. These provide good constraints on the kinetic temperature in the
CSE and hence limit uncertainties due to imperfections in the circumstellar model.
The major problem for general conclusions to be drawn is sample selection, which can
often be guided by the strength of the lines rather than the representativeness of the
sources. Further, since these studies are dominated by stars in the solar neighbourhood
the rare highest-mass-loss-rate objects may not be well represented. It must also be
kept in mind that any mass-loss-rate estimate is an average over time that depends on

5 An exception is the optically thin limit, where the two parts decouple and the dynamics may be solved
analytically, if the grain properties (composition, size, abundance) at the starting point of the wind are given
(see Elitzur and Ivezić 2001).
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Fig. 6 Left panel: mass-loss-rate distributions for M-type (dashed-dotted, blue line), S-type (solid, green
line), and carbon AGB star (dashed, red line) samples. Right panel: gas expansion velocity distributions
derived from fitting the CO line widths for M-type (dashed-dotted, blue line), S-type (solid, green line),
and carbon AGB star (dashed, red line) samples. Image adapted from Ramstedt et al. (2009)

the line used and the mass-loss rate itself. Using many lines probing emission from
different radial ranges, it is, in principle, possible to study the mass-loss history, but
such results should be regarded with some caution. We summarize here the present
empirical results on mass-loss-rate and wind-velocity distributions, separated into the
different chemical types of AGB stars, and discuss the current view on the temporal
variations of the mass loss.

3.1.1 Mass-loss rates and kinematics

Major studies of CSEs based on CO line emission and a radiative transfer analysis
have been done by, e.g., Schöier and Olofsson (2001) (C-stars), Olofsson et al. (2002)
(M-stars), Ramstedt et al. (2009) (S-stars), and Teyssier et al. (2006), De Beck et al.
(2010), Ramstedt and Olofsson (2014), and Danilovich et al. (2015) for samples of
mixed stars. Only the results of Schöier and Olofsson (2001) and Ramstedt et al.
(2009) are based on reasonably complete samples of stars. These studies provide good
estimates of mass-loss rates and CSE kinematics, as well as a possibility to compare
results obtained with different radiative transfer codes.

Mass-loss rates Representative results for mass-loss-rate distributions are given in
Fig. 6, left panel. The major conclusions are that they are independent of the chemistry,
they stretch from � 10−7 to � 10−5 M� year−1, and the majority of the stars have
mass-loss rates of the order a few× 10−7 M� year−1. Therefore, the total local mass-
return rate is dominated by the rare high-mass-loss-rate (� 10−5 M� year−1) objects
although they constitute only a few percent of the mass-losing objects. Extrapolating
these results to the entire Milky Way suggests that the O-rich objects dominate the
Galactic mass return to the ISM of AGB stars (Olofsson 2003).

The most recent study of this type is that of Danilovich et al. (2015), based on multi-
line CO observations (including Herschel Space Observatory data), where mass-loss
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Fig. 7 Mass-loss rates plotted
against the gas expansion
velocities for M-type (blue
squares), S-type (green dots),
and carbon AGB star (red
triangles) samples. Image
reproduced with permission
from Ramstedt et al. (2009),
copyright by ESO
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rates for a sample of sources covering the three chemical types are presented. They also
compared their mass-loss-rate estimates to those obtained in other studies, and hence
provide a comparison of results obtained using different radiative transfer codes and,
to some extent, different assumptions. The conclusion is that their estimates are (on
average) lower by about 40 %, but corrected for this the scatter between the different
studies is modest. This reinforces the factor of three uncertainty normally attached to
mass-loss-rate estimates based on CO lines (and similar model assumptions). For the
majority of the stars a constant mass-loss rate, on a time scale much longer than the
pulsational one and shorter than a few× 103 year, gave acceptable fits to the observed
data (see also Teyssier et al. 2006; De Beck et al. 2010).

Wind velocities Regarding the terminal velocity of the gas, the uncertainties of the
estimates are much smaller than those of the mass-loss rates, typically � 10%. Rep-
resentative υ∞ distributions are given in Fig. 6, right panel. They stretch from ≈ 3 to
≈ 30 km s−1. A median velocity of ≈ 10 km s−1 applies to O- and S-CSEs, while it
appears that, on average, the C-CSEs have gas expansion velocities which are a few
km s−1 higher than those of the other two chemical types.

Figure 7 gives an important relation between the two mass-loss characteristics (Ṁ
and υ∞) which must be reproduced by any mechanism which aims at explaining stellar
mass loss on the AGB. Young (1995) showed that Ṁ ∝ υ3.4∞ for a sample of low-
to intermediate-mass-loss-rate M-stars. Similar relations have been found for samples
including all chemistries, e.g., the data of Ramstedt et al. (2009) result in Ṁ ∝ υ3.3∞
and those of Danilovich et al. (2015) result in Ṁ ∝ υ2.7∞ . This is broadly consistent
with the scaling relation Ṁ ∝ υ3∞, resulting from the SCRA scenario according to
Elitzur and Ivezić (2001) and Ivezić and Elitzur (2010), who claim that this reflects
the important role of drift between gas and dust in winds of AGB stars. As will be
discussed in Sect.5.1, however, alternative interpretations are possible in the context
of PEDDRO models.
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Fig. 8 The velocity profile of the M-type star IK Tau. It illustrates the different techniques used to determine
the radial dependence of the gas expansion velocity (see text for details). The diamonds show the places
in the CSE where the SiO, H2O, and OH masers are located, and the terminal expansion velocity obtained
from the CO(J = 1 − 0) line. The triangles show the places in the envelope that contribute the most to the
H2O line emissions observed with the Herschel Space Observatory. The horizontal bars show the minimum
and maximum radial distance of the line emission regions. The vertical bars show the uncertainty on the
observed line widths. The expansion velocities obtained from solving a momentum equation (full green
line), and from a power law, Eq. (9), with β = 1 (blue dashed line) and 1.8 (red dotted line) are shown.
Image reproduced with permission from Decin et al. (2010), copyright by ESO

Another important constraint on the mass-loss mechanism is provided by the radial
dependence of the expansion velocity, i.e., the acceleration of the gas, the velocity
profile. In radiative transfer modelling of molecular lines, the velocity profile is often
parameterized as:

υ(r) = υ0 + (υ∞ − υ0)
(

1 − r0

r

)β

. (9)

The expected result in a SCRA scenario is a β between ≈ 0.7 (low-Ṁ) and ≈ 0.5
(high-Ṁ) (Elitzur and Ivezić 2001). There are in principle two approaches to deter-
mine β for a CSE: (i) using probes that emerge from different radii (either measured
or inferred from theory), or (ii) using the same probe where the excitation energy
requirements of different lines act as the radial discriminator. Excepting cases where
the location of the emission is actually measured, the uncertainties in the kinetic tem-
perature law will affect the reliability of the measured velocity profile. The existing
results, although fairly uncertain for individual sources, indicate that the acceleration
is slower than expected, β � 1 (Decin et al. 2010; Danilovich et al. 2015) and it
may be as high as 5 (Khouri et al. 2014a), Fig. 8. Studies of H2O maser emission also
suggest acceleration over an extended region (Richards et al. 2012). There may be a
chemical effect here, but as yet there is little information of this type on C-CSE winds.
Indications of successive acceleration zones also exist (e.g., Decin et al. 2015; Fonfría
et al. 2015).
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3.1.2 Temporal variations

Mass loss is likely to be variable on time scales stretching from that of pulsations to
that of the entire AGB evolution. Some of these variations can be directly observed,
while others require a statistical analysis. We discuss here temporal mass-loss-rate
variations that are relatively well established and that appear to be common to AGB
stars, starting with significant mass-loss-rate variations on relatively short time scales
and ending with the superwind phase, the final stage of mass loss after a long-term
gradual increase of the average mass-loss rate in the course of the evolution on the
AGB. We iterate the conclusion from above that for the majority of the well-studied
objects the mass-loss-rate variations are modest over time scales � few × 103 year
(when averaged over many variability cycles), but note at the same time that there is
indirect evidence that at least the non-Miras have variations in their mass-loss rates
on time scales of a few hundred years (Marengo et al. 2001).

Brief episodes of enhanced mass loss The most prominent examples of short-term
mass-loss-rate variations are the geometrically thin, detached gas and/or dust shells
surrounding some AGB stars (about ten examples exist), suggesting that any long-
term evolution of the mass loss may be (strongly) modulated on shorter time scales
(few × 102 year). The first indications of such variations were indirect, e.g., anomalous
broad-band flux ratios suggesting the presence of cold dust at large distances from the
stars and a lack of warm dust close to the stars (Willems and de Jong 1988; Zijlstra
et al. 1992).

Direct evidence of (highly) variable mass loss was provided by the mappings of CO
line emission from geometrically thin shells around seven carbon stars (Olofsson et al.
1990; Lindqvist et al. 1999; Olofsson et al. 1996, 2000; Schöier et al. 2005), Fig. 9.
The CO data were subsequently complemented with images in dust-scattered light
(González Delgado et al. 2003a; Maercker et al. 2010, 2014; Olofsson et al. 2010;
Ramstedt et al. 2011) and in thermal dust emission (Waters et al. 1994; Izumiura et al.
2011; Arimatsu et al. 2011; Cox et al. 2012a). Remarkably, one of the older shells,
that of U Hya, has also been detected in the UV (Sanchez et al. 2015). Recently, the
CO shells of the carbon stars R Scl and U Ant have been studied in detail (Olofsson
et al. 2010; Maercker et al. 2012, 2016b; Olofsson et al. 2015; Kerschbaum et al.
2017). All objects with this type of detached shells are C-rich in nature. Based on the
appearance of the shells, and, in particular, on their statistical properties in a relatively
complete sample of carbon stars observed in CO lines (Olofsson et al. 1993), Olofsson
et al. (1990) draw the conclusion that, at least for carbon stars, highly episodic mass
loss is a common phenomenon during part of their final evolution on the AGB, and
further suggested that the shells are connected to He-shell flashes. The magnitude
of the mass-loss modulation is estimated to be of the order 102 for a couple of 102

years. Interestingly, no examples of geometrically thin gas or dust shells have been
found towards M- or S-type AGB stars despite extensive observations in CO lines
(e.g., Nyman et al. 1992; Kerschbaum and Olofsson 1999; Ramstedt et al. 2009) and
dust emission (Cox et al. 2012a). This could be an effect of the difference in dust
compositions.
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Fig. 9 Left: a 12CO(J = 1–0) image of the circumstellar environment of the carbon star TT Cyg obtained
with the IRAM PdB interferometer (in a narrow velocity range centered on the systemic velocity and
colour-coded in flux density per beam scale; beam shown in upper left corner). It shows a geometrically
thin, detached CO shell. Its age is estimated to be ≈ 7000 year. Emission from the present-day wind is
seen at the centre. Right: a fit of the observed sizes of the shell as a function of line-of-sight velocity to the

expression θ(υz) = θ(υsys)
√

1 − [(υsys − υz)/υ∞)]2 shows the overall sphericity of the shell. Image
reproduced with permission from Olofsson et al. (2000), copyright by ESO

Long-term evolution Temporal variations on long time scales (> 104 year) are not
accessible by observing, e.g., CO lines (because of photodissociation), but they are, in
principle, accessible through HI and dust observations. Nevertheless, studies of HI and
circumstellar dust have not resulted in much further understanding of the mass-loss
history of AGB stars. Therefore, most conclusions in this area are indirect.

It is very likely that the mass-loss rate of an individual star will increase system-
atically as it evolves along the AGB (both luminosity, size, and pulsational activity
increase with time, while the mass decreases). Habing (1996) put forward a number of
arguments, based on observational findings, for this. For instance, it is found that stars
with “lengthened” periods must be in a later evolutionary stage than stars with the
same luminosity but shorter periods (the lengthening being likely an effect of decreas-
ing stellar mass due to mass loss). There is evidence that these “lengthened-period”
stars have larger mass-loss rates, and hence their mass-loss rates have increased with
time. Further, statistical studies in favor of a gradually increasing mass loss with time
are based on, e.g., an OH maser luminosity function (Baud and Habing 1983; Bedijn
1988) or on the distribution of AGB-stars (and their CSEs) in a far-IR colour–colour
diagram (van der Veen 1989). The main problem here is that it is difficult to discrim-
inate between effects due to age on the AGB and, e.g., the initial mass in statistical
studies (Epchtein et al. 1990).

A superwind phase A phase of very high mass loss, � 10−5 M� year−1, at the very
end of the AGB evolution, a superwind, has been invoked for a number of reasons (see
Renzini and Voli 1981; Vassiliadis and Wood 1993, and Sects. 1.2 and 5.2.3). There
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is observational evidence for the existence of such a final strong wind. For instance,
a number of highly evolved OH/IR-stars show CO rotational-line-intensity ratios that
are not consistent with the assumption of a constant mass-loss rate (Heske et al. 1990;
Lombaert et al. 2013). A reasonable explanation is a recent increase in the mass-loss
rate, which has affected mainly the higher-J line emission which comes from a region
smaller than that of the lower-J lines, see Sect. 2.3.1 (Groenewegen 1994b). A similar
conclusion was obtained by comparing OH, CO, and dust mass-loss-rate estimates
for a sample of OH/IR stars (Justtanont et al. 1996; Fong et al. 2002), although here
the uncertainties in the individual estimates are considerable, and through a study of
bulge M-stars (Jiménez-Esteban and Engels 2015).

However, recent studies indicate that the duration of the superwind phase may
be shorter than expected. Justtanont et al. (2013) compared mass-loss rates of OH/IR
stars estimated from the assumption of a dust-driven wind (Sect. 2.3.2) with those from
low-J CO lines and concluded that the superwind phase is limited to ≈ 500 year. A
source of uncertainty in the observational estimates is the CO abundance. The carbon
abundance may very well be lower in these stars since they are most likely in the HBB
phase (Justtanont et al. 2015), see Sect. 2.3.1. Hence, the mass-loss rates estimated
from CO may be underestimated. de Vries et al. (2014) produced an independent
study through analyzing crystalline silicate features, but the conclusion was the same;
the superwind phase is quite limited in time. With the estimated mass-loss rates of
Justtanont et al. (2013) the amount of mass lost during such a short time scale is only
≈ 0.1 M�. On the other hand, studies of OH maser emission from OH/IR stars suggest
a longer superwind phase, up to 3000 year (e.g., Engels and Jiménez-Esteban 2007). A
possible explanation of this problem is that the superwind phase is repetitive, but there
is presently no evidence of such large-scale structures around these stars. We must
conclude that the superwind phase remains to be better observationally characterized.

3.1.3 Circumstellar morphology

One of the basic assumptions in the standard CSE model is that of sphericity and,
hence, this is also the underlying assumption behind all mass-loss-rate-estimate meth-
ods. It is, therefore, important to check the validity of this assumption. Examples
of deviations from sphericity on various scales and their implications are discussed
further in Sect. 6.1.2.

The determination of the morphology is not a simple observational task. The con-
version from a 2D brightness distribution, which in the case of line emission, also
contains line-of-sight velocity information, to a 3D density distribution can be quite
complicated. Radiative effects (e.g., saturation, maser action), excitation, chemistry,
and observational effects (e.g., the lack of interferometer sensitivity to extended emis-
sion) may play an important role.

There is ample evidence of departures from spherical symmetry in the inner regions
of CSEs (Blasius et al. 2012; Males et al. 2012; Ohnaka et al. 2016; Stewart et al.
2016a). However, these results are not necessarily attributed to a non-spherical mass
loss. As outlined in Sect. 6.1.1, the stars are believed to have major convection cells,
and the mass loss most likely occurs in patches in the upper atmosphere, i.e., the
wind is initially most likely clumpy. If the number of clumps emitted per unit time is
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limited, the number of clumps within the inner region is also limited, and there are,
therefore, good reasons to expect the brightness distributions to appear asymmetric
and patchy, even if the mass loss occurs isotropically when averaged over longer time
scales. The clumpiness of the circumstellar medium, and its possible effects on, e.g.,
mass-loss-rate estimates, are further discussed in Sect. 6.1.4.

As larger regions of a CSE are studied, the effects of any clumpiness average
out, and we expect to be able to infer the large-scale morphology of the CSE. The
most detailed study of CO line brightness distributions in AGB CSEs, i.e., out to a
few × 1017 cm, is provided by Castro-Carrizo et al. (2010), where interferometry data
are supplemented with short-spacing information from single-dish observations. In
general, the molecular CSEs are found to show a roundish shape and to a large extent
isotropic expansion (a conclusion based on 11 CSEs covering the three chemical
types). Nevertheless, in many of them moderate departures from overall spherical
symmetry of various types are also found, e.g., elongations, more or less concentric
arcs (sometimes appearing spiral-like), and kinematical evidences of aspherical winds.
Another example is the (apparent) large CSE around the nearby carbon star CW Leo
which shows circular symmetry in all velocity channels, when mapped in CO lines to
low surface brightness, in a manner expected from spherical symmetry, Fig. 10. Some
of the detached CO shells discussed in Sect. 3.1.2 have been mapped in detail, and
they show a remarkable overall spherical symmetry (Olofsson et al. 2000; Maercker
et al. 2016b), Fig. 9.

On even larger scales, information on the atomic CSE is obtained from observa-
tions of the HI 21 cm line. These are difficult observations to perform because of the
omnipresence of this emission. Thanks to some dedicated work, however, considerable
progress has been made in this area (Le Bertre and Gérard 2004; Matthews et al. 2013,
2015). In general, the data do not contradict a largely isotropic mass loss, although there
is evidence of circumstellar–interstellar media interactions at large distances from the
stars. These occur at radial distances much larger than the size of the CO envelopes
and, hence, this has little effect on CO-based mass-loss-rate estimates. An important
conclusion from these studies is that in terms of mass-loss-rate estimates the atomic
CSE needs to be taken into account only at low mass-loss rates, � 10−7 M� year−1

(Hoai et al. 2015).
Our knowledge of the morphology of the dust CSEs has improved significantly due

to observations in dust-scattered light (e.g., Mauron et al. 2013; Sahai and Mack-Crane
2014), and through observations with the Herschel Space Observatory of thermal dust
emission (e.g., Cox et al. 2012a). In particular, the latter shows that on the larger
scales there are significant departures from sphericity, but these are not necessarily
connected to a non-isotropic mass loss. Cox et al. (2012a) classified the morphology
of dust CSEs into four groups: “fermata” (objects show bow shocks due to star and
CSE moving through the ISM), “eyes” (show bow shocks and are tentatively iden-
tified with binaries), “ring” (detached, essentially spherical, thin shells, an effect of
time-variable mass loss, see Sect. 3.1.2), and “irregular” (significant departures from
symmetry). Some illustrative images are shown in Fig. 20. Of concern here is whether
the complex morphological structures affect the dust-mass-loss-rate estimates. This is
further discussed in Sect. 6.1.4.
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Fig. 10 Top left: velocity-integrated CO(J = 2 − 1) line emission towards the carbon star CW Leo,
aka IRC+10216, covering an area of 6.7′ × 6.7′ (the υLSR range from −41 to − 12 km s−1). The rest:
velocity-channel maps (resolution 2 km s−1) where the velocities are relative to the systemic velocity
(υ∗,LSR = − 26.5 km s−1). These data illustrate well both the overall spherical symmetry on large scales,
and the departures from this on smaller scales. The arc structure and its implications are discussed in
Sect. 6.1.3. Image reproduced with permission from Cernicharo et al. (2015), copyright by ESO

3.2 Mass loss in other environments

Studies of stars in the solar neighbourhood provide the most accurate mass-loss-rate
estimates, but they are to a large extent limited in parameter space, e.g., in terms
of metallicity and stellar environment, and may be heterogeneous in terms of other
stellar parameters. In general, an understanding of the dependence of the mass-loss-rate
characteristics on metallicity is very important for our understanding of the importance
of AGB stars over the life span of the universe. This necessarily involves samples of
more distant sources (in particular, including extragalactic samples), and then there
are two major concerns. First, identification of the nature of the sources becomes more
difficult (e.g., filter bands may not have been designed specifically for this purpose).
Second, it is difficult to find suitable Galactic comparison samples. To this should be
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added the increasing contamination with red supergiants (RSGs; i.e., highly evolved
stars that are more massive than AGB stars) in samples of more distant objects.

For sensitivity reasons, the studies of more distant samples are hitherto almost
exclusively based on circumstellar dust emission. It is natural to assume that dust
plays an important role for wind-driving also in other environments, more specifically
silicate dust in the case of O-rich and carbon dust in the case of C-rich objects. This
introduces a systematic difference between the two chemical types since Si is not
synthesized in AGB stars while C is. Thus, we can expect the dust-mass-loss rate of
an M-star to depend on metallicity, while this is not necessarily the case for a carbon
star (however, the atmospheric structure is also likely to be metallicity-dependent so
it is difficult to estimate the extent of the mass-loss dependence on metallicity without
detailed modelling). Consequently, the gas-to-dust-mass ratio to adopt when scaling
to total Ṁ may differ substantially from that in the solar neighbourhood. Theoretical
estimates of the metallicity dependence of stellar dust production on the AGB are
given by, e.g., Nanni et al. (2013, 2014). At lower metallicity, an M-star is also more
easily converted into a carbon star. Hence, we expect carbon stars to reach the highest
mass-loss rates and dominate the amount of mass lost in such environments.

The CO line emission is expected to be weaker in both O- and C-CSEs of lower-
metallicity because of the lower C- and O-abundances, respectively (Woods et al.
2012). Likewise, a stronger UV environment will decrease the CO envelope size for
both chemical types, and hence the line strength. Both effects are likely to reduce the
CO line emission from extragalactic objects. It is nevertheless encouraging that the
first detection of extragalactic, mass-losing AGB stars in CO line emission has been
made; four objects in the LMC were observed using the Atacama Large Millime-
ter/submillimeter Array (ALMA) (Groenewegen et al. 2016).

3.2.1 The Galactic Bulge and Halo

Limited studies of the AGB mass-loss characteristics of stars in the Galactic Bulge
and Halo have been performed. Five inner-Bulge OH/IR stars, with a metallicity most
likely somewhat higher than the solar value, have been detected in CO line emission
by Winnberg et al. (2009) and Sargent et al. (2013). The estimated mass-loss rates lie
on the high side, and the gas-to-dust-mass ratios center around 200. Jiménez-Esteban
and Engels (2015) derived mass-loss rates (using SED fit, a dust-driven wind, and υ∞
from OH data) for a sample of highly reddened O-rich bulge stars. Not surprisingly,
the mass-loss rates are high, (1 − 30) × 10−5 M� year−1.

Lagadec et al. (2010) detected six (presumably sub-solar metallicity) carbon stars
of varying origin in the Galactic Halo in CO line emission, and Lagadec et al. (2012)
concluded that the estimated mass-loss rates are fairly normal when compared to
nearby stars of similar characteristics, while the gas-to-dust-mass ratios lie on the
high side, � 500. Lagadec et al. (2010) also found that the gas expansion velocities
are lower in the two Halo stars and the Sgr dSph stream star (all three well below
10 km s−1) than those of comparable solar neighbourhood stars. A cautionary remark
though: the sample is very small.
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3.2.2 The Magellanic Clouds

The metallicities of the LMC and the Small Magellanic Cloud (SMC) are ≈ 0.5 Z�
and ≈ 0.2 Z�, respectively, so these galaxies provide a good first step in character-
ising the metallicity dependence of mass loss on the AGB. The reliability and the
completeness of the estimated mass-loss rates for objects in the Magellanic Clouds
(MCs) have improved significantly due to the large surveys performed, e.g., MCPS
(Zaritsky et al. 2004), 2MASS (Skrutskie et al. 2006), SAGE (Meixner et al. 2006),
and AKARI IRC Survey (Ita et al. 2008).

Several detailed studies of limited-size samples have been performed. Groenewe-
gen et al. (2007) presented a Spitzer-based study of 60 carbon stars in the MCs and
concluded that, for a given period, the majority of the carbon stars in the MCs have
mass-loss rates that are in agreement with those observed for Galactic carbon stars,
and with no obvious difference between the LMC and SMC stars (based on dust-mass-
loss rates from SED fits and the assumption that the objects in the MCs have υ∞ and
rgd typical of Galactic carbon Miras). The mass-loss rates span the range 10−7 to a
few × 10−5 M� year−1. Further studies of the LMC showed that only carbon stars
reach very high mass-loss rates (Gullieuszik et al. 2012), and in some cases (maybe)
even higher values than those of Galactic carbon stars (Gruendl et al. 2008). Yet, lumi-
nous, red, large-amplitude, long-period O-rich objects exist in the LMC (any sample
of these objects is likely to contain a non-negligible fraction of RSGs). By selecting
such objects it has been possible to detect 13 of them in OH 1612 MHz line emission,
as summarized by Goldman et al. (2017). They found mass-loss rates in the range 10−5

to 10−4 M� year−1 and the gas-to-dust-mass ratios center around 500, substantially
higher than the values (estimated in the same way) for their comparison samples of
OH/IR stars in the Galactic Centre and Bulge (based on a dust-driven wind, and υ∞
from the OH data).

Riebel et al. (2012) applied GRAMS models (see Sect. 2.3.2) to a large sample
of LMC objects and concluded that carbon stars inject 2.5 times more dust than the
O-rich objects. The extreme objects (almost exclusively highly reddened carbon stars)
dominate, ≈ 75 % of the dust mass-return rate but � 5 % of the population (the few
RSGs, 0.1 % of the population, contribute ≈ 10 % of the dust mass-return rate). The
total amount of matter contributed by the two chemistries may be more equal if the
O-rich objects have higher gas-to-dust-mass ratios.

Boyer et al. (2012) analyzed SMC data and concluded that the extreme carbon
stars account for almost 90 % of the dust production (the 8µm excess was used as
the dust-mass-loss-rate estimator). This conclusion is in line with the predominance
of carbon stars among the extreme objects (Boyer et al. 2012; Dell’Agli et al. 2016).
Nevertheless, Matsuura et al. (2013) used Ṁ–colour relations and concluded that the
dust mass-return rate is equally divided between O- and C-rich objects in both the
LMC and SMC (the RSG contribution is negligible). They claimed that a fair fraction
of the extreme objects are actually O-rich AGB stars. Such massive stars in the HBB
phase were also found by Dell’Agli et al. (2015). This indicates the difficulties and
the uncertainties associated with estimates like these.

Information on the kinematics of LMC AGB winds is gradually being gathered.
For their LMC sample with OH 1612 MHz line emission, Goldman et al. (2017)
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concluded that at similar luminosity the LMC sources have lower υ∞ (they center
around 10 km s−1) than those of their Galactic comparison samples. The CO line
detections of four carbon stars in the LMC by Groenewegen et al. (2016) are consistent
with this conclusion.

3.2.3 Other galaxies

As we proceed to more distant galaxies, the quantitative data become scarcer. The
majority of the external galaxies observed are metal-poorer than the Milky Way, and
the mass-losing AGB stars are most likely carbon stars. The low-mass M-stars have
low dust-mass-loss rates, and the massive M-stars in the HBB phase have already left
the AGB, unless there has been a recent starburst. Efficient dredge-up of C may lead
to efficient dust production independent of metallicity.

In a study of eight Local Group dIrr galaxies (with metallicities around 0.1 Z�
and below), there are objects with mass-loss rates of the order 10−5 M� year−1 in all
galaxies, although there are more of them the higher the metallicity, based on Ṁ–
colour relations and assumed gas-to-dust-mass ratios that depend on the metallicity
(Boyer et al. 2009, and references therein). Dell’Agli et al. (2016) studied in more
detail one of these objects, IC1613, and concluded that carbon stars dominate among
the most obscured objects, and hence also dominate the mass return. Going even lower
in metallicity, about 50 dwarf galaxies have been surveyed by Boyer et al. (2015a, b).
The result is that dust-producing AGB stars exist at least down to a metallicity of
≈ 0.01 Z�, and there is no evidence of a strong link between dust production and
metallicity. These results are consistent with those of other studies of extragalactic
carbon stars in low-metallicity systems (Matsuura et al. 2007; Lagadec et al. 2008,
2009; Sloan et al. 2009). In a solar-metallicity environment, Jones et al. (2015) found
mass-loss rates (using an Ṁd–colour relation and rgd = 200 for all objects) in the
range 10−7 to a few × 10−5 M� year−1 in the dE M32.

3.3 The total mass lost by an AGB star

There is good evidence that AGB stars with masses up to 6–8 M� manage to end
their AGB evolution with a core mass below the Chandrasekhar limit of about 1.4 M�
(Cummings et al. 2016). Most of the mass loss occurs on the AGB, except for the
lower-mass stars where mass loss on the RGB is substantial in a relative sense, of the
order � 0.25 M� in total (McDonald et al. 2009, 2011; Lebzelter and Wood 2011).

Initial–final mass relation Information on the total mass lost is directly coming from
a comparison of white dwarf (WD) masses and their progenitor masses, the initial–
final mass relation. Much progress has been made recently, and we give only a brief
summary. Data have been obtained studying WDs in, e.g., wide binaries (Zhao et al.
2012) and in clusters (Kalirai et al. 2014; Cummings et al. 2015, and references
therein). Cummings et al. (2016) found a tight relation between the main sequence
mass MMS and the final mass Mf , Mf = 0.154 MMS + 0.261, up to ≈ 4 M�, beyond
which the relation appears less steep reaching Mf ≈ 1.2 M� at MMS = 8 M�,
Fig. 11. The tight relation is strong evidence that mass loss is not a stochastic process
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Fig. 11 The relation between
initial mass and final mass for
white dwarfs as derived from
data for a number of open
clusters. Image reproduced with
permission from Cummings
et al. (2016), copyright by AAS
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(over long time scales), but follows an essentially predictable behavior. The results
indicate that for an initial mass of 4 M� about 80 % of the stellar mass is lost (mainly
during the AGB phase) before the WD stage is reached, while a 1 M� star loses
≈ 0.25 M� on the AGB.

Stellar lifetimes on the AGB Stellar lifetimes on the AGB are expected to depend on
mass and metallicity and they are difficult to estimate reliably. Attempts have been
made in a number of ways, often with different sensitivities to different phases of
the AGB evolution. Clusters in the MCs are suitable objects for lifetime estimates,
and Girardi and Marigo (2007) found AGB stellar lifetimes that peak at ≈ 2 Myr,
and Girardi et al. (2010) found TP-AGB lifetimes between 1.2 and 1.8 Myr in a
sample of metal-poor galaxies. Kalirai et al. (2014) used initial–final mass relations
and found that the TP-AGB lifetime increases from 0.8 to 3 Myr in the initial mass
range 1–2 M� and then decreases again to 0.4 Myr at 4 M�. This is largely confirmed
by Miller Bertolami (2016) who derived lifetimes from stellar evolutionary models.
Thus, with AGB lifetimes in the vicinity of 1 Myr, and with typical mass-loss rates
around 10−6 M� year−1, and peak mass-loss rates reaching 10−5–10−4 M� year−1

(Sect. 3.1), there is no obvious obstacle for reaching sub-Chandrasekhar core masses.
Note, however, the discussion on the short duration of the high-mass-loss-rate phase
in Sect. 3.1.2.

4 The pulsation-enhanced dust-driven wind scenario

The empirical estimates of wind properties discussed above are mostly based on the
idealized, large-scale picture of the “standard CSE”, describing a region where both
the dust properties and the outflow are already established. To understand the physical
processes which trigger the winds and define the mass-loss rates, however, it is nec-
essary to study the conditions in the extended dynamical atmospheres of AGB stars
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where the outflows have their origin. Until recently, these regions were only acces-
sible with the help of models, but the ongoing progress in high-angular-resolution
techniques finally makes it possible to directly test certain theoretical ideas through
observations.

As outlined in Sect. 1.3, the most promising scenario for the heavy mass loss of AGB
stars involves a combination of atmospheric levitation by pulsation-induced shock
waves and radiative acceleration of dust grains which form in the resulting cool upper
layers of the atmospheres. The dust grains transfer momentum to the surrounding gas
particles through collisions, dragging them along and thereby triggering an outflow.
We refer to this wind mechanism as the Pulsation-Enhanced Dust-DRiven Outflow
(PEDDRO) scenario (see Fig. 2). In this section, we focus on detailed quantitative
models of these processes, starting with the dynamics of the stellar interior (pulsation
and convection), proceeding to atmospheric dynamics and dust formation, and, finally,
discussing the development and present status of wind models that predict mass-loss
rates and their dependence on fundamental stellar parameters. In Sect. 5.1, the current
PEDDRO models are compared to observational results and the SCRA scenario.

4.1 Pulsation, convection, and atmospheric levitation due to shock waves

AGB stars which show signs of strong mass loss are usually semi-regular or Mira-type
long-period variables (e.g., Whitelock et al. 1991, 2003; Glass et al. 2009; McDon-
ald and Zijlstra 2016), and their pronounced variations in luminosity are generally
attributed to large-amplitude pulsations. Interferometric monitoring reveals temporal
variations of measured stellar diameters, as well as a strong dependence of diameters
on wavelength, indicating extended, dynamical atmospheres with complex molecular
layers (e.g., Burns et al. 1998; Ireland et al. 2004a, b; Woodruff et al. 2008; Lacour et al.
2009). Recent advances in high-angular-resolution techniques have made it possible to
resolve the surfaces and extended atmospheres of some nearby AGB stars (e.g., Stewart
et al. 2016b; Ohnaka et al. 2016; Wittkowski et al. 2017), showing temporal changes
in atmospheric structures and dust properties (e.g., Haubois et al. 2015; Khouri et al.
2016a; Ohnaka et al. 2017). For the large majority of cool giants, however, dynamical
processes have to be explored with indirect methods, using photometric monitoring or
high-resolution spectroscopy. Light curves, in particular, are often used for studying
the dynamics of distant, unresolved stars, both individually and in large photometric
surveys.

Over the last 10–15 years, significant progress has been made in identifying several
of the period-luminosity sequences found in survey data (e.g., MACHO, OGLE) with
different pulsation modes, using linear non-adiabatic models (see, e.g., Wood 2015;
Trabucchi et al. 2017, and references therein). Mira stars are probably fundamental-
mode (radial) pulsators, whereas semi-regular AGB stars are interpreted as pulsating
in the first or higher overtones. The improvements in the available data have also led
to the discovery of substructures in the period-luminosity sequences, probably due
to non-radial modes. There are, however, open problems regarding the understanding
of long secondary periods (e.g., Saio et al. 2015), or concerning the pulsation modes
of stars with lower luminosity (RGB stars; e.g. Soszynski et al. 2007; Mosser et al.
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2013; Soszyński and Wood 2013; Takayama et al. 2013), although the latter problem
may be solved by a new interpretation suggested by Trabucchi et al. (2017). Radial
fundamental-mode pulsations of AGB stars have also been explored with 1D non-linear
models (e.g., Ireland et al. 2008, 2011, CODEX code), including effects of pulsation-
induced shocks on stellar atmospheres. Such non-linear models are probably a more
appropriate tool for studying Mira variables than their linear counterparts, given the
large amplitudes of the pulsations.

Global 3D radiation-hydrodynamical simulations are an alternative approach to
modelling the pulsations of AGB stars, which is more direct and comprehensive, but
also more computationally intensive. In this case, a parameterization of convection
(e.g., in terms of mixing length theory), as used in classical linear and non-linear
pulsation models, can be avoided because turbulent convective flows develop naturally
as an intrinsic part of the models (see Fig. 12). An exploratory grid of such simulations
for AGB stars by Freytag et al. (2017) gives first indications of how convection patterns
and pulsation properties depend on stellar parameters. The 3D models demonstrate
how long-lasting giant convection cells, consisting of wide upflow regions that are
surrounded by turbulent downdrafts, together with short-lived smaller surface granules
and radial fundamental-mode pulsations, give rise to variable surface structures and
changes in luminosity. In particular, the models presented by Freytag et al. (2017)
show pulsation periods that are in good agreement with the observed period-luminosity
relation by Whitelock et al. (2009).

Sound waves, produced in the sub-photospheric layers by convection and pulsation,
steepen into shocks when reaching the atmosphere (Fig. 12, bottom panel). There,
they interact and merge, leading to a transition from a complex, small-scale network
of shocks close to the surface of the convection zone to almost global, more or less
radially expanding shock fronts in the outer atmospheric layers (see Fig. 12, middle).
These large-scale, outwards-propagating shock fronts probably create local conditions
which are comparable to those induced by spherical shock waves resulting from purely
radial pulsation (for a discussion see, e.g., Wittkowski et al. 2016; Freytag et al. 2017).
This may explain why spherical dust-driven wind models give mass-loss rates, spectra
and photometric variations that agree well with observations, as will be discussed in
Sect. 5.1.

The time-dependent dynamics of the atmosphere and wind formation region can be
studied observationally with high-resolution spectroscopy since Doppler shifts reflect-
ing the gas velocities are imprinted on spectral line profiles (e.g., Hinkle et al. 1982,
1997; Alvarez et al. 2000; Lebzelter et al. 2005a, b; Nowotny et al. 2010). One of the
most prominent examples are vibration–rotation lines of CO in the near-IR wavelength
region, which are formed at different depths in the atmosphere and wind, according
to their excitation potential. Fundamental mode lines probe the fully established out-
flow, showing more or less pronounced P-Cygni profiles with little temporal variation.
First overtone lines form in the dust formation and wind acceleration zone result-
ing in a complex time-dependent behavior of the line profiles. Second overtone lines
probe the inner atmosphere where shock waves dominate the dynamics. They show
systematically varying line profiles and periodic line splitting around the luminosity
maximum in Mira variables as a pulsation-induced shock wave is passing through the
line formation region. Since the IR spectra of C-type AGB stars tend to be strongly

123



 1 Page 38 of 92 S. Höfner, H. Olofsson

Fig. 12 Properties of a global 3D radiation-hydrodynamical model of an AGB star by Freytag et al. (2017):
Top: a time series of snapshots showing the gas density for a slice through the center of the star (the grey
circles indicate the average stellar radius). Middle: a time series of snapshots showing the radial component
of the gas velocity for a slice through the center of the star, illustrating the size scales of convective flows.
Bottom: radial gas velocity averaged over spherical shells, plotted as a function of depth and time. Radial
pulsations, not obvious from looking at the sequence of radial velocity slices, are clearly visible as alternating
expansions (blue) and contractions (red). The stellar interior (below about 400 R�) shows a velocity pattern
similar to standing waves. They trigger propagating shock waves in the atmosphere, which move upwards
as time proceeds. Image courtesy of S. Liljegren

affected by circumstellar dust, vibration–rotation lines of CO are mostly used to study
the dynamics in M- and S-type AGB stars. A recent detection of variability in the
CO(J = 3 − 2) rotational line in the first vibrationally excited state (Khouri et al.
2016b), however, is a promising step forward to probe atmospheric dynamics in C-rich
objects.

Dynamic model atmospheres have been used to derive shock amplitudes (i.e., dif-
ferences in pre- and post-shock gas velocities) from observations of line splitting (e.g.,
Willson et al. 1982; Scholz and Wood 2000; Nowotny et al. 2010). The velocity of
the outwards-moving gas in the post-shock region, inferred from the Doppler shifts,
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can be used to estimate a levitation distance (highest point of a ballistic trajectory for
gravitationally bound gas layers), when assuming a complete conversion of kinetic
into potential energy (see, e.g., the discussion in Bladh and Höfner 2012). The results
indicate that, typically, the shock waves push parts of the upper atmospheric layers
out to a few stellar radii, creating temporary reservoirs of cool dense gas where com-
plex molecules and dust grains may form. This is in line with the interferometric
observations and high-angular-resolution imaging results mentioned above.

4.2 Conditions for dust formation and properties of wind-driving grains

Dust grains forming in the extended atmospheres of AGB stars condense under non-
equilibrium conditions, with temperature acting as a threshold, and prevailing densities
and chemical abundances determining the efficiency of grain growth. At distances from
the stellar photosphere where temperatures are low enough to allow for dust condensa-
tion, low gas densities lead to slow grain growth, on timescales which are comparable
to those of stellar pulsation and ballistic atmospheric motions. Consequently, the grains
do not adjust instantaneously to the local conditions, as in thermal and chemical equi-
librium, but their properties are dependent on the evolution of the layers in which they
are embedded, and a substantial fraction of the condensible material may remain in
the gas phase in the atmosphere and inner wind region.

Furthermore, the temperatures of dust grains in the close vicinity of an AGB star
are set by radiative processes (heating by absorption of stellar photons and cooling by
thermal emission) rather than by collisions with gas particles (see, e.g., Gauger et al.
1990; Bladh et al. 2015). This leads to a strong dependence of the temperature on the
composition and the corresponding optical properties of the dust particles, creating a
bias against species subject to strong radiative heating, since low temperatures are a
key factor for condensation.

With dust playing a critical role in the atmospheres and winds of AGB stars, models
need to include appropriate descriptions of these chemical and radiative processes.
A time-dependent gas-kinetic treatment of grain growth (often based on methods
developed by Gail and Sedlmayr 1988, 1999, 2014; Gauger et al. 1990) has become
a standard ingredient in quantitative dust-driven wind models (discussed in Sects. 4.3
and 5.1) and in studies of dust yields from AGB stars (e.g., Ferrarotti and Gail 2006;
Zhukovska and Henning 2013; Nanni et al. 2013, 2014; Schneider et al. 2014). The
dust grains are assumed to grow by the addition of abundant atoms and molecules from
the gas phase to the surface of the solid particles. In contrast to other environments (e.g.,
proto-planetary discs), grain–grain collisions and coagulation can be neglected due to a
combination of low densities and short dynamical timescales. The grain growth rate is
determined by the slowest reaction which contributes to forming complete monomers
(i.e., the basic building blocks of the solid). Usually, this bottleneck will be created
by the reaction adding the least abundant chemical element. The dust decomposition
rate, on the other hand, will be set by thermal evaporation or chemical sputtering.
The evolution of grain size with time is determined by the competition between these
processes.
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Current dynamic atmosphere and wind models, based on such a description of grain
growth and destruction, mostly give wind properties that are in good agreement with
observations, as will be discussed in Sect. 5.1. However, some open questions remain
concerning nucleation, i.e., the formation of the first solid seed particles from the gas
phase. For the case of a C-rich atmospheric chemistry (C/O> 1), where amorphous
carbon (amC) grains most likely drive the observed outflows, many models have used
classical nucleation theory to describe the formation of homogeneous amC grains
directly out of the gas. For stars with less carbon than oxygen in their atmospheres
(C/O < 1) the nature of the first condensates is still much debated. Detailed chemical
models are currently giving contradictory results about the onset of dust formation in
these stars (e.g., Gail et al. 2016; Gobrecht et al. 2016, and references therein). Wind
models for stars with C/O < 1 therefore usually circumvent the problem of nucleation
by assuming the existence of tiny seed nuclei (e.g., parameterized by an abundance
relative to hydrogen), and they describe the subsequent growth of dust grains with
gas-kinetic methods as outlined above.

In view of the overall complexity of the dynamics and radiative transfer, as well as
a certain lack of reliable micro-physical and chemical data, the description of the dust
component in present PEDDRO models tends to focus on species that are assumed to
be directly or indirectly related to the wind mechanism. A dust species has to fulfill
two basic criteria, in order to be considered a potential wind driver: (i) its condensation
distance has to fall within the shock-levitated atmosphere (extending, typically, to a
few stellar radii; cf. Sect. 4.1), and (ii) its flux-integrated opacity has to be comparable
to, or exceed, the critical value of Eq. (2). In the context of the SCRA scenario, the focus
is on the second criterion, which early-on lead to an identification of carbon dust as
the most probable wind driver in C-rich AGB stars. Likewise, dust grains consisting
of magnesium-iron-silicates (olivine- and pyroxene-type materials) have long been
considered good candidates for driving the winds of AGB stars with C/O < 1, based
on the comparatively high abundances of the constituent chemical elements, and the
prominence of corresponding mid-IR features in observed spectra (see Sects. 1.2 and
2.1).

The introduction of PEDDRO models which combine frequency-dependent radia-
tive transfer with a detailed description of grain growth, however, leads to a
re-evaluation of this latter scenario. The visual and near-IR optical properties of
olivine- and pyroxene-type silicates (i.e., Mg2xFe2(1−x)SiO4 and MgxFe(1−x)SiO3,
respectively, with 0 < x < 1) depend critically on their Fe-content (i.e., the value
of x). Materials at the Fe-free end of the range (Mg2SiO4 or MgSiO3) are extremely
transparent at visual and near-IR wavelengths, around the stellar flux maximum, in
strong contrast to grains that contain even small amounts of Fe, which makes them
opaque in this spectral range (see, e.g., Zeidler et al. 2011, for a detailed discussion
of the effects of metal ions on optical properties of solids). The mid-IR optical prop-
erties of silicates, on the other hand, are much less dependent on the Fe-content. At
a given distance from the star (i.e., when exposed to the same radiative flux), Fe-free
silicates with their very low absorption coefficients in the near-IR region will be much
cooler than Fe-bearing grains, which are subject to significant radiative heating. In
other words, Fe-free silicates can form and survive closer to the star.
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The magnitude of the effect can be estimated using Eq. (4), together with typical
values of Tc and p for silicate grains. The near-IR absorption of olivine-type silicates
with about equal amounts of Fe and Mg (i.e., x ≈ 0.5, as favored by purely kinetical
considerations due to similar abundances of Fe and Mg in a solar mixture) can be
approximated by p ≈ +2, whereas the corresponding Fe-free material (Mg2SiO4)
leads to p ≈–1 (see Bladh and Höfner 2012, for power-law fits of dust opacities).
Combining these values with a typical condensation temperature for silicates, Tc ≈
1000 K, results in condensation distances of Rc ≈ 9 R∗ and Rc ≈ 2 R∗, respectively.
This simple estimate indicates that condensation of Fe-free silicates should easily be
possible in the extended atmosphere of a pulsating AGB star, while it seems unlikely
that significant amounts of Fe will be included in the dust grains within the shock-
levitated layers where the outflow is triggered. Detailed models give similar results
(Woitke 2006; Höfner 2008; Bladh et al. 2015), leading to the conclusion that photon
absorption by Fe-rich silicates is probably not a viable mechanism for driving the
outflows of typical M-type AGB stars.

An alternative mechanism which has been explored with detailed PEDDRO-type
models (Höfner 2008; Bladh et al. 2015; Höfner et al. 2016) is radiation pressure due
to scattering of stellar photons on Fe-free silicate grains. This requires grain sizes of
about 0.1–1µm, in order to make the dust particles efficient at scattering radiation
in the near-IR wavelength region where the stellar flux peaks. Recent detections of
dust grains with sizes of 0.1–0.5µm in the close vicinity of several AGB stars (e.g.,
Norris et al. 2012; Ohnaka et al. 2016, 2017) lend strong support to this scenario.
Furthermore, the dynamical models based on this mechanism are in good agreement
with observations regarding mass-loss rates and wind velocities, as well as visual and
near-IR colours, and their variation with pulsation phase (Bladh et al. 2013, 2015).

As the silicate grains start moving away from the star in the accelerating outflow,
and are exposed to decreasing levels of stellar radiation, they probably become gradu-
ally enriched with small amounts of Fe and turn more opaque at near-IR wavelengths.
Throughout the grain growth region, the Mg/Fe ratio is controlled by a self-regulating
feedback between Fe-inclusion and resulting radiative heating (Woitke 2006). This
keeps the silicate grains below the sublimation temperature, but considerably warmer
than completely Fe-free grains, which is essential for the formation of their char-
acteristic mid-IR emission features (e.g., Bladh et al. 2015, 2017). According to
spectro-interferometric observations, the first traces of these features appear at around
2 stellar radii, where the grains have to be virtually Fe-free, and they become pro-
nounced around 4–5 stellar radii, where the grains probably have accumulated a certain
amount of Fe (e.g., Sacuto et al. 2013; Karovicova et al. 2013).

Spectro-interferometric observations also show that Al2O3 (corundum) may con-
dense at distances of about 2 R∗ or less, prior to silicate formation (e.g., Wittkowski
et al. 2007; Zhao-Geisler et al. 2012; Karovicova et al. 2013). Al2O3 has been dis-
cussed as a possible alternative to silicates as a source of the scattered light observed
close to several AGB stars (e.g., Ireland et al. 2005; Norris et al. 2012; Ohnaka et al.
2016), and as potentially forming seed particles for the condensation of silicates fur-
ther out in the atmosphere where lower temperatures prevail (e.g., Kozasa and Sogawa
1997a, b). The radiation pressure resulting from such Al2O3 grains is too low to drive
a wind for typical stellar parameters (e.g., Höfner et al. 2016), which is consistent with
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the scenario of Al2O3 forming a dense, gravitationally bound dust shell at less than
2 R∗ (see Ireland et al. 2005; Khouri et al. 2015, 2016a). However, (Höfner et al. 2016)
found that the formation of composite grains with an Al2O3 core and a silicate mantle
can speed up grain growth to sizes required for efficient photon scattering significantly,
increasing both mass-loss rates and wind velocities compared to outflows driven by
pure Fe-free silicate grains. Furthermore, variations of visual and near-IR colours dur-
ing a pulsation cycle resulting from these models show even better agreement with
observations (see Fig. 13).

4.3 Ingredients and general properties of PEDDRO models

Following the discovery of characteristic mid-IR dust features in CSEs of AGB stars,
wind acceleration by radiative pressure on dust particles was first explored with simple,
time-independent radial flow models (see Sects. 1.2, 2.2 and 2.3.2). This approach,
however, cannot do justice to the complex time-dependent processes in the atmo-

Fig. 13 Left: time-dependent radial structure of a DARWIN model for an M-type AGB star, featuring a
wind driven by photon scattering on dust grains with an Al2O3 core and an Mg2SiO4 mantle (snapshots of
40 pulsation phases, zoomed in on the dust formation region). Top to bottom: gas velocity, radius of dust
grains, and ratio of radiative to gravitational acceleration (the large variation of the latter quantity over a
pulsation cycle in the region where grain sizes are almost constant is mostly due to changing luminosity).
Right: observed and synthetic photometric variations of M-type AGB stars. Upper panel: a sample of well-
observed stars with regular light curves. Lower panel: DARWIN models with core-mantle grains, as shown
in the left part of this figure. Image reproduced with permission from Höfner et al. (2016), copyright by
ESO
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spheres of pulsating cool giant stars, as discussed in Sect. 4.1. Over the years, more
advanced types of dynamical atmosphere and wind models have been developed,
delivering predictions of mass-loss rates, synthetic spectra and other observables.

The beginnings of quantitative PEDDRO models can be traced back to numerical
simulations studying the impact of pulsation-induced shock waves on atmospheric
structure and wind generation (cf. Willson and Hill 1979; Hill and Willson 1979;
Wood 1979). The efficiency of radiative cooling in the shocks affects atmospheric
levitation, and consequently the resulting mass-loss rates. More efficient cooling leads
to less levitation and lower mass-loss rates, since more thermal energy resulting from
compression in the shock front is radiated away. In the extreme case of adiabatic shocks
(i.e., no radiative cooling), on the other hand, levitation is so efficient that the models
show mass-loss rates exceeding observations by orders of magnitude (cf. Wood 1979).

Early models of the PEDDRO scenario were based on a simple parameterized
description of the dust component, assuming that dust condensation can be described
as a function of temperature only (cf. Bowen 1988). While this method captures the
role of temperature as a threshold for dust formation, it ignores that grain growth rates
depend on the ambient gas densities. Models of the next generation (e.g., Fleischer
et al. 1992; Höfner and Dorfi 1997; Winters et al. 2000; Jeong et al. 2003) introduced
a detailed, time-dependent treatment of dust formation, as outlined in Sect. 4.2 (Gail
and Sedlmayr 1988, 1999; Gauger et al. 1990), taking into account that grain growth
proceeds far from equilibrium under the conditions prevailing in atmospheres and
winds of AGB stars. The comparatively low densities in the dust formation region lead
to timescales of grain growth that are comparable to the dynamical timescales of shock-
induced ballistic motions, turning the PEDDRO scenario into a race against time: an
outflow will form only if condensation is fast and efficient enough that radiation
pressure can prevent the shock-levitated layers from falling back towards the star.
Furthermore, if an outflow is triggered, rapidly decreasing densities in the wind will
quickly quench additional grain growth, usually leading to condensation degrees of
key elements (e.g., C or Si) distinctly below unity, in good agreement with recent
observational studies (e.g., Khouri et al. 2014b; Lombaert et al. 2016). This implies
that the presence of condensible elements in the gas phase and the existence of a
corresponding dust species in the same region are not mutually exclusive.

In summary, the second-generation PEDDRO models played a critical role in
demonstrating the intricate interplay of shock waves, dust formation, and wind accel-
eration, as well as reproducing basic observed properties of heavily dust-enshrouded
C-rich AGB stars (Ṁ , υ∞, SED). Due to their simplistic (grey) treatment of radiative
transfer, however, they failed to capture essential features of both C-rich AGB stars
with less opaque dust-driven winds (lower mass-loss rates), and of AGB stars with
C/O < 1, which tend to have more transparent CSEs. Since both temperature and
density are critical parameters for the onset and efficiency of grain growth, a correct
treatment of energy transport in the atmosphere and wind is an essential ingredient of
realistic models.

The current, third, generation of PEDDRO models, therefore features frequency-
dependent radiative transfer, solved simultaneously with time-dependent gas dynamics
and dust formation, taking into account both molecular and dust opacities (e.g., Höfner
et al. 2003; Höfner 2008; Mattsson et al. 2010; Eriksson et al. 2014; Bladh et al. 2015;
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Höfner et al. 2016). These models produce mass-loss rates, wind velocities, and spectra
which are in good agreement with observations for a wide range of stellar parameters
(i.e., very different conditions in the CSEs), as will be discussed in some detail in
Sect. 5.1.

A remaining issue of the present PEDDRO models is how the effects of pulsa-
tion and convection are introduced. At this point, it should be noted that the stellar
atmosphere and wind, where radiative processes play a crucial role for the thermal
structure and dynamics, correspond to a physical regime that is very different from the
stellar interior, where convection is the main energy transport mechanism. This has
practical consequences for numerical simulations, and models tend to focus on one
or the other region, i.e., on pulsation and convection, as described in Sect. 4.1, or the
wind mechanism. In current wind models, the inner boundary of the computational
domain is typically located below the stellar photosphere but above the driving zone
of the pulsations, and the effects of interior dynamics on the atmosphere and wind are
usually simulated by prescribing temporal variations of luminosity and gas velocity
at the inner boundary. The most widely used form of this so-called piston boundary
(cf. Bowen 1988) is based on a sinusoidal variation of the gas velocity, with period
and amplitude as parameters, simulating the radial expansion and contraction of the
stellar interior. Over the years, different recipes have been tried to bring the accompa-
nying light curves into agreement with observations, with varying success (see, e.g.,
Nowotny et al. 2010; Eriksson et al. 2014; Liljegren et al. 2016).

An alternative approach to study the effects of pulsation on atmospheric dynam-
ics and spectra of Mira stars was chosen by Bessell et al. (1996) who extracted
boundary conditions from self-excited radial pulsation models. Later, CODEX mod-
els were based on a similar strategy (e.g., Ireland et al. 2008, 2011); however, none
of these models produced dust-driven outflows. Freytag and Höfner (2008) tested
non-sinusoidal variations of sub-photospheric velocities, derived from global 3D
radiation-hydrodynamical simulations, and concluded that the critical parameter for
triggering a dust-driven wind is the amplitude of the variation, not the shape of the
chosen function, since this information gets lost in the transformation of pulsation-
induced sound waves into shocks (see Fig. 14). In contrast, the shape of the luminosity
variation, or a phase shift between the luminosity and velocity variations (which affects
the timing of shock propagation through the atmosphere relative to variations in the
atmospheric temperatures, set by the luminosity), may have an effect on the efficiency
of dust formation and radiative acceleration, and thereby on the wind properties. Lil-
jegren et al. (2016) estimated that the uncertainties in the mass-loss rate due to this
effect may be up to ±40 % for a model with typical stellar parameters. This is roughly
comparable to the estimated observational uncertainties in mass-loss rates based on
rotational CO lines in the radio regime (e.g., Ramstedt et al. 2008; Danilovich et al.
2015).

5 Towards a comprehensive view on AGB mass loss

A central goal of stellar wind research is to derive a quantitative description of how
the mass-loss rate depends on fundamental stellar parameters, i.e., a so-called mass-
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Fig. 14 Dynamics of the shock-levitated atmosphere and wind acceleration region, illustrated by tracking
the radial motions of mass layers in detailed radiation-hydrodynamical models. Left panel: radial gas
velocity in a 3D model by Freytag et al (2017, see also Fig. 12), averaged over spherical shells and plotted
as a function of depth and time (blue = expansion, red = contraction); radial range (y-axis, in solar radii):
about 0.5 to 1.8 stellar radii (black lines trace average gas motions); right panel: a spherically symmetric
PEDDRO-type model for a typical C-rich mira variable, showing the region where periodic dust formation
events in the wake of shocks (red zones at about 2 stellar radii) trigger an outflow (model M in Nowotny
et al. 2010, fraction of carbon condensed into dust indicated in colour, with the highest values shown in red;
see colour scale on the right); blue lines represent the dust-free atmosphere, roughly corresponding to the
region shown in the left panel. Images reproduced with permission from Freytag et al. (2017) and Nowotny
et al. (2010), copyright by ESO

loss formula. This is a key ingredient for models of stellar evolution and population
synthesis. It is therefore not surprising that a lot of effort has been spent on establishing
a mass-loss formula for AGB stars, both with empirical and theoretical approaches.
The results of stellar evolution models which are based on such mass loss prescriptions,
however, indicate that there is ample room for improvements (see, e.g., Lattanzio and
Karakas 2016).

Empirical methods to derive a mass-loss formula suffer from difficulties in deter-
mining the fundamental parameters of AGB stars, and disentangling their effects on
mass loss. Different stellar properties of individual stars are linked to each other and
evolve together as stars ascend the AGB, which makes it difficult to isolate the depen-
dence of the mass-loss rate on a single property. For instance, luminosity depends
on both initial mass and age on the AGB, and it increases with time, while effec-
tive temperature and current mass decrease. To this should be added that studies of
metallicity dependence are often based on stars in different environments (Galactic
Bulge and Halo, MCs, other galaxies, see Sect. 3.2) which may differ from each other
in more respects than just chemical composition. Furthermore, as will be discussed
below, there may be systematic selection effects in observed samples that make them
an insufficient basis for deriving a mass-loss formula.

In contrast to the empirical case, the dependence of theoretical mass-loss rates on
individual stellar parameters is well known, since these are also the basic input param-
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eters of PEDDRO-type wind models. The theoretical mass-loss rates can, therefore,
in principle, be applied quite easily in stellar evolution models and in the construction
of synthetic stellar populations. As discussed in Sect. 4, however, the predictive power
of current PEDDRO models is restricted by uncertainties on the micro-physical level
(e.g., regarding seed particles of dust grains, or missing chemical and optical data),
and the treatment of sub-photospheric dynamics (convection, pulsation), introducing
extra parameters which need to be constrained. Before discussing the dependence of
mass-loss rates on stellar parameters from both an observational and a theoretical point
of view, we will therefore compare various properties of current PEDDRO models to
a range of observations.

5.1 State-of-the-art PEDDRO models and observations

As discussed in Sects. 4.2 and 4.3, dynamical models for the PEDDRO scenario
need to combine a detailed time-dependent description of dust formation with a
frequency-dependent treatment of radiative transfer, in order to capture essential phys-
ical properties of the wind-formation region. Mattsson et al. (2010) and Eriksson et al.
(2014) presented the to-date most substantial grid of such models for C-rich AGB
stars (based on the DARWIN code; Höfner et al. 2003, 2016). These models give two
types of results, (i) mass-loss rates and other wind properties, and (ii) time series of
snapshots of dynamical structures. The latter can be used to compute detailed spectra
and other observable properties (as in the case of classical hydrostatic model atmo-
spheres or SCRA-type models), allowing for a detailed comparison with observations.
Eriksson et al. (2014) produced synthetic low-resolution spectra and photometry for a
sub-sample of the Mattsson et al. (2010) grid with stellar parameters representative of
solar-metallicity C-rich AGB stars. Furthermore, the study of photometric variability
was extended by adding new dynamical models to the grid, with a higher luminosity
amplitude but otherwise similar parameters, following up on the exploratory results
of Nowotny et al. (2011, 2013).

A straight-forward way to test grids of PEDDRO models against observations is a
comparison of the resulting combinations of mass-loss rates and wind velocities with
the corresponding observed values, derived simultaneously from molecular lines in
the radio regime (see Sect. 3.1). As can be seen in Fig. 15 (lower panel), models with
different carbon excess (denoted as C-O and colour-coded) fall into distinct regions of
the Ṁ–υ∞ diagram, and the average wind velocity increases with increasing C-O, due
to a more efficient formation of wind-driving carbon dust. The group of models with the
lowest C-O results in wind properties that have no counterparts in the observed stellar
samples (low velocity and substantial mass-loss rates), while the other two groups
of models fall within the region covered by observed wind characteristics (Fig. 15,
upper panel). The absence of models with Ṁ > 10−5 M� year−1 can probably be
attributed to the chosen range of stellar parameters (which may not cover the most
evolved stars). The scarcity of outflows with low mass-loss rates relative to the observed
stars may have several reasons, as will be discussed below. Figure 16 demonstrates
that the models show good agreement with observations in the Ṁ vs. (J–K) diagram
and the K -magnitude vs. mean (J–K) diagram. In both cases, the lack of models at
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Fig. 15 Mass loss rates vs. wind velocities of PEDDRO-type wind models for C-rich AGB stars (Mattsson
et al. 2010; Eriksson et al. 2014) and corresponding observational data. In the upper panel the black
triangles mark models with steady winds while the black crosses denote models with episodic winds. The
other symbols with different colours show values based on observations of various C-rich giants, adopted
from different sources as given by the legend. The lower panel shows the model results colour-coded by
carbon excess (increasing from green to blue to red, see legend). Image reproduced with permission from
Eriksson et al. (2014), copyright by ESO
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the reddest observed (J–K) values is probably due to the absence of models with
Ṁ > 10−5 M� year−1 in the present grid.

The development of wind models for M-type AGB stars (C/O < 1) based on
the PEDDRO scenario proceeded much slower than for their C-rich counterparts,
mostly due to uncertainties regarding the nature of the wind-driving dust grains
(see Sects. 4.2 and 4.3). Recently, however, Bladh et al. (2015) presented a grid of
frequency-dependent models with a detailed description of dust formation, spanning a
range of typical luminosities and effective temperatures. In these models, the outflows
are driven by scattering of stellar photons on Fe-free silicate grains with radii in the
range of 0.1–1µm, building on the results of Höfner (2008).

In Figs. 17 and 18, the grid of DARWIN models by Bladh et al. (2015) is compared
to observations regarding resulting photometric colours, i.e., (J–K) vs. (V–K), and
wind properties (Ṁ vs. υ∞), respectively. The colours resulting from the models fall
nicely within the observed ranges of typical M-type Mira stars, and (J–K) shows a
clear correlation with stellar effective temperature, in accordance with expectations
(Fig. 17). In comparison to C-rich AGB stars, the range of (J–K) values is much
more narrow, due to the higher transparency of the silicate dust (less circumstellar
reddening). Concerning mass-loss rate vs. wind velocity, the models with the two
highest values of the seed particle abundance (shown in blue and yellow in the bottom
panel of Fig. 18) give results that fit best with the observational data. As in the C-rich
case discussed above, the absence of models with Ṁ > 10−5 M� year−1 is probably
due to the selected range of fundamental stellar parameters.

We also note, again, a lack of models corresponding to the lowest empirical
mass-loss rates. For the C-rich grid, Eriksson et al. (2014) mentioned the use of
small-particle-limit dust opacities as one of the possible causes. However, this can-
not explain the results of the M-type models by Bladh et al. (2015), since they take
the effects of grain size on opacities into account. An alternative explanation could
be of a morphological nature: In the current PEDDRO models, the outflows consist
of complete, spherical layers of gas and dust. Recent observations of some nearby
stars show clumpy dust and gas clouds with variable morphology in the extended
stellar atmospheres (e.g., Ohnaka et al. 2017; Khouri et al. 2016a), probably due to
the effects of convection or non-radial pulsations (see Sect. 4.1). This situation may
lead to less material being accelerated away from the star, i.e., a wind being built up
of a sequence of partial (instead of complete spherical) atmospheric layers, ejected
in different directions over time (see Sect. 6.2.1). The spherical PEDDRO models
have been primarily developed to describe the mass loss of Mira variables, i.e., large-
amplitude radial pulsators, while the objects with the lowest mass-loss rates tend to
be semi-regular variables, where non-spherical effects are probably more pronounced.
In this context, it should also be kept in mind that the empirical mass-loss rates are
derived based on the assumption of a smooth, spherically symmetric distribution of
circumstellar matter. If the outflows are clumpy, the empirically derived values may
(seriously) underestimate the true mass-loss rates (see Sect. 6.1.4).

A point that should also be taken into consideration in the discussion of Figs. 15, 16,
17 and 18 is that they give equal weight to all models, whereas different combinations of
fundamental parameters will not occur with the same likelihood in observed samples,
due to the influence of the initial-mass function, differences in lifetimes, and various
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Fig. 16 Properties of PEDDRO-type wind models for C-rich AGB stars (Mattsson et al. 2010; Eriksson
et al. 2014) and corresponding observational data. Upper panel: mass loss rate vs. mean (J–K) colour. The
dashed line is a fit from Gullieuszik et al. (2012) for LMC carbon stars, the values derived by Whitelock
et al. (2006) are plotted as blue dots. Lower panel: colour-magnitude diagram showing K-magnitudes vs.
mean (J–K). The models are colour-coded according to carbon excess, the grey dots represent observations
by Whitelock et al. (2006). Image reproduced with permission from Eriksson et al. (2014), copyright by
ESO
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Fig. 17 Photometric properties of PEDDRO-type wind models for M-type AGB stars by Bladh et al (2015,
filled squares), compared to observations compiled from various sources (plus signs). The models are colour-
coded by effective temperature (see legend). Observational data: Galactic Bulge miras (Groenewegen and
Blommaert 2005, grey), field M-type LPVs (Mendoza 1967, red) and C-rich giants (Bergeat et al. 2001,
green; demonstrating the marked differences between M- and C-type stars). Most of the observational data
are single-epoch measurements, whereas the synthetic colours are means over the pulsation cycle. Image
reproduced with permission from Bladh et al. (2015), copyright by ESO

observational selection effects. Therefore, a comparison of the distributions of model
results and observed data points should be made with caution. The models should be
able to cover the observed values of wind properties, photometric colours, etc., but
not all regions of a diagram populated by models will necessarily have counterparts
in specific observed samples, even for reasonable combinations of stellar parameters.

Finally, as mentioned in Sect. 3.1, SCRA-type models by Elitzur and Ivezić (2001)
predict an (exact) relation of Ṁ ∝ υ3∞ for fixed dust properties (composition, abun-
dance and size of grains) in the case of optically thin CSEs. In their models, this
relation is due to a correlation of wind acceleration efficiency with mass-loss rate
(which is an input parameter of these models), caused by grain drift. Empirical data
sets, based on CO lines in the radio regime, show slopes that are roughly consistent
with this relation, and the correlation between Ṁ and υ∞ seems to be tighter for
M-type than for C-type AGB stars (cf. Fig. 7). It is worth noting that both C-rich
PEDDRO models, for a fixed carbon excess (see Fig. 15, lower panel), and M-type
PEDRRO models, for a fixed seed particle abundance (see Fig. 18, bottom panel), can
reproduce the observed trends, without including grain drift.6 A probable explanation
is that the time-dependent grain growth process in the PEDDRO models, leading to
diverse grain sizes (and grain abundances, in the case of C-rich models), produces a
similar self-regulating effect on wind acceleration as grain drift does in SCRA-type
models with fixed dust properties (which ignore the time-dependent grain growth pro-

6 The drift of dust grains relative to the gas by which they are surrounded probably has only modest effects
on PEDDRO-type models, since efficient dust formation and radiative acceleration are concentrated to the
regions of high gas densities behind the propagating shock waves where drift velocities are low (see, e.g.,
Sandin and Höfner 2003, 2004). As grain drift introduces a number of extra computational difficulties, it
is usually neglected.
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Fig. 18 Mass loss rates vs. wind velocities of PEDDRO-type wind models for M-type AGB stars by Bladh
et al (2015, filled squares), compared to observations (plus signs). The three panels show the models with
different colour-coding (see legend), according to stellar luminosity (top), effective temperature (middle)
and seed particle abundance (bottom). The current stellar mass is 1 M� for all models. The plus signs
represent observational data taken from Olofsson et al. (2002) and González Delgado et al. (2003b). Image
reproduced with permission from Bladh et al. (2015), copyright by ESO
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cess). This contradicts the conclusion of Elitzur and Ivezić (2001) that the observed
correlation between mass-loss rate and wind velocity is proof of the importance of
drift. In reality, probably, both mechanisms, i.e., a self-regulating feedback between
grain growth and wind acceleration, as well as drift between gas and dust, will affect
the efficiency of wind acceleration and, thereby, the relation between Ṁ and υ∞.

5.2 Dependence of mass-loss rates on stellar properties

5.2.1 Trends derived from observations

Over the years, much effort has been spent on deriving the dependence of the mass-loss
rate on stellar properties like mass, luminosity, effective temperature, radius, metallic-
ity, etc., using observational studies. First attempts to determine empirical mass-loss
laws for evolved stars date back several decades. Based on the observations of cool
giant stars, Reimers (1975) introduced a relation describing the dependence of mass-
loss rate on stellar characteristics as Ṁ ∝ L∗R∗/M∗. The constant of proportionality
has been adjusted in later studies, attempting to obtain better fits to various results.
Both, evolutionary models using this type of mass-loss formula and extensive obser-
vations of AGB stars, however, have shown that such a simple relation gives a far from
adequate description of AGB mass loss.

Effective temperature The temperature in the stellar atmosphere is expected to affect
dust condensation and, consequently, mass loss (see, e.g., Wachter et al. 2002), in
particular near the threshold for dust-driven winds. The stellar effective temperature is a
property that can be reasonably well determined for optically visible stars (Niedzielski
et al. 2016), but often, in particular for the higher-mass-loss-rate objects, it is obtained
as a by-product of SED fits, putting question marks on its reliability. The possibility
to observationally find a dependence of mass-loss rate on effective temperature is also
severely hampered by the limited range in magnitude of the latter combined with the
spread in the mass-loss-rate estimates.

Only a few studies of the temperature dependence have been performed but the
results are at least indicative. For low- and intermediate-mass-loss-rate stars (as deter-
mined from CO lines), there is no apparent mass-loss rate dependence on effective
temperature (Schöier and Olofsson 2001; Olofsson et al. 2002), but a weak increase in
mass-loss rate with decreasing temperature is seen for carbon stars when the higher-
mass-loss-rate objects are included (Schöier and Olofsson 2001). Likewise, van Loon
et al. (2005) found no clear dependence in a sample of LMC AGB stars when plotting
Ṁ versus Teff , but a fit to the data performed in the (L∗,Teff )-plane suggests that such a
dependence exists. Bergeat and Chevallier (2005) found that mass-loss rates increase
with decreasing effective temperatures only at the lower temperatures, � 2400 K.

Luminosity The main problem in isolating a luminosity dependence of the mass-loss
rate by observational means is caused by the influence of other parameters that also
change together with the luminosity during AGB evolution, such as mass, effective
temperature and pulsation properties. Furthermore, even though the mass-loss rate
often shows a positive trend with L , the scatter in the data is (very) large.
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A recent study of mass-loss rates by Danilovich et al. (2015), based on multi-line
observations of CO towards solar neighbourhood stars, shows a strong scaling with
luminosity, Ṁ ∝ L5∗, i.e., substantially steeper than in Reimers’ formula. This means
that the range of typical mass-loss rates for nearby AGB stars (about 3 orders of
magnitude, see Sect. 3.1) can be attributed to a range in luminosity corresponding
to about a factor of 4, which is not unreasonable. It should be kept in mind that the
luminosities of individual nearby stars may be more uncertain than (at least the relative)
luminosities of stars in more distant samples.

Dust-emission-based studies of mainly extragalactic objects indicate a much weaker
dependence of mass-loss rate on luminosity, but a unique scaling law is often difficult
to identify due to the large scatter in the data (e.g., van Loon et al. 2005; Guandalini
et al. 2006). Nevertheless, some results have been reported: Ṁ ∝ L1.6∗ for a Galactic
sample (Goldman et al. 2017), ∝ L0.9∗ for a Galactic Bulge, high-mass-loss-rate
sample (Jiménez-Esteban and Engels 2015), and ∝ L1−1.6∗ for MCs samples of various
types (Srinivasan et al. 2009; Groenewegen et al. 2009; Goldman et al. 2017). The
best example of the complexity of this problem is provided by the work of Riebel et al.
(2012). They use GRAMS models to determine Ṁd and L∗ for ≈30000 LMC objects,
and plotted against each other a positive trend is there, but the scatter is so large that it
is not meaningful to estimate a luminosity dependence. Interestingly, the results so far
indicate that the mass-loss rates do not exceed an apparent (single scattering) upper
limit of Ṁ = L∗/c υ∞, suggested by Eq. (8) for τF = 1 and Γ 
 1, by more than a
factor of a few (e.g., Jiménez-Esteban and Engels 2015). It should be noted though,
that in many of the dust-related studies the estimates of luminosity and mass-loss rate
are not entirely independent.

Metallicity A strong dependence of gas- and dust-mass-loss rates on metallicity is not
necessarily expected for reasons discussed in Sect. 3.2. At least, from the similarity of
the MWD-distributions in open clusters of different metallicity, one may conclude that
the total amount of mass lost does not depend (strongly) on the metallicity (Cummings
et al. 2016). Detecting a weak metallicity effect may be a challenge for observational
studies, due to the contamination with dependences on other stellar properties, com-
bined with the scatter in the mass-loss-rate estimates.

In line with expectations, a comparison between samples from the Galaxy and
the MCs shows that dust-mass-loss rates decrease with metallicity for O-rich stars,
but carbon stars with similar pulsation properties produce similar quantities of dust
regardless of their initial metallicity (Sloan et al. 2008; Groenewegen et al. 2009;
Lagadec et al. 2012; Sloan et al. 2016). In contrast, however, van Loon et al. (2008)
found that both O- and C-rich objects in the SMC have a lower dust content than
similar objects in the LMC. Nevertheless, (highly) obscured, O-rich AGB stars exist
in both the LMC and the SMC.

Extending these studies to additional galaxies, Sloan et al. (2012) found that eventu-
ally the dust production decreases also in C-rich objects at sufficiently low metallicities
(≈ 0.1 Z�), but it is still operating at ≈ 0.01 Z� (Boyer et al. 2015a, b). In addition,
the strength of the SiC feature, normalized to the continuum, also decreases with
metallicity for these objects. The weakening of the dust-mass-loss rate with metallic-
ity for the O-rich objects is supported by studies of lower-metallicity-galaxy objects
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(Boyer et al. 2009), but the scarcity of O-rich evolved stars in such samples makes it
difficult to draw firm conclusions. Some further information is obtained from studies
of Galactic globular clusters, where a metallicity effect in the expected direction is
found, although it is not very strong (Sloan et al. 2010).

Initial and currentmassThe fact that observed samples contain stars of different (initial
and current) masses, and in different evolutionary stages, means that any dependences
of mass loss rate on stellar mass and age are difficult to disentangle (Sect. 3.1.2). Fur-
thermore, the current mass of an AGB star (which defines the gravitational potential,
and therefore should have a strong effect on mass loss) is probably the fundamental
parameter which is the most difficult to determine. In principle, it should be possible
to derive the current mass from pulsation properties, if other stellar parameters can
be pinned down. Considering the probably highly non-linear, non-adiabatic nature
of AGB star pulsations and the simplifications used in present pulsation models (see
Sect. 4.1), however, the results will be affected by considerable uncertainties. Never-
theless, Wood (2007) performed a study of this type, and found no obvious correlation
between mass-loss rate and current mass.

Pulsation properties Finally, the mode, regularity, and amplitude of pulsation (regard-
ing both radial motion and luminosity) may play important roles for the mass-loss
process. In Fig. 19, showing mass-loss rates against periods, we summarize the results
of a number of studies for different samples of M-, S-, and C-type AGB stars. There
are some important points to note. A clear positive trend of mass-loss rate with period
is visible in the range ≈ 300d – 800d. The SRVs with periods of less than ≈ 200d

cover essentially the same mass-loss-rate range as the SRVs and Miras in the period
range 300d to 400d, suggesting that the mode of variability and the period play a little
role in these period ranges. It appears that stars with periods longer than ≈ 800d have

Fig. 19 Mass-loss rates estimated from CO line modelling (except some of the OH/IR stars data points
where mass-loss rates are estimated from SED fits and assuming a gas-to-dust-mass ratio of 1000) versus
period of pulsation for samples of AGB stars. O-, S-, and C-CSEs are blue, green and red, respectively.
SRVs, Miras, and OH/IR-stars are diamonds, circles, and squares (open for the OH/IR stars with dust
estimates), respectively. Data are taken from He and Chen (2001), Schöier and Olofsson (2001), Olofsson
et al. (2002), González Delgado et al. (2003b), Ramstedt et al. (2009), De Beck et al. (2010)
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reached their maximum mass-loss rate (except for possible brief periods of enhanced
mass loss). This “saturation” effect is in line with the finding that the correlation of
mass-loss rate with period is poor for samples of more extreme objects (Goldman et al.
2017). Other examples of Ṁ–P relations are provided by Whitelock et al. (2006) and
Sloan et al. (2016). In the former, the K–[12] colour increases monotonously with
period in the range 250d to 1000d for a sample of Galactic carbon stars, and the latter
obtained the same result for the [6.4]–[9.3] colour for Galactic and MCs samples of
carbon stars.

Vassiliadis and Wood (1993) combined an empirical relation between mass-loss
rate and period for Mira variables with a theoretical period–mass–radius relation to
obtain a semi-empirical mass-loss-rate formula. The resulting dependence of mass-
loss rate on luminosity is steep, roughly comparable to the results of Danilovich et al.
(2015) discussed above. Interestingly, the recipe derived by Vassiliadis and Wood
(1993) seems to give better results when applied to stellar evolution models than the
Reimers formula with its moderate dependence on luminosity.

Summary of observed trends The primary conclusion is that an empirically derived
dependence of the mass-loss rate on a specific stellar property is contaminated by
dependences on other correlated stellar properties and by observational biases. Hence,
any conclusions must be regarded with caution. The dependence on Teff is expected to
be strong, but the observational evidence for this is meager. Yet, the highest-mass-loss-
rate objects are definitely of the cooler type. There is a positive luminosity dependence,
but an exact scaling law is difficult to identify. In addition, the observational studies
are expected to provide little information on the Ṁ − L∗ relation of individual stars,
unless the sample is narrow in stellar mass. There is good evidence that the dust-
mass-loss rate and the terminal wind velocity both decrease with metallicity. In the
case of the former more strongly for the O-rich objects, but eventually, for sufficiently
low metallicity, also for the C-rich objects. On the other hand, objects with mass-loss
rates of the order 10−5 M� year−1 (presumably C-rich) are found down to 0.1 Z�,
and dust production proceeds down to at least 0.01 Z�, indicating a far from drastic
dependence on metallicity. Finally, the mass-loss rates of typical Miras and SRVs
increase with pulsational period, largely due to the combined effects of decreasing
mass and increasing luminosity, with a saturation effect at periods longer than ≈ 800d.

5.2.2 Theoretical mass-loss rates based on the PEDDRO scenario

Early examples of theoretical mass-loss formulas corresponding to the PEDDRO sce-
nario are those by Blöcker (1995), inspired by the wind models of Bowen (1988), and
by Arndt et al. (1997), derived from the models for C-rich TP-AGB stars by Fleischer
et al. (1992) which featured a detailed description of dust formation (see Sect. 4.2)
but still used gray radiative transfer. While these two power-law-style descriptions of
mass loss gave some insights about the effects of superwinds on late stellar evolution
(e.g., Schröder et al. 1998, 1999), both of them were based on a rather small number of
individual wind models with a limited set of stellar parameter combinations. Regard-
ing the latter point, the situation for C-rich stars improved through follow-up work by
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Wachter et al. (2002, 2008), using a more appropriate selection of dust-driven wind
models, and also exploring effects of metallicity.7

Several years later, Mattsson et al. (2010) presented a substantial grid of PEDDRO
models for solar-metallicity C-rich stars, combining a detailed dust formation descrip-
tion and frequency-dependent radiative transfer. Comparing the mass-loss rates of the
model grid to the formula of Wachter et al. (2002), Eriksson et al (2014, see their
Fig. 7) found systematically lower mass-loss rates for given stellar parameters. This
difference could be traced back to the different treatments of radiative transfer and
opacities (frequency-dependent vs. grey), since the descriptions of dust formation in
both types of models are comparable. Considering the rather good agreement of the
model grid by Mattsson et al. (2010) and Eriksson et al. (2014) with observations (see
Sect. 5.1), the values of mass-loss rates given by the Wachter et al. (2002) formula
probably need to be revised downwards.

Regarding trends with stellar parameters, the mass-loss formula by Wachter et al.
(2002) gives a strong dependence on luminosity i.e., Ṁ ∝ L2.47∗ for fixed effective
temperature and mass, and using the empirical P − L∗ relation by Groenewegen and
Whitelock (1996). A simple visual inspection of the C-rich models by Eriksson et
al. (2014, taking into account models which produce non-episodic winds) shows a
comparable, but possibly somewhat less steep trend. However, we note again that the
actual values of the mass-loss rates tend to be considerably lower than those resulting
from the Wachter et al. formula for given stellar parameters. Furthermore, both the
Wachter et al. (2002) formula and the Eriksson et al. (2014) grid predict a steep increase
of mass-loss rate with decreasing effective temperature (i.e., an exponent of −6.81 in
the formula, and, again, a possibly somewhat smaller, but still pronounced slope for
the latter model grid).

In contrast, the M-model grid by Bladh et al. (2015) shows no clear correlation
of mass-loss rate with stellar effective temperature (see Fig. 18, middle panel). One
possible explanation for this difference between the C-type and M-type models is the
dramatically different level of absorption by circumstellar dust, which may produce
a significant back-warming effect in the C-rich models, affecting dust formation. The
near-transparent envelopes of the M-type models have a much smaller thermal effect
on the stellar atmosphere. Regarding the dependence of mass-loss rate on luminosity,
on the other hand, the M-type models show a pronounced trend (see Fig. 18, top panel),
comparable to both the C-rich models in Eriksson et al. (2014) and the Wachter et al.
(2002) formula for C-stars. However, also in this case, the actual values of the mass-
loss rates are significantly lower (about an order of magnitude, on average) than the
results of the Wachter et al. (2002) formula for similar stellar parameters, and probably
for the same reason (i.e., effects of frequency-dependent vs. grey radiative transfer on
atmospheric densities).

The dependence of the wind properties on metallicity has, so far, only been explored
with PEDDRO models for C-type AGB stars. Mattsson et al. (2008) argue that mass
loss depends mostly on the carbon excess, C-O, and that no significant differences
should be found for stars with comparable C-O, independent of metallicity. Since

7 Note the typo in the mass loss formula from 2002 as given in the paper from 2008.
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carbon is produced in AGB stars, it should be possible to reach typical solar C-O
values also at lower metallicities. This seems to be consistent with observations, at
least for metallicities down to typical values in the MCs (see Sects. 3.2 and 5.2.1). The
formula by Wachter et al. (2008), in contrast, predicts a decrease in mass loss with
metallicity, since it is based on models with constant C/O, corresponding to lower C-O
for lower metallicity.

Finally, it should be mentioned that the pulsation properties (period, amplitude)
are additional input parameters in current PEDDRO models since sub-photospheric
dynamics is simulated by a variable inner boundary close to the photosphere (see
Sect. 4.3). A dependence of mass-loss rate on the pulsation period is, indirectly, build
into most models, since they tend to use observed relations between the period and the
luminosity of the star, in order to reduce the number of independent input parameters.

5.2.3 What can we learn from discrepancies between observations and theory?

State-of-the-art PEDDRO models, in general, seem to predict a significantly steeper
increase of mass-loss rate with luminosity than what is found in most observational
studies, for both M- and C-type AGB stars. Regarding effective temperature, observa-
tions show no clear trend for M-type stars, which is consistent with current PEDDRO
models, and a much weaker dependence for C-rich stars than what is predicted by the
corresponding models.

While uncertainties in empirical mass-loss rates and stellar parameter determina-
tions are probably considerable (see Sect. 5.2.1), they cannot reasonably be made
responsible for all of the discrepancies. Neither is it likely that the PEDDRO models
are fundamentally wrong, given their good agreement with observed wind proper-
ties (Ṁ and υ∞), or spectra and photometric colours, as discussed in Sect. 5.1. So
there should be a way to reconcile the seemingly major differences in dependence of
mass-loss rate on luminosity or effective temperature.

To begin with, it should be noted that the trends derived from the models (e.g.,
expressed as exponents in a mass-loss formula) refer to the influence of individual
stellar parameters, i.e., a situation where all other fundamental parameters are kept
fixed, which will not be the case for observational samples. Taking the formula by
Wachter et al. (2002) as an example, we can try to compensate for the offset in the
theoretical trend with luminosity (Ṁ ∝ L2.47∗ ) compared to typical observed relations
(Ṁ ∝ L0.9−1.6∗ , see Sect. 5.2.1) by a correlation of luminosity with effective temper-
ature (which affects the theoretical mass loss rate as T−6.81

eff ) or current stellar mass
(theoretical mass loss rate ∝ M−1.95). By simply looking at the signs of the expo-
nents (positive for luminosity, negative for temperature and mass), it becomes clear
that a simultaneous increase in temperature and/or mass with luminosity is needed
to compensate for the strong theoretical luminosity trend.8 The correlations of stellar
parameters during the evolution of an individual star on the AGB, however, would lead

8 To give an example, for a range of 0.5 dex in L∗ (e.g., about 5000–15 000 L�, which falls nicely within the
typical regime of the PEDDRO scenario), the effective temperature of the stars would have to increase with
increasing luminosity by about 10 % (typically 200–400 K), or the mass by 40–80 %, in order to reproduce
the flatter L∗-dependence of typical observational relations.
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to the opposite overall trends (i.e., decreasing effective temperature and mass as lumi-
nosity increases). This implies that observed mass-loss-rate relations probably reflect
a diversity of evolutionary paths (corresponding to different initial stellar masses and
compositions) and an age spread of the sample stars, in addition to the effects of stellar
parameters during the evolution of individual stars along the AGB.

This idea was explored in detail in the review by Willson (2000). Defining a critical
mass loss rate, −d log(M)/dt = d log(L)/dt (referred to as “the cliff”), or −dM/dt =
(M/L) dL/dt , where mass loss starts to dominate stellar evolution (with a value
depending on initial mass and composition of the star), Willson (2000) argues that the
observed mass-losing stars will fall mostly within the range of 1/10 to 10 times this
critical mass-loss rate. The upper limit is caused by the scarcity of objects due to rapid
evolution, driven by mass loss. The lower limit reflects that winds with low mass-loss
rates are more difficult to detect or measure. This leads to a selection effect which
favors the inclusion of stars near the critical mass-loss rate in the observed relations.
“Thus, the empirical mass loss laws tell us the parameters of stars that are losing mass,
and not the dependence of mass-loss rates on the parameters of any individual star.”,
Willson (2000) concludes.

Taking this argument to its extreme implies that a “mass loss formula”, i.e., a quan-
titative description of how the mass-loss rate depends on individual stellar parameters
(and, consequently, how it changes as stars evolve), can only be derived from wind
models based on first principles, and not from observations. In reality, however, the
situation is not as clear-cut.

Since the above interpretation of the discrepancies in observed and theoretical trends
was proposed by Willson (2000), there has been significant progress with both mod-
elling and empirical approaches. On the theoretical side, a new generation of improved
PEDDRO models has been developed, which allows a direct comparison of synthetic
spectra and photometric variations with observations. On the observational side, new
space- and ground-based instrumentation has led to better sensitivity, permitting to
probe a larger range of mass-loss rates, and large surveys have given better statistics
and more possibilities to detect rare very-high-mass-loss-rate objects. Ironically, this
progress, in general, has not made the perceived discrepancies smaller: on the contrary,
the largest surveys seem to give the least clear trends, as discussed in Sect. 5.2.1. A
notable exception is the study by Danilovich et al. (2015), based on multi-line CO
observations of nearby stars, which indicates an increase of mass-loss rate with lumi-
nosity that is even steeper than in PEDDRO models. A possible explanation is that this
particular sample of stars is narrow in initial mass and primarily shows the combined
effects of simultaneous changes in luminosity, temperature and current mass along the
AGB, which all favor an increase in mass-loss rate.

As mentioned in Sect. 5.2.1, the results of Danilovich et al. (2015) seem to be
consistent with the semi-empirical mass-loss formula of Vassiliadis and Wood (1993)
that includes the possibility of a superwind, i.e., a strong increase of mass loss towards
the end of AGB evolution. When applied to stellar evolution models, this formula leads
to significantly better results than Reimers-type mass loss laws with their more gentle
dependence on stellar parameters (see, e.g., the discussion in Lattanzio and Karakas
2016). This is consistent with the interpretation of Willson (2000) that Reimers-type
formulas, like most observational relations (in particular those based on large, diverse
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samples of stars), describe the “cliff” (i.e., the critical mass loss rate for stars with
different initial masses and compositions), rather than the dependence of mass-loss
rate on stellar parameters during AGB evolution of individual stars. In the light of
this interpretation, the apparently short duration of the superwind phase derived from
observations (see Sect. 3.1.2) may be a natural consequence of a fast termination of
AGB evolution by a run-away mass loss process.

A special case where the dependence of mass loss on stellar properties may be
accessible to observations is individual nearby stars where the mass-loss history is
imprinted on the structure of the CSE, in particular in the form of a so-called detached
shell (believed to be caused by a He-shell flash, see Sect. 3.1.2). If the basic stellar
parameters can be determined with sufficient accuracy, such stars can be used to test
the interplay of mass loss and stellar evolution, i.e., the dependence of mass loss on
the changing stellar parameter, and vice versa. However, uncertainties related to the
dynamics of a CSE with varying wind velocity and mass-loss rate, or wind shaping
by a close companion star, may complicate the comparison of model results and
observations (see, e.g., Steffen and Schönberner 2000; Schöier et al. 2005; Mattsson
et al. 2007; Maercker et al. 2012, 2016b).

6 Beyond the standard picture: challenges and opportunities

The standard CSE model (described in Sect. 2.2), on which every method for mass-
loss-rate estimation rests, is based on the assumption that the mass-loss rate is constant
with time (at least over a time scale much longer than that of the stellar pulsation).
Apart from the brief episodes (≥ few × 102 year) of highly enhanced mass loss seen
towards a minority of the observed stars (Sect. 3.1.2), and indications of a superwind
at the end of the AGB, the evidence for temporal variations in the mass-loss rate on
the AGB are scarce. Indeed, CO multi-line data are often well reproduced in radiative
transfer models assuming a constant mass-loss rate (Danilovich et al. 2015). There are
indications of variable mass loss in far-IR photometry data on non-Miras, but there are
no quantitative estimates (Marengo et al. 2001). We conclude that the uncertainties in
the estimated mass-loss rates due to any variability of the mass-loss rate with time are
most likely limited, in particular for the regular long-period pulsators. Consequently,
this aspect will not be further discussed here.

Another basic assumption in the standard CSE model is that of an isotropic mass
loss, i.e., spherical symmetry. This is an assumption that it shares with the models
which are currently used for making theoretical predictions about the dependence of
mass-loss rates on stellar parameters (introduced in Sect. 4.3). As a first approxima-
tion, this is not entirely unreasonable: The dominant geometrical effects regarding
temperatures, densities and velocities in the CSE can be expected to arise from the
dependences of the radiative flux and gravitational force on the distance from the star
(both scaling as 1/r2). From a modelling point of view, the assumption of spherical
symmetry reduces the dynamical problem to one spatial dimension, focusing on the
radial components of relevant forces, and the resulting gain in computational efficiency
allows for detailed treatments of radiative transfer and micro-physics (Sects. 4.2 and
4.3).
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The ongoing progress in high-angular-resolution observations, however, is reveal-
ing complex non-spherical structures on scales ranging from the stellar photospheres
to the outer boundaries of the circumstellar envelopes. Some of these structures are
probably caused by the highly dynamical nature of the star itself, or are intrinsic to the
wind mechanism and may, therefore, have implications for the mass loss. Others are
more likely due to shaping of the already established outflows by close companions
(stars, maybe even planets), or to interaction with the surrounding interstellar medium,
and they may have implications for empirical mass-loss-rate estimates.

In this section, we summarize the current understanding of the physical mechanisms
behind the observed complex morphologies, and discuss their possible consequences
for empirical mass-loss estimates based on the standard CSE model, the SCRA
scenario. Regarding mass-loss theory, we look into aspects not covered by current
PEDDRO models, including alternative mechanisms for atmospheric levitation or
wind acceleration.

6.1 Complex morphology: causes and consequences for mass-loss rate estimates

6.1.1 Stellar surface patterns, dynamical atmospheres, dust clouds

High-angular resolution observations have made it increasingly apparent that the
photospheres extended atmospheres and close environments of AGB stars are char-
acterized by complex, variable, and non-spherical structures. Early indications came
from speckle-interferometric observations, e.g., of the dust-enshrouded carbon star
CW Leo (Weigelt et al. 1998) and the proto-type long-period variable star o Cet (Mira
Ceti; Karovska et al. 1991). In the case of CW Leo, the observed variable intensity
patterns were interpreted as the modulation of stellar light by inhomogeneous layers
of circumstellar carbon dust. In the case of Mira, on the other hand, it is still unclear
which observed features are intrinsically connected with the AGB star, and which are
effects of its interaction with a companion star (e.g., Karovska et al. 1997; Ramstedt
et al. 2014).

With increasing angular resolution, interferometric measurements at IR wave-
lengths have given indications of deviations from spherical symmetry in the extended
atmospheres and wind formation regions of AGB stars. In the beginning, non-spherical
structures were inferred from measurements using only a few baselines, e.g., taking
non-zero closure phases as an indicator, but with the latest generation of instruments
it has become possible to reconstruct resolved images of stellar surface intensities
and molecular layers in the near-IR regime (e.g., Monnier et al. 2014; Haubois et al.
2015; Kamiński et al. 2016; Wittkowski et al. 2017). An interesting complement to
ground-based IR interferometric studies are images of the extended atmospheres of
CW Leo and Mira produced with the Cassini spacecraft by watching the stars pass
behind Saturn’s rings (Stewart et al. 2016a, b). Recently, direct imaging with extreme
adaptive optics in the visual range has shown patchy dust clouds at about 2–3 R∗ (e.g.,
Ohnaka et al. 2016) and changes of intensity patterns and grain sizes on time scales
of months (e.g., Khouri et al. 2016a; Ohnaka et al. 2017) in the well-studied nearby
AGB stars W Hya and R Dor.
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The existence of non-spherical structures in the atmospheres of cool luminous
giants was not unexpected. Both basic physical considerations (Schwarzschild 1975)
and exploratory 3D radiation-hydrodynamical simulations of AGB stars (Freytag and
Höfner 2008) predicted giant convection cells, on scales comparable to the stellar
radius. These large-scale convective flows lead to complex, variable surface intensity
patterns and propagating shock waves that leave their marks on atmospheric density
structures, which, in turn should be reflected in the dust distribution, as indicated by
the models of Freytag and Höfner (2008). It is, therefore, likely that the observed
deviations from spherical symmetry on stellar scales are caused by direct or indirect
effects of convection, as will be further discussed in Sect. 6.2.1.

6.1.2 Morphology of CSEs: from the wind acceleration region to global scales

There is ample evidence (mainly in qualitative terms) of the CSEs being inhomoge-
neous in density, i.e., they are clumpy. The detached CO shells discussed in Sect. 3.1.2
provide little line-of-sight confusion and their brightness distributions are clearly
patchy suggesting considerable clumpiness (Olofsson et al. 2000; Maercker et al.
2012). The maser mechanism is sensitive to the physical conditions, and it is therefore
a, at least qualitative, probe of clumpiness. In particular, H2O maser line emission has
been used in this context (Richards et al. 2012). The conclusions are that the H2O
maser clumps in AGB CSEs are typically 30 times denser than the average wind den-
sity, their volume filling factor is < 1%, and their sizes scale with stellar radius (only
apparent when RSGs are included). The clump masses reach a few× 10−7 M�, and in
the lower-mass-loss-rate objects all the circumstellar mass lies in the clumps. These
quantitative results have some considerable uncertainties though.

Inhomogeneities on a small scale (compared to the CSE size) are likely to develop
early in the mass-loss process as discussed above, but they can also appear later, e.g., as
a consequence of interaction between the circumstellar gas and dust (Simis et al. 2001;
Simis and Woitke 2003). Whether the circumstellar medium is smooth or clumpy is
important not only for our understanding of the mass-loss mechanism, but also for the
reliability of the mass-loss-rate estimates as discussed in Sect. 6.1.4.

As larger regions of a CSE are studied, we may expect it to have a smoother and
overall spherical appearance as a consequence of the larger number of clumps (presum-
ably ejected isotropically) and the effect of contamination along the line of sight. This
is essentially consistent with observations, as discussed in Sect. 3.1.3, but there are
also interesting significant deviations from overall spherical symmetry. For instance,
there is morphological evidence of the star (and the CSE) moving through the ISM in
terms of bow shocks (Cox et al. 2012a; Matthews et al. 2013; Sahai and Mack-Crane
2014), Fig. 20, left panel. Fortunately, the bow shocks are fairly distant to the star
(0.1–1 pc) and the amount of mass swept up is negligible (Cox et al. 2012b). Their
emission is, therefore, not likely to affect mass-loss-rate estimates, but studying them
can provide important information on the mass-loss-rate history. Another type of mor-
phological structure is shown in Fig. 20, right panel. van Marle et al. (2014) provide an
explanation for this in terms of the effect of an interstellar magnetic field on an expand-
ing spherical envelope that sweeps up the interstellar medium. Also these structures
lie at sufficiently large distances from the star to have little effect on mass-loss-rate
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Fig. 20 Left: an Herschel/PACS 70µm image of the circumstellar dust envelope around the M-star X Pav
showing the effect of ISM-CSE interaction as the star moves through the ISM. Right: an Herschel/PACS
70µm image of the circumstellar dust envelope around the carbon star VY UMa (see text for a possible
explanation of this structure). Image reproduced with permission from Cox et al. (2012a), copyright by
ESO

estimates. Of more concern in this context is the presence of complicated and bright
structures closer to the star. The limited resolution of Herschel Space Observatory
makes it difficult to answer this question conclusively.

6.1.3 Impacts of companions on CSE morphology

Another aspect of anisotropic CSEs are structures such as arcs and spiral patterns. The
number of examples is steadily increasing, e.g., CW Leo (Cernicharo et al. 2015; Decin
et al. 2015), RW LMi (Dinh-V-Trung 2009; Claussen et al. 2011; Kim et al. 2015),
R Scl (Maercker et al. 2012), R Aqr and W Aql (Mayer et al. 2013), and π1 Gru (Mayer
et al. 2014). A prominent example is that of the dust and gas spiral towards AFGL3068
(Mauron and Huggins 2006; Kim et al. 2017), Fig. 21, left panel. Interpretations of such
morphologies center around modulations in the density distribution as a consequence
of multiplicity, i.e., at least one nearby companion.

The presence of a companion has primarily two effects on the CSE. The gravitational
attraction of the companion focuses on the cirumstellar material to the orbital plane,
leading to a flattening of the CSE (Mastrodemos and Morris 1999; Mohamed and
Podsiadlowski 2007; Huggins et al. 2009), where also spirals can appear in its density
distribution (Kim and Taam 2012b), and the reflex motion of the mass-losing star
that leads to a modulation of the density structure of the CSE in the form of a spiral
(in 3D) (Kim and Taam 2012a). The resulting observed morphology depends on the
orientation of the orbital plane with respect to the line of sight in addition to the binary
separation, the orbital eccentricity, and the mass ratio. As a consequence, spirals can
often be seen instead as concentric arcs. Ways to derive properties of the binary system
based on the CSE morphology are discussed in Huggins et al. (2009), Kim and Taam
(2012c), and Kim et al. (2013), and interpretations of observed morphologies through
hydrodynamical simulations can be found in, e.g., Maercker et al. (2012) and Kim
et al. (2017), Fig. 21, right panel. Of interest in this context are the rings and arcs seen
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Fig. 21 Left panel: a combined 12CO(J = 2−1) (in blue), 13CO(J = 2−1) (in green), and HC3N(J =
24 − 23) (in red), after subtraction of an extended circumstellar component, image of the circumstellar
environment of the carbon star AFGL3068 obtained with ALMA (3 km s−1 interval centered on the systemic
velocity). Right panel: the gas mass distribution within the same velocity range in a hydrodynamic model of
a mass-losing star and its companion with the masses of 3.5 M� and 3.1 M�, respectively, a mean orbital
separation of 166 au, an eccentricity of 0.8, and an inclination angle of 50o for the orbital plane with respect
to the plane of the sky. Image reproduced with permission from Kim et al. (2017), copyright by Macmillan

towards proto-PNe and PNe. The extensive study of Ramos-Larios et al. (2016) shows
that such structures are present around 8 % of the objects. In the cases when multiple
rings are seen, they correspond to time scales in the range 500–1200 year between the
rings (for each source the time scale is constant), and the estimated time scale of the
phenomenon is � 4500 year. It is not clear what the cause of these rings and arcs is,
but the effect of a companion is a possible explanation.

An active companion can also have profound non-gravitational effects on the CSE.
Such an example is provided by Ramstedt et al. (2014), where it appears that the UV
radiation, and possibly the high-velocity outflow, of Mira B are strongly affecting the
CSE (at least the molecular component) formed through the mass loss of Mira A. In a
case like this, the distortion of the CSE is so large that radiative transfer modelling of
dust and line emission using the standard CSE model is a highly unreliable basis for
deriving a mass-loss rate.

An interesting aspect in this context is whether the companion not only produces
a modulation in the density, but also affects the actual mass loss of the primary. This
is further discussed in Sect. 6.2.3. To give an example, Cernicharo et al. (2015) infer
a substantial mass-loss-rate variation induced by the interaction with the companion
in the case of CW Leo. To fit the data, they use a ten times higher mass-loss rate at
perigee than at apogee.

Complicated morphologies of CSEs are a problem for the reliability of mass-loss-
rate estimates, but they present an important way of studying binarity among AGB
stars since direct detections of companions are difficult. This is also a complement,
e.g., to searches for UV excesses as a binarity diagnostics (Sahai et al. 2008), since
there may be other explanations of such an excess (Montez et al. 2017).
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6.1.4 Effects of clumpiness and anisotropies on mass-loss rate estimates

As has been discussed in Sect. 3.1.3, there are numerous examples of largely spherical
CSEs produced by a mass-loss rate that is constant in time, i.e., in this respect the
CSEs are well described by a standard CSE model. However, the number of examples
of departures from spherical symmetry and the evidence of clumpiness of the circum-
stellar medium also increases. As concerns the large-scale structure, the balance is
still on the side of largely isotropic mass-loss, but a clumpy circumstellar medium is
likely to be the rule rather than the exception and, hence, some aspects of the standard
CSE model are not fulfilled.

A clumpy medium will affect the chemistry (including the ability of the molecules to
survive dissociating radiation), the excitation of the atoms/molecules, and the radiative
transfer of line as well as continuum emission. The primary problem is that the standard
assumption of (smooth) CSE density/abundance distributions and kinetic and dust
temperatures that fall off predictably with radius breaks down. It is very difficult to
judge how profound an effect on mass-loss-rate estimates this has. It requires careful
radiative transfer and chemistry modelling to assess, but presumably the mass-loss
rates are underestimated. Work on the radiative effects of clumpy dust distributions
has started (e.g., Scicluna and Siebenmorgen 2015).

Related to this are the modulations of the density structure due to binary interaction
discussed above. Homan et al. (2015) investigated this problem from a radiative trans-
fer point of view (i.e., effects on physics and chemistry were ignored) and concluded
that the CO rotational line profiles are not particularly affected by this, hence they
are not suited for identifying sources of this type. Imaging is required, and position–
velocity diagrams appear particularly suited for diagnosing the 3D structure. Errors in
mass-loss-rate estimates based on CO lines were also investigated with the conclusion
that they are mainly of the order of a few, but can reach an order of magnitude.

Likewise, errors in mass-loss-rate estimates due to large-scale deviations from
sphericity are difficult to estimate. It is possible that assuming a standard CSE model,
an estimate based on radiative transfer modelling of CO line profiles from a non-
spherical CSE, may lead to mass-loss rates that are significantly wrong, but the extent
of it requires a detailed analysis that includes excitation and physics/chemistry.

6.2 Mass loss theory: beyond current wind models for AGB stars

6.2.1 Modifications of the basic PEDDRO scenario

As discussed in Sect. 4.2, dust formation is sensitive to both temperatures and gas
densities in the circumstellar environment. Temperature, set by radiative processes,
acts as a threshold and determines how close to the star dust grains can form and
survive. Density defines the grain growth rates and, therefore, affects the amount of
dust that will condense in an environment where grain growth is a race against time,
with timescales set by dynamical processes. Together, they define lower and upper
limits for the range of distances where efficient dust condensation may occur.
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In the extended atmosphere of an AGB star with large-amplitude radial pulsations,
a strong spherical shock wave is triggered once per period and propagates outwards
(see Sect. 4.1). In addition, the temperatures in the close circumstellar environment
vary with luminosity and, therefore, pulsation phase. Therefore, grain growth will
be most efficient around the luminosity minimum (lowest temperatures), in the most
dense parts of the atmosphere just beyond the condensation distance, usually in the
wake of a shock wave (Fig. 14, right panel; see, e.g., Liljegren et al. 2016, for a detailed
discussion). If dust grains with suitable properties form in sufficient amounts, radiation
pressure may accelerate the gas-dust mixture beyond the local escape velocity. This
is the basic PEDDRO scenario according to the current spherically symmetric wind
models (cf. Sects. 4.3 and 5.1).

In a situation where there is a complex network of atmospheric shock waves (see
Sect. 4.1, Fig. 12), triggered by large-scale convective flows, or possibly non-radial
pulsations, dust condensation is expected to be patchy, in response to the local con-
ditions (density, temperature). Grain formation and growth will still, mostly, occur in
the dense wakes of the shocks, but will lead to partial shells, rather than complete
spherical ones (see Fig. 2 and the paper by Freytag and Höfner 2008). This picture is
qualitatively confirmed by recent spatially resolved observations of light scattered by
dust clouds in the close vicinity of W Hya and R Dor (Khouri et al. 2016a; Ohnaka
et al. 2016, 2017, see Fig. 22). In particular, Ohnaka et al. (2017) interpret changes
in scattered light between pre-maximum and minimum light in W Hya as a change in
dominant grain size. The corresponding particle radii, about 0.1µm at minimum and
0.5µm at maximum, fit well with current PEDDRO models for M-type AGB stars
(Höfner 2008; Bladh et al. 2015; Höfner et al. 2016), implying grain growth between
minimum and maximum light, and subsequent radiative acceleration by photon scat-
tering.9 An exploratory study by Aronson et al. (2017) which combines a range of
pulsation phases from a spherical PEDDRO model into a non-spherical structure, mim-
icking the out-of-phase propagation of shocks in different radial directions, produces
scattered light patterns that are comparable to the observations.

How such deviations from sphericity affect the dynamics of the extended atmo-
sphere and inner wind region is still a matter of speculation, as no 3D models of
dust-driven winds exist at present. The observational evidence for a clumpy structure
of the CSE (Sect. 6.1.2) suggests that individual dust clouds may be accelerated away
from the star, depending on the local grain properties. Matter in between these regions
may either be dragged along, or fall back towards the star on ballistic trajectories. This
could create turbulence in the outer atmosphere, or enhance the tendency towards
dust-induced instabilities (Simis and Woitke 2003). It is difficult to guess which net
effect such processes might have on the total time-averaged mass-loss rate.

While discussing mechanisms that may lead to deviations from spherical symmetry
on stellar scales, rotation should also be mentioned. In principle, stellar rotation may
directly affect the wind formation process by providing additional latitude-dependent

9 It should be noted in this context that observations of scattered light at visual and near-IR wavelengths
cannot distinguish between different grain materials. However, it seems likely that the small grains found
around minimum light are mostly Al2O3 (forming first, closest to the star) which acquire silicate mantels
during later phases, before being accelerated away from the star (see discussion in Sect. 4.2).
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Fig. 22 Polarized intensity maps of W Hya observed with SPHERE-ZIMPOL at 2 different epochs (top
row: July 8, 2015, phase 0.92; bottom row: March 23, 2016, phase 0.54). The polarized light is interpreted as
stellar light scattered by circumstellar dust grains. The images show clear changes in morphology between
the two epochs. The circles in the leftmost panels represent the size of the star measured in the continuum
near 2.3µm. Image reproduced with permission from Ohnaka et al. (2017), copyright by ESO

levitation, resulting in stronger mass loss near the equator (Dorfi and Höfner 1996), or
indirectly, through effects on the large-scale convective flows (Freytag et al. 2017). In
view of their large radii and the related high moment of inertia, typical AGB stars are
expected to rotate slowly, both in terms of surface velocities, and regarding angular
momentum, compared to gravity. This is supported by observational studies of stellar
surface rotation which find only a small fraction of fast rotators among red giant stars
(see, e.g., Ceillier et al. 2017, and references therein). Based on the present knowledge,
it seems unlikely that stellar rotation will create significant anisotropies in the wind,
unless the outer layers of an AGB star experience a spin-up due to redistribution of
angular momentum inside the star, or angular momentum transfer from a (sub-) stellar
companion.

In summary, we expect that the 2-step scenario for wind-driving (illustrated in
Fig. 2), qualitatively, also holds when convection, non-radial pulsation, or rotation
introduces deviations from spherical symmetry which are not covered by current PED-
DRO models. However, it seems more appropriate to refer to this, more generally, as
a Shock-Enhanced Dust-DRiven Outflow, i.e., SEDDRO, considering that the shock
waves which provide atmospheric levitation may not exclusively be caused by (radial)
pulsation. At present, it is difficult to guess how non-radial dynamical processes will
affect the total mass-loss rate, quantitatively speaking. Global dynamical 3D models,
reaching from the stellar interior to the wind formation region, will be required to
answer this question.

6.2.2 Other wind-driving mechanisms in cool stars

A pre-requisite of the PEDDRO scenario, with or without the modifications discussed
above, is the formation of sufficient amounts of suitable dust grains, within a distance
of a few stellar radii and on time-scales shorter than ballistic movements in the outer
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atmosphere. This, clearly, puts limits on the stellar parameter space where dust-driven
outflows will occur. The effective temperature and luminosity of the star are obvious
limiting factors, as they will affect the distance at which grains can form and sur-
vive. Furthermore, the ratio of the stellar luminosity to the current mass of the star
defines the relative strengths of radiative acceleration and gravitational deceleration
and, therefore, the critical opacity required for driving a wind (see Eq. 2). Last but not
least, the abundances of condensible chemical elements set an upper limit for the total
dust opacity.

Large grids of wind models are starting to reveal the theoretical boundaries in
stellar parameter space for PEDDRO-type mass loss. However, one should not expect
simple dividing lines in terms of individual parameters, e.g., effective temperature, or
luminosity, as these are linked in complex ways during AGB evolution, and collectively
affect the conditions for wind formation (see Sect. 5 for a discussion of these issues).
While there are strong indications that radiation pressure on dust is responsible for
the most massive outflows of matter towards the end of AGB evolution, there is direct
and indirect evidence of mass loss before the stars enter this regime, and also on the
red giant branch, prior to the AGB phase (see Sect. 3.3). These winds are probably
driven by other mechanisms.

Direct momentum input from Alvén waves seems to be a promising mechanism
for driving the winds of red giants and possibly red supergiants (Airapetian et al.
2000, 2010; Cranmer and Saar 2011), but there is doubt if it extends to the typical
stellar parameter regime of AGB stars, and especially to the cooler part of the effective
temperature range, where the highest mass-loss rates are found. A lack of free charges
(low degree of ionization) may prevent the gas from coupling to the magnetic field, as
the photospheric UV flux decreases dramatically with a lower effective temperature of
the star. Occasionally, the existence of emission lines, or bright spots in the atmospheres
of certain AGB stars, is taken as an indication of small regions of high gas temperature.
The origin of these phenomena, and if they affect the mass loss, is however still a matter
of debate. While it seems unlikely that dust-forming AGB stars have chromospheres
in the classical sense, a complex network of atmospheric shocks might intermittently
produce small pockets of gas that are substantially warmer than their surroundings,
presumably with a much lower spatial filling factor than in warmer giants (e.g., Harper
et al. 2013; Wedemeyer et al. 2017).

A few years ago, Cranmer and Saar (2011) presented a predictive description of
mass loss, based on Alvén-wave-driven winds, spanning from the MS phase to the
RGB. Stars of the former type lose mass at low rates, supposedly due to outflows driven
by thermal pressure in a hot corona. In this case, the Alvén waves (i.e., incompressible,
transverse magneto-hydrodynamic waves) are assumed to provide a source of heating
by dissipation. When the stars develop into cool giants and cross a well-known dividing
line in the HR-diagram (Linsky and Haisch 1979), a transition occurs from a hot corona
to a cool chromosphere. A common assumption in wave-driven wind models for cool
giant stars is direct momentum input (wave pressure), in contrast to dissipative heating
and high gas pressure. While early linear models of winds driven by Alvén waves
had to invoke a dissipation mechanism in order to avoid too high flow velocities (e.g.,
Hartmann and MacGregor 1980), more recent non-linear numerical simulations of red
giant star winds do not suffer from this problem (Airapetian et al. 2000, 2010). The
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assumptions about the thermal structure of the atmosphere in these models, however,
tend to be simplistic (e.g., isothermal), and the actual wave-generation mechanisms are
not part of the wind models, introducing free parameters. A recent study by Wedemeyer
et al. (2017) addresses the origin of waves in red giant atmospheres with detailed
numerical models.

It should be noted that Alvén-wave-driven winds require open flux tubes, radially
directed away from the star, in order for the gas to be accelerated and escape. The
present knowledge of magnetic field strengths and geometries in cool giants is very
limited. To measure directly the magnetic field of an AGB star has turned out to be
difficult, but a recent result on the S-star χ Cyg, indicating a field strength of a few
Gauss (Lèbre et al. 2014), suggests that major progress may be done in this area in the
future. Magnetic field strength estimates in CSEs are based on maser lines of SiO, H2O,
and OH, and on “normal” line emission from CN through the Zeeman effect (Duthu
et al. 2017) and from CO through the Goldreich-Kylafis effect (Vlemmings et al.
2012). The maser results are notoriously difficult to interpret, but they suggest (when
extrapolated) magnetic field strengths in the range 100−2 G and a radial dependence
in between r−2 (solar-type) and r−1 (toroidal) for M-stars (Vlemmings 2014). The
CN results on C-rich objects are consistent with a stellar magnetic field strength of a
few Gauss and a toroidal field (Duthu et al. 2017). The large-scale structure remains
uncertain, but future observations of, e.g., the polarization of CO line emission with
ALMA may make good progress here for AGB stars of all chemical types. The origin
of the magnetic field of AGB stars is not known, but various possible mechanisms
have been put forward (see, e.g., Vlemmings 2014). If magnetic fields play a role
in the mass-loss process, one may expect a correlation between the wind properties
(mass-loss rate, wind velocity) and the magnetic field strength, but such a correlation
remains to be shown.

A question sometimes raised in the literature is whether the presence of dust in
the CSEs of AGB stars implies that the wind is initiated by radiation pressure, or
if the observed grains can form as a by-product in an existing outflow, triggered
by a different mechanism, with or without further accelerating the flow. Considering
observed correlations of mass-loss indicators with pulsation properties, it is sometimes
discussed if pulsation-induced shock waves alone can drive the winds of Miras and
other long-period variables.

Willson (2000) argues that current PEDDRO models may overestimate the radiative
cooling rates behind shocks in the critical region where the wind is initiated.10 If radia-
tive cooling between the passage of successive shocks through the gas is sufficiently
slow, a warm extended atmosphere (referred to as “calorisphere”, i.e., a continuous
spherical region of warm gas, not to be confused with small intermittent “hot spots”)
may result, instead of a cool one. Bowen (1988) presented simulations of winds driven
by high gas pressure in a calorisphere, i.e., a thermal wind instead of a radiation-driven

10 It should be noted in this context that Schirrmacher et al. (2003) arrived at a different conclusion.
Extending the cooling function to include a variety of molecular species, they found a high, LTE-like
cooling rate down to very low densities for temperatures in the range of 2000-3000 K. However, this study
is based on chemical equilibrium for the molecular species which may lead to an overestimation of molecular
abundances in the post-shock region.
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outflow, more similar to the classical Parker-wind scenario for the Sun. However, there
are several problems with this scenario. The higher atmospheric temperatures required
to drive a wind with thermal pressure should produce observable effects on the spectra,
and they would inhibit dust formation close to the star. In contrast, observed spectra
for AGB stars with pronounced outflows are in good agreement with cool dynamically
extended atmospheres (e.g., Bessell et al. 1989; Bladh et al. 2013), and mid-IR inter-
ferometry as well as scattered light observations at visible and near-IR wavelengths
place the inner edge of the dust shell at about 2 stellar radii (e.g., Wittkowski et al.
2007; Karovicova et al. 2013; Norris et al. 2012; Ohnaka et al. 2017). This suggests
that post-shock cooling is rather efficient, and that pulsation-induced shocks contribute
to atmospheric levitation, but not directly to wind driving.

6.2.3 Interaction with companions

In Sect. 6.1.3, we briefly discussed how a companion may put its marks on the large-
scale structure of the CSE (shaping the wind of the AGB star with its gravity and
radiation), and thereby affect empirical mass-loss estimates. Depending on the distance
and the properties of the companion (mass, radiative flux, evolution stage), it may also
directly affect the physics of the mass-loss process. Simply speaking, the companion
can modify the gravitational potential of the AGB star, or add angular momentum to
its outer layers, in such a way as to enhance the outflow. On the other hand, a hot
radiation field may affect dust formation negatively, or a strong wind originating from
the companion could modify the conditions in the wind acceleration region of the
AGB star. 3D hydrodynamical models of a cool giant interacting with a close stellar
companion are still in an exploratory phase, focusing on wind shaping (see Sec. 6.1.3)
or mass transfer and common envelope formation (e.g., Passy et al. 2012; Staff et al.
2016; Iaconi et al. 2017). Compared to models that aim at predicting the dependence
of the mass-loss rate of AGB stars on their fundamental parameters (see Sects. 4.3 and
5.1), binary interaction models often use a simplified description of the underlying
physics, e.g., regarding atmospheric structure, radiative transfer, or dust formation.

Mass transfer and binary evolution The transfer of mass and angular momentum in
binary systems and the resulting effects on stellar evolution are topics in their own
right, well beyond the scope of this review. We refer the reader to the recent review by
De Marco and Izzard (2017) for a comprehensive overview and an in-depth discussion
of the subject. Here, we can only give a flavour of aspects that are being discussed in
the AGB literature. An extreme scenario of mass transfer is that of the AGB star filling
its Roche lobe. The rotation of such binaries around their common center of mass may
produce periodic light variability caused by the distortion of the cool giant due to the
gravity of its companion (so-called sequence E stars, e.g., Wood et al. 1999; Nicholls
and Wood 2012; Nie et al. 2012, 2017). Mass transfer by Roche-lobe overflow is very
efficient; it has strong effects on stellar evolution, and, most likely, on the formation
of PNe (see below). A less dramatic, but efficient mode of mass transfer, is wind
Roche-lobe overflow (Mohamed and Podsiadlowski 2007, 2012), which results from
a situation where the slow wind of the AGB star is filling the Roche-lobe, instead of
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the star itself expanding to this size. In wide binaries, this mechanism may drastically
increase the mass transfer rate to the companion, compared to classical Bondi-Hoyle-
Lyttleton accretion, with implications for stellar and galactic chemical evolution, e.g.,
the origin of carbon-enhanced metal-poor stars (Abate et al. 2013).

Shaping of planetary nebulae Although the fascinating phenomenon of the shaping
of PNe, often into very complex geometrical patterns (e.g., Balick 2004), is beyond
the scope of this review, it is clear that it is related to the mass loss on the AGB. The
large majority of the proto-PNe and PNe are axially symmetric rather than spherical, a
phenomenon that is more common among the younger objects (e.g., Sahai et al. 2007,
2011). Based on the extensive studies of AGB CSEs, it is clear that the change in
morphology must take place at the end of the AGB or shortly after that. It may be due to
a change in the mass-loss-rate characteristics of the star, but evidence is mounting that
the origin is rather related to the presence of a companion. Observational indications
in the form of spirals and arcs in AGB CSEs and concentric shells around proto-PNe
are well explained by interaction within a binary system, although the details remain
to be worked out, Sect. 6.1.3. In this way, the shaping of PNe becomes a natural step
in the evolution of mass loss on the AGB.

It is often assumed that the formation of an equatorial density enhancement, e.g.,
a disk, is an important step in this context. Indeed, the presence of a disk has been
inferred in a number of post-AGB objects (Bujarrabal et al. 2013), while disks around
AGB stars have remained elusive. However, clear evidence of a dust disk with an
inner and outer edge lying at ≈ 6 and ≈ 13 au, respectively, has recently been found
towards the M-star L2 Pup (Kervella et al. 2015; Lykou et al. 2015; Ohnaka et al.
2015). This could be the first evidence of disk formation around a star at the end of its
evolution on the AGB.

7 Current understanding and future perspectives

From its humble beginnings about half a century ago, the topic of stellar mass loss
on the AGB has developed into a major research field in stellar astrophysics, driven
by a fruitful interaction of observations and theory. Milestones on the observational
side are the opening-up of the IR and radio/sub-mm domains, critical for determining
the physical conditions in the circumstellar envelopes (including dust properties and
kinematics of outflows), and the recent progress in high-angular resolution techniques,
spanning from the visual to radio regime, which is crucial for direct insights into the
extended dynamical atmospheres of AGB stars where the winds are triggered. On
the theoretical side, significant progress has been made in understanding essential
ingredients of the mass-loss process, in particular stellar pulsation and convection, dust
formation and the onset of dust-driven winds, as well as in modeling these phenomena
quantitatively, from first principles.

The picture that has emerged can be summarized as follows: The slow, massive
winds of AGB stars, with typical mass loss rates of 10−7–10−5 M�/year, and above
(see Sect. 3), are most likely triggered by a combination of pulsation-induced shock
waves, creating favorable conditions for dust formation in the outer atmospheric layers,
and the subsequent radiative acceleration of these newly-formed dust grains, which
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collide with the surrounding gas and drag it along (Sect. 4). Mid-IR spectroscopy
and spectro-interferometry have made it possible to identify the chemical composi-
tion of circumstellar dust, and where different species originate. Combining these
observations with results of dynamical atmosphere and winds models suggests that
the winds of typical M-type AGB stars are driven by scattering of stellar photons on
Fe-poor, Mg-rich silicate grains which start forming at around 2 stellar radii and grow
to sizes in the range of 0.1–1 µm, possibly on top of Al2O3 cores which condense
even closer to the star (Sect. 4.2). The winds of C-type AGB stars, on the other hand,
are generally assumed to be driven by radiation pressure on opaque amorphous carbon
grains which produce significant circumstellar reddening but otherwise featureless IR
spectra.

A more or less pronounced clumpiness of the circumstellar gas and dust—first
indicated by observations of maser emission in the CSE and CO rotational-line data,
but recently also confirmed by direct imaging of the close stellar environment—may
be a consequence of giant convection cells inside the star which introduce signifi-
cant deviations from spherical symmetry in the dynamical atmosphere (Sects. 6.1.1,
6.1.2 and 6.2.1). On larger scales, however, these effects seem to average out, and no
significant deviations from spherical symmetry are detected on global scales in the
CSEs, except where the effects of close companions or interaction with the surround-
ing ISM are concerned (Sect. 6.1.3). In contrast, the large-scale radial structure of the
CSE may show signs of changing mass-loss rates and wind velocities on evolutionary
timescales, e.g., in the form of so-called detached shells (Sect. 3.1.2).

A major motivation for studying the mass loss of AGB stars is its impact on stellar
and galactic chemical evolution, in particular regarding the final fate of low- and
intermediate mass stars, the potential progenitor systems of type Ia supernovae, and the
origin of the building blocks of our own solar system. Understanding these phenomena
requires a quantitative description of how mass-loss rates and chemical yields depend
on fundamental stellar parameters. As discussed in Sect. 5, neither a purely empirical
approach, nor current wind models, can provide a satisfactory answer to this question,
and further work in both areas is needed. Therefore, we round off this review with
a discussion of what will be required to make significant progress in estimating and
predicting the characteristics of stellar mass loss on the AGB.

7.1 Empirical mass loss rates: updates to the standard CSE model

Except for detailed studies of individual objects at high spatial resolution, the concept
of a standard CSE seems indispensable for estimating the mass-loss rates of larger
samples of AGB stars. We discuss here improvements of the standard CSE model,
divided into the gas and dust components that are well within reach in the near future.

The gas CSE Rotational lines of CO will remain the best probe of the gas, and the
standard CSE model will be tailored to fit an accurate radiative transfer treatment of
this molecule. The physical model presently used dates back to the work of Goldreich
and Scoville (1976) to a large extent. In particular, the treatment of the thermodynamics
of the gas, and the chemistry of CO, its formation and subsequent photodissociation,
needs to be updated, as well as observationally constrained. The initial abundance of
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CO with respect to H2, determined by the chemistry in the extended stellar atmosphere,
can possibly be directly estimated in some cases using UV absorption lines. The
treatment of CO photodissociation has been updated since the work of Mamon et al.
(1988), but it remains to be adapted to the special case of AGB CSEs. An inherent
uncertainty in this context is the local interstellar radiation field, but observations
with, e.g., ALMA will put constraints on the CO line brightness distributions. Another
problem in this context is that other molecules may affect the thermodynamics of the
gas through line cooling/heating of the gas, e.g., H2O in O-CSEs and HCN in C-CSEs.
This requires that both the chemistry and the radiative transfer of these molecules must
be solved self-consistently together with the CO modelling. The physical conditions in
the inner CSE, e.g., the acceleration zone, are expected to have only a small influence
on the CO mass-loss-rate estimates as long as they are not dependent solely on higher-
energy lines. Observations of the 21 cm line of HI can be used to firmly establish to
what extent the estimated CO mass-loss rates must be corrected for the loss of also
atomic gas.

The circumstellar medium is in all likelihood inhomogeneous, but the character-
istics of this “clumpiness” are unknown, and they will be difficult to estimate. A
reasonable way forward is to develop radiative line transfer codes for clumpy media in
order to get at least an understanding of the magnitude of the uncertainties of mass-loss
rates estimated using a standard CSE. The same applies to large-scale asymmetries in
the CSEs, where 3D radiative transfer codes can be used in the analysis. High-angular
resolution observations will put constraints on the occurrence and the nature of any
asymmetries on larger scales.

The dust CSE In the case of the dust, the challenges are considerable if the uncertainties
in the dust-mass-loss-rate estimates, not to mention the conversion to the total mass-
loss rate, are to be lowered well below the present order-of-magnitude level. The dust
velocity cannot be measured, but possibly estimated with a good enough model for
the dust acceleration. The dust composition must be determined, as well as the grain
size distribution, and the structure of the grains (shape, coated, porous, etc.). This is
a monumental task. As a reasonable step forward it would be of significant interest
to study in detail the dust characteristics of the nearby sources that are well-studied
in circumstellar CO. The estimated gas-mass-loss rates and gas terminal expansion
velocities will provide important constraints on the dust modelling. This can serve as a
very useful comparison sample for studies of mass loss in, e.g., extragalactic sources.

7.2 Improving theoretical predictions of mass loss rates

The simplistic descriptions of AGB mass loss in current stellar evolution models
are regularly pointed out as a major shortcoming (see, e.g., Karakas and Lattanzio
2014; Lattanzio and Karakas 2016), and the related uncertainties propagate into our
understanding of galactic evolution and the origin of chemical elements, as well as
of cosmic dust. As discussed in Sect. 5, it is unlikely that the dependence of mass
loss rates on individual stellar parameters can be derived with empirical methods
alone; a theoretical approach, based on predictive dynamical models, is required to
construct a more realistic description of AGB mass loss for stellar evolution. The
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present wind models will have to be improved in several respects to achieve this goal,
as discussed below. In this context, it should also be noted that future descriptions of
AGB mass-loss rates will probably not take the form of simple power laws, but rather
of multi-dimensional look-up tables (see Mattsson et al. 2010).

Input data and basic physical processes As mentioned in Sect. 4.2, PEDDRO models
need a wide range of micro-physical input data, in order to describe the formation,
composition and optical properties of the wind-driving dust grains. At present, critical
data are uncertain or missing, e.g., reliable optical constants in the near-IR regime
(where the stellar flux peaks) for near-transparent condensates which are most likely
to form close to the star, due to low radiative heating. The optical properties of such
materials may depend critically on structural defects or a contamination with trace
elements (e.g., Zeidler et al. 2011), with potential consequences for wind driving.
New measurement or ab-initio calculations of optical properties, taking into account
such effects for materials expected to form in the close stellar vicinity, are needed.
Furthermore, there are many open questions regarding the formation of the first seed
nuclei from the gas phase (see, e.g., Gobrecht et al. 2016; Gail et al. 2016), and more
work is needed in that area to arrive at a consistent, comprehensive description of
the nucleation process. Further possible sources of uncertainty are non-equilibrium
effects in the gas-phase chemistry, introduced by strong atmospheric shock waves
(e.g., Cherchneff 2006, 2011, 2012), or non-LTE radiative cooling of the shocked gas
(e.g., Willson 2000; Schirrmacher et al. 2003).

Gas dynamics and morphology In the current generation of PEDDRO models, the
effects of sub-photospheric dynamical processes (pulsation, convection) are intro-
duced by variable inner boundary conditions, just below the photosphere (“piston
models”). Improvements, based on dynamical models of pulsation and convection, are
in progress, in order to eliminate free parameters and discrepancies in time-dependent
behavior between wind models and observations (e.g., Liljegren et al. 2016, 2017).
Effects of purely radial pulsations (leading to spherical shock waves), as well as
local effects of dust formation and radial radiative acceleration, can be described rea-
sonably well with 1D (spherically symmetric) dynamical models, as demonstrated
by a comparison of the resulting wind properties and photometry with observations
(see Sect. 5.1). In the long run, however, it will be necessary to construct global 3D
dynamical models, reaching from the convective/pulsating stellar interior to the wind
acceleration zone, in order to take intrinsically 3-dimensional effects properly into
account, and to study the emergence of morphological structures in the outflows. At
present, it is unclear if magnetic fields play a dynamical role in AGB stars, and further
work, both observational and theoretical, will be required to answer this question.

7.3 Observational perspectives

The prospects for gathering observational information crucial to our understanding of
stellar mass loss on the AGB must be considered excellent. High-resolution spectrom-
eters, high-angular-resolution instrumentation, often combined, and high-sensitivity
telescopes are now available over a broad wavelength range; in principle, only obser-
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vational capabilities in the far-IR will be limited for quite some time. To be able to
actually resolve the stellar surfaces and simultaneously determine the kinematics of
their extended atmospheres is now possible. Combination of data obtained at dif-
ferent wavelengths will probe different parts of the atmosphere. Characteristics of
inhomogeneities in density and temperature, shock-wave velocities, dust components,
magnetic fields, etc., will be in reach. Such detailed observations are essential, but
probably restricted to a limited sample of stars. In particular, since a full understand-
ing will require observations at different epochs, in the best case in a coordinated way
between different observing facilities. Hence, a substantial amount of observing time
will be needed. In this context, one should not forget traditional photometry time-series
observations that provide additional constraints on, e.g., wind models.

A better understanding of the physics/chemistry of CSEs is of importance for the
reliability of mass-loss-rate estimates based on CO rotational lines as discussed above.
The relevant information in this context will come through detailed imaging of the
CO brightness distributions for a moderate-sized sample of stars. It should preferably
be done in several rotational transitions since they are, at least partly, sensitive to
different radial regimes. This study should be complemented with a detailed study of
the dust characteristics of the same objects. In this way, we will have a sample of AGB
stars where both the gas and the dust in the CSEs are observed in the best possible
way. Only in this way will we be able to identify the shortcomings of our present
methods for estimating stellar mass-loss rates on the AGB. Single-dish observations
of larger samples of objects, well-controlled in terms of completeness, etc., will add
understanding on how the mass-loss rate depends on various stellar characteristics, but
we iterate the words of caution associated with observational biases in this context.
It appears particularly important to investigate objects in their final high-mass-loss-
rate phase, because these are the objects that dominate the mass return of AGB stars.
Finally, we have to accept that mass-loss rates estimated from CO rotational lines
will inevitably be very limited in their coverage of environmental characteristics. The
initial results show that it will be very difficult to go beyond the MCs even with such
a powerful instrument as ALMA.

We need to understand the dependence of stellar mass-loss rate, and also dust
production, on metallicity in order to assess the importance of AGB stars in the gas/dust
cycle over cosmic time. This will require observations of dust emission in the near-
to far-IR. Observationally, it is important to find effective discriminators between
different types of objects, not the least eliminating the RSGs that contaminate in
increasing portion the samples of more distant objects. Unfortunately, the filters of the
major instruments are often not tailored for this specific purpose. Finally, the methods
for estimating the dust-mass-loss rate, and the scaling to the total mass-loss rate, must
be refined, but this will not be an easy task.
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Elitzur M, Ivezić Ž (2001) Dusty winds - I. Self-similar solutions. MNRAS 327:403
Elitzur M, Brown JA, Johnson HR (1989) On the onset of mass loss in late-type stars. ApJL 341:L95–L98.

https://doi.org/10.1086/185466
Engels D, Bunzel F (2015) A database of circumstellar OH masers. A&A 582:A68. https://doi.org/10.1051/

0004-6361/201322589. arXiv:1508.06200
Engels D, Jiménez-Esteban F (2007) Lifetime of OH masers at the tip of the asymptotic giant branch. A&A

475:941–948. https://doi.org/10.1051/0004-6361:20078250. arXiv:0710.1697
Engels D, Kreysa E, Schultz GV, Sherwood WA (1983) The nature of OH/IR stars. I. Infrared Mira variables.

A&A 124:123
Engels D, Etoka S, Gérard E, Richards A (2015) Phase-lag distances of OH Masing AGB stars. In: Ker-

schbaum F, Wing RF, Hron J (eds) Why Galaxies care about AGB Stars III: a closer look in space and
time, astronomical society of the Pacific, ASP conference series, vol 497, p 473. arXiv:1503.04674

Epchtein N, Le Bertre T, Lepine JRD (1990) Carbon star envelopes—near-IR photometry, mass loss and
evolutionary status of a sample of IRAS stars. A&A 227:82–104

Eriksson K, Nowotny W, Höfner S, Aringer B, Wachter A (2014) Synthetic photometry for carbon-rich
giants. IV. An extensive grid of dynamic atmosphere and wind models. A&A 566:A95. https://doi.
org/10.1051/0004-6361/201323241. arXiv:1404.7515

Ferrarotti AS, Gail HP (2006) Composition and quantities of dust produced by AGB-stars and returned to
the interstellar medium. A&A 447:553–576. https://doi.org/10.1051/0004-6361:20041198

Fleischer AJ, Gauger A, Sedlmayr E (1992) Circumstellar dust shells around long-period variables. I.
Dynamical models of C-stars including dust formation, growth and evaporation. A&A 266:321–339

Fonfría JP, Cernicharo J, Richter MJ, Fernández-López M, Velilla Prieto L, Lacy JH (2015) The abundance
of 28Si32S, 29Si32S, 28Si34S, and 30Si32S in the inner layers of the envelope of IRC+10216. MNRAS
453:439–449. https://doi.org/10.1093/mnras/stv1634. arXiv:1507.06037

Fong D, Justtanont K, Meixner M, Campbell MT (2002) Imaging the circumstellar envelope of OH 26.5+0.6.
A&A 396:581–587

Freytag B, Höfner S (2008) Three-dimensional simulations of the atmosphere of an AGB star. A&A
483:571–583

Freytag B, Liljegren S, Höfner S (2017) Global 3D radiation-hydrodynamics models of AGB stars. Effects
of convection and radial pulsations on atmospheric structures. A&A 600:A137. https://doi.org/10.
1051/0004-6361/201629594. arXiv:1702.05433

123

https://doi.org/10.1051/0004-6361/201015069
https://doi.org/10.1051/0004-6361/201015069
http://arxiv.org/abs/1007.1102
https://doi.org/10.1051/0004-6361/201424593
https://doi.org/10.1051/0004-6361/201424593
http://arxiv.org/abs/1410.2060
https://doi.org/10.1093/mnras/stv2298
http://arxiv.org/abs/1510.01230
https://doi.org/10.1093/mnras/stw1276
https://doi.org/10.1093/mnras/stw1276
http://arxiv.org/abs/1605.08090
https://doi.org/10.1088/0004-637X/701/1/292
http://arxiv.org/abs/0812.3372
https://doi.org/10.1007/978-3-642-13259-9_1
https://doi.org/10.1007/978-3-642-13259-9_1
https://doi.org/10.1051/0004-6361/201015651
https://doi.org/10.1051/0004-6361/201015651
http://arxiv.org/abs/1010.4183
https://doi.org/10.1051/0004-6361/201730485
http://arxiv.org/abs/1705.04588
https://doi.org/10.1086/185466
https://doi.org/10.1051/0004-6361/201322589
https://doi.org/10.1051/0004-6361/201322589
http://arxiv.org/abs/1508.06200
https://doi.org/10.1051/0004-6361:20078250
http://arxiv.org/abs/0710.1697
http://arxiv.org/abs/1503.04674
https://doi.org/10.1051/0004-6361/201323241
https://doi.org/10.1051/0004-6361/201323241
http://arxiv.org/abs/1404.7515
https://doi.org/10.1051/0004-6361:20041198
https://doi.org/10.1093/mnras/stv1634
http://arxiv.org/abs/1507.06037
https://doi.org/10.1051/0004-6361/201629594
https://doi.org/10.1051/0004-6361/201629594
http://arxiv.org/abs/1702.05433


Mass loss of stars on the asymptotic... Page 79 of 92  1 

Gail HP, Sedlmayr E (1988) Dust formation in stellar winds. IV–heteromolecular carbon grain formation
and growth. A&A 206:153–168

Gail HP, Sedlmayr E (1999) Mineral formation in stellar winds. I. Condensation sequence of silicate and
iron grains in stationary oxygen rich outflows. A&A 347:594–616

Gail HP, Sedlmayr E (2014) Physics and chemistry of circumstellar dust shells. Cambridge University Press,
Cambridge

Gail HP, Scholz M, Pucci A (2016) Silicate condensation in Mira variables. A&A 591:A17. https://doi.org/
10.1051/0004-6361/201628113. arXiv:1604.04636

Gauger A, Gail HP, Sedlmayr E (1990) Dust formation, growth and evaporation in a cool pulsating circum-
stellar shell. A&A 235:345–361

Gehrz RD, Woolf NJ (1971) Mass loss from M stars. ApJ 165:285
Gillett FC, Low FJ, Stein WA (1968) Stellar spectra from 2.8 to 14 microns. ApJ 154:677
Gilman RC (1969) On the composition of circumstellar grains. ApJL 155:L185
Girardi L, Marigo P (2007) The TP-AGB phase. Lifetimes from C and M star counts in magellanic cloud

clusters. A&A 462:237–243. https://doi.org/10.1051/0004-6361:20065249. arXiv:astro-ph/0609626
Girardi L, Williams BF, Gilbert KM, Rosenfield P, Dalcanton JJ, Marigo P, Boyer ML, Dolphin A, Weisz

DR, Melbourne J, Olsen KAG, Seth AC, Skillman E (2010) The ACS nearby galaxy survey treasury.
IX. Constraining asymptotic giant branch evolution with old metal-poor galaxies. ApJ 724:1030–1043.
https://doi.org/10.1088/0004-637X/724/2/1030. arXiv:1009.4618

Glass IS, Schultheis M, Blommaert JADL, Sahai R, Stute M, Uttenthaler S (2009) Mid-infrared period-
magnitude relations for AGB stars. MNRAS 395:L11–L15. https://doi.org/10.1111/j.1745-3933.
2009.00628.x. arXiv:0901.3032

Glassgold AE, Huggins PJ (1983) Atomic and molecular hydrogen in the circumstellar envelopes of late-
type stars. MNRAS 203:517–532

Gobrecht D, Cherchneff I, Sarangi A, Plane JMC, Bromley ST (2016) Dust formation in the oxygen-rich
AGB star IK Tauri. A&A 585:A6. https://doi.org/10.1051/0004-6361/201425363. arXiv:1509.07613

Goldman SR, van Loon JT, Zijlstra AA, Green JA, Wood PR, Nanni A, Imai H, Whitelock PA, Matsuura M,
Groenewegen MAT, Gómez JF (2017) The wind speeds, dust content, and mass-loss rates of evolved
AGB and RSG stars at varying metallicity. MNRAS 465:403–433. https://doi.org/10.1093/mnras/
stw2708. arXiv:1610.05761

Goldreich P, Scoville N (1976) OH-IR stars. I—physical properties of circumstellar envelopes. ApJ 205:144–
154

Golriz SS, Blommaert JADL, Vanhollebeke E, Groenewegen MAT, Habing HJ, Kemper F, Schultheis M,
Tielens AGGM, Waters LBFM, Wood PR, Cami J (2014) Infrared spectroscopy of asymptotic giant
branch stars in the Galactic bulge. MNRAS 443:3402–3434. https://doi.org/10.1093/mnras/stu1317

González Delgado D, Olofsson H, Schwarz HE, Eriksson K, Gustafsson B, Gledhill T (2003) Imaging
polarimetry of stellar light scattered in detached shells around the carbon stars R Scl and U Ant. A&A
399:1021–1035

González Delgado D, Olofsson H, Kerschbaum F, Schöier FL, Lindqvist M, Groenewegen MAT
(2003) Thermal SiO radio line emission towards M-type AGB stars: a probe of circumstellar
dust formation and dynamics. A&A 411:123–147. https://doi.org/10.1051/0004-6361:20031068.
arXiv:astro-ph/0302179

Groenewegen MAT (1994) A revised model for circumstellar molecular emission. A&A 290:531–543
Groenewegen MAT (1994) The mass loss rates of OH/IR 32.8-0.3 and OH/IR 44.8-2.3. A&A 290:544–552
Groenewegen MAT, Blommaert JADL (2005) Mira variables in the OGLE bulge fields. A&A 443:143–156.

https://doi.org/10.1051/0004-6361:20053131. arXiv:astro-ph/0506338
Groenewegen MAT, Whitelock PA (1996) A revised period-luminosity relation for carbon Miras. MNRAS

281:1347–1351
Groenewegen MAT, Whitelock PA, Smith CH, Kerschbaum F (1998) Dust shells around carbon Mira

variables. MNRAS 293:18
Groenewegen MAT, Wood PR, Sloan GC, Blommaert JADL, Cioni MRL, Feast MW, Hony S, Matsuura

M, Menzies JW, Olivier EA, Vanhollebeke E, van Loon JT, Whitelock PA, Zijlstra AA, Habing HJ,
Lagadec E (2007) Luminosities and mass-loss rates of carbon stars in the magellanic clouds. MNRAS
376:313–337. https://doi.org/10.1111/j.1365-2966.2007.11428.x
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