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Abstract: The main site of dust formation is believed to be the cool envelopes around AGB stars. Nearly
all AGB stars can be identified as long-period variables (LPVs) with large amplitude pulsation. Shock
waves produce by the strong pulsation and radiation pressure on newly formed dust grains drive dusty
stellar winds with high mass-loss rates. IR observations of AGB stars identify various dust species in
different physical conditions. Radio observations of gas phase materials are helpful to understand the
overall properties of the stellar winds. In this paper, we review (i) classification of AGB stars; (ii) IR
two-color diagrams of AGB stars; (iii) pulsation of AGB stars; (iv) dust around AGB stars including dusty
stellar winds; (v) dust envelopes around AGB stars; (vi) mass-loss and evolution of AGB stars; and (vii)
contribution of AGB dust to galactic environments. We discuss various observational evidences and their
theoretical interpretations.
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1. INTRODUCTION

An asymptotic giant branch (AGB) star is generally
believed to be in the last evolutionary phases of a low
mass star (M ≤ 10 M⊙). Most AGB stars can be iden-
tified as long-period variables (LPVs) with large ampli-
tude pulsation. The strong pulsation produces shock
waves which extend the outer layer of an AGB star for
better condition of dust formation (e.g., Jones et al.
1981). The radiation pressure on newly formed dust
grains may drive dusty stellar winds with high mass-
loss rates of 10−8− 10−4M⊙/yr (e.g., Bowen 1988). As
a result of the dusty stellar winds and evolution of the
central stars during the AGB phase, the cool and slowly
expanding (10−30 km s−1) dust envelopes surrounding
AGB stars are formed. AGB stars are believed to be
major objects which are able to significantly affect the
integrated spectral energy distributions (SEDs) of star
clusters and galaxies (e.g., Cassarà et al. 2013).
The AGB phase is characterized by relatively rapid

onset of greatly enhanced mass-loss, commonly referred
to as the superwind phase. As AGB stars evolve, ther-
mal pulses due to internal helium shell flashes have
been hypothesized as a major cause of these episodes
of greatly enhanced mass-loss (e.g., Suh & Jones 1997).
The mass-loss rate from an AGB star must increase by
at least a factor of 10 for the duration of the superwind.
We expect one thermal pulse every 104−105 years that
endures for a few hundred years (Iben & Renzini 1983;
Vassiliadis & Wood 1993).
As stars evolve into the thermal pulsing AGB phase,

the abundances of some elements in the stellar atmo-
sphere may change by the episodic third dredge-up pro-
cess after each thermal pulse. When AGB stars of in-
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termediate mass range go through carbon dredge-up
process and thus the C/O ratio is larger than 1, O-rich
dust grain formation ceases, and the stars may become
visual carbon stars. After that phase, C-rich dust grains
start forming (Groenewegen et al. 1995; Suh 2000).

The main site of dust formation is believed to be the
cool envelopes around AGB stars. The envelopes are
chemically fresh because of the strong binding force of
CO molecules. O-rich dust grains (silicate; Al2O3; wa-
ter ice) form in the O-rich envelopes and C-rich dust
grains (amorphous carbon; SiC) form in the C-rich en-
velopes. Then the dust grains may go through some
physical and chemical changes after they are blown
away from the AGB stars. Dust grains initially formed
from molecules in AGB stars are generally believed to
be in amorphous structure. The grains can be efficiently
crystallized by annealing processes in high mass-loss
rate AGB stars (e.g., Suh 2002). In interstellar medium,
the crystalline grains can be transformed to be amor-
phous by ion bombardments (e.g., Kemper et al. 2004).

In this paper, we review general characteristics of
dusty stellar winds from AGB stars by discussing var-
ious observational evidences and the theoretical inter-
pretations. In the next section, we review classification
of AGB stars: O-rich AGB stars, C-rich AGB stars, S
stars and silicate carbon stars, a catalog of AGB stars,
and the chemical evolution. We present IR two-color
diagrams of AGB stars in Section 3. We discuss pulsa-
tion of AGB stars in Section 4. In Section 5, we review
dust around AGB stars: dust formation in AGB stars,
optical properties of dust grains, crystalline dust grains,
and dust driven winds. Section 6 deals with dust en-
velopes around AGB stars: models for expanding dust
shells, theoretical models for the 2CDs, and models for
non-spherical multiple dust envelopes. In Section 7, we
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Figure 1. Classification of AGB stars based on chemistry of the central star and envelope.

review mass-loss and evolution of AGB stars: mass-loss
from OH/IR stars, evolution to post-AGB, and binary
stars and dusty disks. We discuss contribution of AGB
dust to galactic environments in Section 8. We conclude
the paper with a summary in the last section.

2. CLASSIFICATION OF AGB STARS

AGB stars are generally classified as O-rich (M-type) or
C-rich (C-type) based on the chemistry of the photo-
sphere and/or the outer envelope. Chan & Kwok (1990)
argued that an M-type star may become a carbon star
when the star goes through C dredge-up processes and
thus the abundance of C is larger than that of O. S stars
are generally regarded as intermediate between M-type
and carbon stars in their properties. Figure 1 shows the
conceptual diagram for the classification of AGB stars.
For a large sample of AGB stars, infrared observa-

tional data are available from the Infrared Astronomi-
cal Satellite (IRAS), Infrared Space Observatory (ISO),
Midcourse Space Experiment (MSX), Two-Micron All-
Sky Survey (2MASS), Wide-field Infrared Survey Ex-
plorer (WISE) and AKARI. The IRAS point source cat-
alog (PSC) version 2.1 contains useful photometric data
in four bands (12, 25, 50 and 100 µm). The MSX (Egan
et al. 2003) PSC provides useful photometric data in
8.28, 12.13, 14.65, 21.34 µm wavelength bands. The
2MASS (Cutri et al. 2003) PSC contains accurate po-
sitions and fluxes for about 470 million stars and other
unresolved objects in J (1.25 µm), H (1.65 µm) and
K (2.17 µm) bands. The AKARI space telescope (Mu-
rakami et al. 2007) carried out an all sky survey with
the infrared camera (IRC) and far infrared surveyor
(FIS). We may use the AKARI PSC data in two bands
(9 and 18 µm) obtained by the IRC and the bright-
source catalogue (BSC) data in four bands (65, 90, 140
and 160 µm) obtained by the FIS.
The IRAS Low Resolution Spectrograph (LRS; λ =

8−22 µm) data are useful to identify important dust
features of AGB stars. The ISO Short Wavelength
Spectrometer (SWS; λ = 2.4−45.4 µm) and the Long

Wavelength Spectrometer (LWS; λ = 43−197 µm) as
well as the Spitzer Infrared Spectrograph (IRS; λ =
5.2−38 µm) provided high resolution spectra for some
AGB stars.

2.1. O-Rich AGB Stars

O-rich AGB stars (M-type Miras and OH/IR stars) typ-
ically show conspicuous 10 µm and 18 µm features in
emission or absorption. They suggest the presence of
amorphous silicate dust grains in the outer envelopes
around them (e.g., Jones & Merrill 1976). Further in-
vestigations showed that there are more dust species
(e.g., Al2O3 and water-ice).
Low mass-loss rate O-rich AGB (LMOA) stars with

thin dust envelopes show the 10 µm and 18 µm emis-
sion features of amorphous silicate. High mass-loss rate
O-rich AGB (HMOA) stars with thick dust envelopes
show the absorbing features at the same wavelengths.
The high resolution ISO spectroscopic observations de-
tected prominent emission from crystalline silicate in
the infrared spectra of HMOA stars but not from the
spectra of LMOA stars (Sylvester et al. 1999).
In IRAS LRS, O-rich AGB stars are classified into

class of E (10 µm in emission) and A (10 µm in ab-
sorption). Some of the class A or class E objects are
young stellar objects or planetary nebulae. Kwok et al.
(1997) used IRAS LRS to identify the class E (10 µm
in emission) and the class A (10 µm in absorption) ob-
jects. Some of the class A or class E objects are young
stellar objects or planetary nebulae.
Alumina (Al2O3) dust is believed to be one of the

main dust species in O-rich AGB stars (e.g., Jones et
al. 2014). For modeling dust shells around O-rich AGB
stars, Suh & Kwon (2011) found that the dust opacity
using Al2O3 as well as silicate can improve the fit of
the dust model for the comparison with the IR obser-
vations. Water-ice features are found in SEDs of some
high mass-loss rate OH/IR stars (e.g., Suh & Kwon
2013a).
LMOA stars show many molecular lines at NIR
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Figure 2. Possible evolutionary tracks for the classification of AGB stars.

Table 1
Maser sources in the sample of 3373 O-rich AGB stars

Maser Reference Detected O-AGB

OH Suh & Kwon (2011) 3499 1533
SiO Kwon & Suh (2012) 1871 1627
H2O Kwon & Suh (2012) 2575 452
no maser Kwon & Suh (2012) 610

Total 33731

1Some stars are multiple maser sources.

bands. The most conspicuous lines are the water va-
por absorption at 1.9 and 2.9 µm and CO absorption
at 2.3 µm produced in the expanded atmosphere of the
central stars. These absorption lines of H2O and CO
make theK band magnitude higher in the LMOA stars.
Investigating the NIR molecular lines, Le Bertre et al.
(2003) identified O-rich stars from the data obtained
from IRTS.

OH, SiO, and H2O masers have been found to be
associated with O-rich AGB stars (e.g., Kwon & Suh
2012). Table 1 lists the maser sources in the sample of
3373 O-rich AGB stars.

2.2. C-Rich AGB Stars

The main components of dust in the envelopes around
carbon stars are believed to be featureless amorphous
carbon (AMC) grains and SiC grains producing the 11.3
µm emission feature (e.g., Suh 2000). The carbon stars
with SiC grains belong to IRAS LRS class C. It was
suggested that for carbon stars the 30 µm band could
be produced by small amount of MgS particles.

Unlike AGB stars, C-rich post-AGB stars typically
show polycyclic aromatic hydrocarbon (PAH) dust fea-
tures. This could be due to UV radiation from the hot
central stars.

The carbon stars with thin dust envelopes show many
molecular lines at NIR bands. The most conspicuous
ones are the HCN and C2H2 absorption lines at 3.1 µm
produced in the expanded atmosphere of the central
stars. Le Bertre et al. (2005) identified C-rich stars
from the NIR data obtained with IRTS.

Table 2
A catalog of AGB stars

Class Reference Number

O-rich Kwon & Suh (2012) 3373
C-rich Suh & Kwon (2011) 1168
S stars Suh & Kwon (2011) 362
Silicate carbon stars Kwon & Suh (2014) 29 (+271)

1Unconfirmed candidate objects.

2.3. S Stars and Silicate Carbon Stars

S stars are generally regarded as intermediate between
M-type and carbon stars in their properties (e.g., Lloyd
Evans & Little-Marenin 1999). Only the S stars with
Tc (also called intrinsic S stars) are believed to be actu-
ally in the AGB phase following the evolution sequence
M−S−C (Iben & Renzini 1983). However, Chan &
Kwok (1990) pointed out that the M−S−C evolution-
ary sequence is not a certain thing for all AGB stars.

Silicate carbon stars are carbon stars with silicate
dust features (e.g., Kwon & Suh 2014). They could
be in the M−S−C chemical transition phase. At least
some of these silicate carbon stars could be binary sys-
tems which had experienced a past event of becoming
a carbon star from an O-rich AGB star.

2.4. A Catalog of AGB Stars

Suh & Kwon (2011) presented a list of AGB stars for
3003 O-rich, 1168 C-rich, 362 S-type and 35 silicate
carbon stars in our Galaxy which is a revised version of
the catalog of AGB stars by Suh & Kwon (2009a). For
the catalog, they compiled previous works with verify-
ing processes from the sources listed in the IRAS PSC.
Kwon & Suh (2012) presented a revised sample of 3373
O-rich AGB stars. Kwon & Suh (2014) presented a
revised sample of silicate carbon stars (29 confirmed
objects and 27 unconfirmed objects). Therefore, the
updated catalog lists 3373 O-rich, 1168 C-rich, 362 S-
type and 29 (+27) silicate carbon stars.

Table 2 summarizes the catalog of AGB stars. The
catalog is open to the public through the web site http:
//web.chungbuk.ac.kr/~kwsuh/agb.htm.
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Figure 3. IR two-color diagrams for AGB stars.

2.5. Chemical Evolution

For different initial mass and metallicity, the chemi-
cal evolution would be very different (e.g., Iben 1981;
Chan & Kwok 1990). Assuming solar metallicity, Groe-
newegen (1995) and Blöcker et al. (2000) presented the
following scenarios for different initial masses.

1) M < 1.55 M⊙: They never become carbon stars
because they experience only a small number of ther-
mal pulses until the mass-loss by a stellar wind removes
their outer envelope, which terminates their AGB evo-
lution.

2) 1.55 M⊙ < M < 2 M⊙: They become carbon
stars after the star experiences its last thermal pulse
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Figure 4. SEDs at different pulsation phases for OH 127.8+0.0. (from Suh 2004).

on the AGB. The stage of being an S star most likely
is skipped.
3) 2 M⊙ < M < 4 M⊙: They experience numerous

thermal pulses, and they all become carbon stars at
some point. During a few number of pulses, they pass
through the S star phase .
4) M > 4 M⊙: They become hot enough so that

hot-bottom processing converts the carbon into 14N
by means of the CN cycle. These stars do not be-
come carbon stars. Though their surface element abun-
dances undergo significant changes, they always remain
M stars.
Figure 2 shows the conceptual diagram for the chem-

ical evolution of AGB stars.

3. IR TWO-COLOR DIAGRAMS OF AGB STARS

Only a relatively small number of AGB stars have com-
plete or nearly complete SEDs. A large number of
stars have infrared fluxes from IRAS, MSX, AKARI
and NIR data. Although less useful than a full SED,
the large number of observations with less extensive
wavelength coverage can be used to form two-color di-
agrams (2CDs) that can be compared with theoretical
model predictions.
IR colors are useful to characterize the dust envelopes

around AGB stars. By using version 2.1 of the IRAS
PSC, we obtain useful photometric data at three bands
(12, 25, and 60 µm) for AGB stars. We also use the
2MASS data at K (2.17 µm) band. We cross-identify
the 2MASS source by finding the nearest one in posi-
tion.

The color index is defined as

Mλ1 −Mλ2 = 2.5 log10
Fλ2/ZMCλ2

Fλ1/ZMCλ1

(1)

where ZMCλi means the zero magnitude calibration
at given wavelength (λi) (see Suh & Kwon 2011 for
details). We use only those objects with good quality
data at any wavelength.
Figure 3 shows the IR 2CD for the 3373 O-rich, 1168

C-rich, 362 S-type and 29 (+27) silicate carbon stars
(see Section 2.4 for the catalog of AGB stars). The
small symbols are observational data and the lines with
large symbols are theoretical model calculations for a
range in dust-shell optical depth. We explain the the-
oretical models in Section 6.2. On these diagrams, the
stars in the upper-right region have thick dust shells
with large optical depths.
The upper panel of Figure 3 plots AGB stars in an

IRAS 2CD using [25]−[60] versus [12]−[25]. The ba-
sic theoretical model tracks coincide roughly with the
densely populated observed points. For O-rich stars,
there is a change in the slope of the theoretical model
line because the 10 µm silicate feature changes from
emission to absorption when the dust optical depth
becomes larger. Carbon stars are distributed along a
curve in the shape of a “C”. A group of stars in the
upper left region consists of optical carbon stars that
show excessive flux at 60 µm, due to the remnant of
an earlier phase when the stars were O-rich AGB stars
(e.g., Chan & Kwok 1990). A group of stars in the lower
region, which extends to the right side, consists of in-
frared carbon stars. The infrared carbon stars on the
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Figure 5. The K band light curve of OH 127.8+0.0. (from Suh & Kwon 2009b).

right side have thick dust envelopes with large optical
depths.
The lower panel of Figure 3 shows an IRAS and NIR

2CD using [12]−[25] versus K−[12]. Compared to the
IRAS 2CD, the boundaries that separate O-rich, C-rich
and S stars are clearer. We find that the basic theo-
retical model tracks roughly coincide with the densely
populated observed points
Because the AKARI PSC measures the flux of the

peak emission with a much smaller aperture (9 arcsec
beam size) than IRAS PSC, the AKARI PSC position
would be more useful for further identification.

4. PULSATION OF AGB STARS

Nearly all AGB stars can be identified as LPVs with
periods of 200 to 2000 days. The general catalog of
variable stars (GCVS; Samus et al. 2011) contains the
list of LPVs for different variable types. LPVs in AGB
phase are classified according to the amplitude and reg-
ularity of the period into Miras (M), semi-regulars (SR),
irregular (L), and RV Tauri type (RV) variables.
For many pulsating AGB stars, it has been known

that the shapes of the SEDs as well as the overall lu-
minosities vary depending on the phase of pulsation.
The shapes of SEDs are affected by the properties of
the dust shells as well as the central stars, depending
on the phase of pulsation (e.g., Suh 2004).
For LMOA stars, the stronger stellar winds produce

more dust grains and the dust shell optical depth in-
creases at maximum phase of the bolometric luminosity.
And at minimum phase of the luminosity, the weaker
stellar winds produce fewer dust grains, and the dust
shell optical depth decreases (Suh 2004). The inner-
shell dust temperature is much lower than 1000 K and
varies significantly during the pulsation phase (∼ 400
K at the minimum phase and ∼ 600 K at the maximum
phase). However, the inner-shell dust temperature at
the maximum phase is too low for the dust grains to be
crystallized by annealing (see Section 5.3). This could
be the reason why there are no crystalline silicate emis-

sion features observed for LMOA stars.
There are phase lags in the optical-infrared light

curves of LMOA stars (e.g., Smith et al. 2007). Most
LMOA stars show phase lags in which the optical max-
imum precedes that in the near-infrared. Wittkowski
(2007) found that the dust shell appears to be more
compact with greater optical depth near visual min-
imum from mid-infrared interferometry of an LMOA
star (S Ori) at four epochs. We need to consider the
effect of phase lags for different wavelengths.
For HMOA stars, the deep silicate absorption fea-

tures show significant variations depending on the pul-
sation phase, mainly due to changes in the properties of
dust shells. The schemes of the SED changes are very
different from those of LMOA stars. The environments
for HMOA stars are suitable for the dust grains to be
crystallized by annealing because of the hot dust tem-
perature at the inner shell (see Section 5.3), especially
at the maximum phase and with the slow velocity of
the stellar winds.
Figure 4 shows the SEDs at different pulsation phases

for an extreme HMOA star, OH 127.8+0.0 (Suh 2004
and references therein). Figure 5 shows The K band
light curve of OH 127.8+0.0 (Suh & Kwon 2009b and
references therein). This star shows significant changes
of bolometric luminosity over a pulsation cycle.
Suh & Kwon (2009b), Kwon & Suh (2010a), and

Kwon & Suh (2010b) investigated the K, L, and M
band light curves of OH/IR stars, respectively. There is
a general relationship between the period (P ) and am-
plitude (Amp) for Mira-type LPVs. Figure 6 shows the
period-amplitude (P-A) relation at L band for OH/IR
stars obtained from Kwon & Suh (2010a) and other in-
vestigations. A linear relationship from the data points
is given by

Amp = 3.24 log(P )− 7.78. (2)

The unused data points because of the high scatter from
the general trend are marked by parenthesis. Table 3
lists the parameters for the P-A relation at three dif-
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ferent bands. When we compare the P-A relation at
different bands, the M band shows a less steep slope
and lower zero-point than those of K and L bands.

5. DUST AROUND AGB STARS

For dust around AGB stars, there is a clear division
between O-rich and C-rich dust grains because of the
strong binding energy of the CO molecule. There are
exceptions for transitional cases (S stars and silicate
carbon stars) and/or binary systems.

5.1. Dust Formation in AGB Stars

Studies of dust condensation around classical novae
(Gehrz 1988) suggest that grains condense on time
scales of several weeks, much shorter than the pulsa-
tion periods for AGB stars.
Although a complete theory for grain condensation

is lacking, the work of Yamamoto & Hasegawa (1977)
provides a useful theoretical means of assessing the
time scales involved in grain formation in the expand-
ing circumstellar shells. For a typical AGB star (the
stellar luminosity of 1 × 104 L⊙ and mass-loss rate
of 5 × 10−5M⊙/yr), we obtain the grain condensa-
tion scale parameters from Kozasa, Hasegawa, & Seki
(1985). The saturation time for the grain seeds is com-
puted to be about 1 day based on Deguchi (1980) for a
condensation radius of 20 AU, corresponding to a dust
condensation temperature of 1000 K. The final grain
radius is calculated to be about 0.1 µm with these in-
put parameter and is reached within one week (see Suh
et al. 1990).
Both theoretical and empirical considerations agree

that the grain formation time scale is much shorter than
the pulsation periods of AGB stars. We expect that the
dust size distribution is likely to be a Gaussian distri-
bution rather than a power law which is more relevant
to interstellar dust.
The dust-to-gas ratio (δ) is generally estimated to be

0.005 to 0.02. Draine et al. (2007) derived the average
dust-to-gas ratio in Milky way to be 0.01 and argued
that the value tends to increase for a higher metallicity.

Table 3
P-A parameters at different bands for OH/IR stars

Band Slope Zero-point Sample number

K 3.17±0.57 −6.89±1.69 17
L 3.24±0.22 −7.78±0.62 55
M 2.81±0.22 −6.57±0.62 36

5.2. Optical Properties of Dust Grains

Dust opacity is determined from the optical constants
(mλ = nλ + ikλ), shape, and size of a dust grain.
The optical constants may be expressed by the com-

plex index of refraction, m = n + ik, where ε = m2.
Derivation of the two functions of complex dielectric
constants, ε1(λ) and ε2(λ), from the function Qext(λ)
requires additional information. The supplementary
physical constraint that the dielectric constants should
satisfy is the Kramers-Kronig relation (Bohren & Huff-
man 1983).
The optical constants of amorphous silicates derived

by Suh (1999) resemble the experimental results for typ-
ical olivine silicate (Mg2yFe2−2ySiO4; y=0.4) obtained
at room temperature by Dorschner et al. (1995). The
laboratory measured optical data with largest content
of Fe (x=y=0.4) fit best. When the amorphous sili-
cates are crystallized to enstatite (MgSiO3) or forsterite
(Mg2SiO4), there may be a process of Fe removal to-
gether with crystallization (Molster et al. 1999). The
bulk density of amorphous silicate (3.3 g cm−3) is be-
lieved to be slightly higher than the density of crys-
talline silicate (Suh 2002).
Amorphous alumina (Al2O3; Begemann et al. 1997)

grains produce a single peak at 11.8 µm and influences
the shape of the SED at around 10 µm.
Figure 7 shows the opacity functions of major dust

species in AGB stars. The opacity functions for O-rich
dust species (silicate, alumina, and water-ice) as well as
C-rich dust species (AMC and SiC) are displayed. For
silicate, the opacity functions for amorphous (cold and
warm) grains and crystalline (forsterite and enstatite)
grains are displayed. For the dust species for which the
optical constants are available, the opacity functions are
calculated for spherical dust grains using Mie theory
(Bohren & Huffman 1983). Table 4 summarizes the
dust species.

5.3. Crystalline Dust Grains

Fabian et al. (2000) investigated the thermal evolu-
tion of amorphous silicates. They found that annealing
at temperature 1000 K transformed amorphous silicate
dust grains to crystalline ones in relatively short time
scales. The crystallization took place within one day
for the smoke materials and several days for the glass
materials.
For HMOA stars, the dust formation temperature is

believed to be about 1000 K (Suh 2004). If dust for-
mation temperature is 1000 K, the inner region of the
outflowing envelope is hot (about 900−1000 K) dur-
ing an extended period of time (several hundred days)
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Table 4
Dust species in AGB stars

Acronym Size (µm) Description Density (g/cc) Reference Remarka

SILc 0.1 amorphous cold silicate 3.3 Suh (1999) optical constants
SILw 0.1 amorphous warm silicate 3.3 Suh (1999) optical constants
FK - crystalline forsterite 3.27 Koike et al. (2003) extinction curve
EK - crystalline enstatite 3.27 Chihara et al. (2002) extinction curve
Alu 0.1 amorphous alumina 3.2 Begemann et al. (1996) optical constants
ICE 0.1 crystalline water ice 0.92 Bertie et al. (1969) optical constants
SWC 0.1-0.2 SILc core, ICE mantle 1.22 - optical constants
AMC 0.1 amorphous carbon 2.0 Suh (2000) optical constants
SiC 0.1 α-SiC 3.26 Pégourié (1988) optical constants

aType of the data in the reference.
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Figure 7. Opacity functions for dust species in AGB stars (see Table 4).

for a known crystallization process − annealing (e.g.,
Suh 2002; Suh 2004). Using the averaged single grain
population model for mixed amorphous and crystalline
silicates, Suh (2002) found that the dust shell models
with about 10% to 20% of crystalline silicates produce
the observed crystalline emission features for HMOA
stars.

In the envelopes of LMOA stars for which the dust
formation temperature is much lower than 1000 K (Suh
2004), the annealing would not be effective. This could
be the reason why we find virtually no evidence of crys-
talline silicates for LMOA stars.

Dust grains initially formed from molecules in AGB
stars are generally believed to be in amorphous struc-
ture. The grains can be efficiently crystallized by
annealing processes in HMOA stars. In interstellar

medium, the crystalline grains can be transformed to
be amorphous by ion bombardments (e.g., Kemper et
al. 2004).

5.4. Dust Driven Winds

The role of dust grains in driving mass-loss is well
known. In absence of dust, the opacity in outer lay-
ers of AGB stars is very small. However, if one percent
of the mass condenses into dust grains, the opacity can
be increased by a thousand times, so that AGB stars
can lose mass by radiation pressure on dust grains (e.g.,
Jones et al. 1981).
The outward radiation force per unit mass on spher-

ical dust shell is

frad =
κpr(r)L

4πcr2
(3)
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Figure 8. Planck mean values of the radiation pressure efficiency factors.

where L is the luminosity of the central star, c is speed
of light, r is the distance from the stellar center, and
radiation pressure opacity κpr (cm−1) is given by

κpr = πa2Ng〈Qpr〉 (4)

where Ng is the dust grain number density, 〈Qpr〉 is the
Planck mean value of the radiation pressure efficiency
factor (Qpr) which is given by

Qpr = Qext − 〈cos θ〉Qsca (5)

whereQext is the extinction efficiency factor, Qsca is the
scattering efficiency factor, and θ is the angle between
the incident wave and the scattered wave.
The Planck mean value of the efficiency factor Q(λ)

is given by

〈Q〉 ≡ 15

(

hc

πkT

)4

× (6)

×

∫ ∞

0

Q(λ)λ−5

[

exp

(

hc

λkT

)

− 1

]−1

dλ

which is a function of the temperature. The Planck
mean values of the absorption efficiency factors (Qabs)
are useful for estimating dust temperature. And the
Planck mean values of the radiation pressure efficiency
factors (Qpr) are useful for estimating the dynamical ef-
fects of dust grains which is important in studying stel-
lar winds and mass-loss from AGB stars (e.g., Kozasa
et al. 1984).
Figure 8 show the Planck mean values of the radi-

ation pressure efficiency factors for silicate and AMC
for different spherical grain radii. Once dust grains are
formed in the envelopes around AGB stars, they can

be efficiently accelerated faster than the escape veloc-
ity (e.g., Bowen 1988) by the radiation force (Equation
(3)).
Radio observations of an AGB star may provide use-

ful information to obtain the expansion velocity of the
outer shell and the mass-loss rate of the gas phase ma-
terials. In Figure 9, we plot Vexp obtained from the
CO and OH maser observations versus the IR color for
the sample 1533 OH/IR stars (see Suh & Kwon 2013b).
Large scatters in Vexp could be due to pulsation. There
is a general trend that Vexp obtained from radio ob-
servations increases with the IR color for bluer objects
(with smaller dust optical depths), while Vexp levels off
to a certain value for the redder objects. This trend of
the gas expansion velocity (i.e., Vexp obtained from ra-
dio observations) can be understood on the basis of the
efficiency of dust-to-gas momentum transfer to the gas
shell. When the mass-loss rate is small, any increase
of the mass-loss rate causes a larger dust-gas coupling
and so the momentum transfer increases. But when a
critical value of the mass-loss rate is reached, further
increase in the dust-to-gas momentum transfer for ac-
celerating the gas phase materials is not effective (e.g.,
Kwok 1975; Stefen et al. 1997). See Section 7.1 for
further discussion.

6. DUST ENVELOPES AROUND AGB STARS

Dust grains in the outer envelopes of AGB stars absorb
and scatter the stellar radiation and re-emit the radi-
ation at longer wavelengths. For given characteristics
of the central star and the dust envelope around it, the
emergent SED can be found by analyzing the radiative
transport processes. Comparison of these results with
observations can be used to make adjustments and im-
provements in the model input parameters. To clarify
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Figure 9. The Vexp versus [12]-[25] diagram for OH/IR stars.

the SED evolution of AGB stars, we need to use the
opacity functions of the dust grains that are consistent
with observations and physics.

6.1. Models for Expanding Dust Shells

Although AGB stars are pulsating, the overall continu-
ous density distribution is believed to be maintained for
a time scale larger than the pulsation period. Both sim-
ple radiation pressure models (e.g., Kwok 1975; Kozasa
et al. 1984) or models that add pulsation and shocks
(Bowen 1988; Suh et al. 1990) predict overall r−2 den-
sity laws. These models show that dust grains are ac-
celerated relatively fast and approach and maintain ter-
minal velocity within 3 - 5 Rin. Dust formation and
growth time-scales are very short (about a week) com-
pared with other time-scales typical in AGB star winds
(see Section 5.1). This burst-like grain formation im-
plies a constant outflow velocity for most of the dust
shell. The modest departures from constant velocity
near Rin found by Suh et al. (1990) have only minor
effects on the emergent spectrum.
For spherically symmetric dust shells, we assume that

the dust density distribution is continuous (ρ ∝ r−2)
from the dust condensation radius (Rin) to the outer

radius (Rout) and the mass-loss rate (Ṁ) and the enve-
lope expansion velocity (Vexp) are constant. Then the
mass-loss rate is given by

Ṁ = 4πr2ρVexp ≃ 4πR2
inρoVexp, (7)

where ρo is the material density at Rin. The dust shell
optical depth (τλ) is given by

τλ =

∫

κλρddr ≃ κλρdRin, (8)

where κλ is the dust extinction opacity in g−1cm2 and
ρd is the dust density at Rin which is given by

ρd = ρoδ (9)

where δ is the dust-to-gas ratio.
The inner shell dust temperature (Tc; the dust con-

densation temperature) is the dust temperature at Rin.
The model SEDs are sensitively dependent on Tc. The
temperature is not necessarily the same as the dust for-
mation temperature, depending on the physical situa-
tions. For AGB stars, Tc which fits the observed SEDs
is calculated to be 500−1000 K (Suh 2004). The cor-
responding dust condensation radius (or inner-shell ra-
dius; Rin) is about 20 AU for HMOA stars and 50-68
AU for LMOA stars (see Suh 2004). At a typical ex-
pansion velocity (Vexp) of 10−30 km s−1, it takes about
6 yrs to travel 1 Rin for HMOA stars. The outer radius
of the dust shell is usually taken to be 104 times the
inner radius (Rin).

6.2. Theoretical Models for the 2CDs

In this subsection, we explain the theoretical models
presented in IR 2CDs (Figure 3; Section 3.1). We
use the radiative transfer code DUSTY developed by
Ivezić & Elitzur (1997) for a spherically symmetric dust
shell. We have performed the model calculations in the
wavelength range 0.01 to 36000 µm. For all models,
we assume the dust density distribution is continuous
(ρ ∝ r−2). The dust condensation temperature (Tc) is
assumed to be 1000 K. The outer radius of the dust
shell is always taken to be 104 times the inner radius
(Rc). We choose 10 µm as the fiducial wavelength that
sets the scale of the dust optical depth (τ10). For the
central star, we assume that the luminosity is 104 L⊙

for all models.
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Figure 10. The mass-loss rate versus [12]-[25] diagram for OH/IR stars (from Suh & Kwon 2013b).

For O-rich stars, we use a simple mixture of silicate
and alumina (20% by mass) dust grains as well as pure
silicate. For silicate, we use the optical constants of
warm and cold silicate grains derived by Suh (1999).
For alumina, we use the optical constants of amorphous
alumina from Begemann et al. (1997). The radii of
spherical dust grains are assumed to be 0.1 µm uni-
formly. We perform the model calculations for eleven
optical depths (τ10 = 0.005, 0.01, 0.05, 0.1, 0.5, 1, 3, 7,
15, 30 and 40). We use the warm silicate dust grains
for LMOA stars (7 models with τ10 ≤ 3) and the cold
grains for HMOA stars (4 models τ10 > 3). We assume
that the stellar blackbody temperature is 2500 K for
τ10 ≤ 3 and 2000 K for τ10 > 3. The IRAS flux at 12
µm is affected by addition of alumina dust (see Figure
3).

For C-rich stars, we use the optical constants of AMC
grains derived by Suh (2000) and the optical constants
of α SiC grains by Pégourié (1988). The radii of spheri-
cal dust grains are assumed to be 0.1 µm uniformly. We
perform the model calculations for seven optical depths
(τ10 = 0.01, 0.1, 1, 2, 3, 5 and 7). We assume that the
stellar blackbody temperature is 2300 K for τ10 ≤ 0.1
and 2000 K for τ10 > 0.1. We use a simple mixture of
AMC and SiC (10% by mass) dust grains.

6.3. Models for Non-Spherical Multiple Dust Envelopes

Radiative transfer models for a single component and
spherically symmetric dust shell (e.g., CSDUST3 code
developed by Egan et al. 1988 and DUSTY code devel-
oped by Ivezić & Elitzur 1997) have been very useful
to investigate the general properties of dust envelopes
around AGB stars. However, various dust species in the
envelopes around AGB stars may have multiple compo-
nents rather than a single component because of differ-

ent formation temperatures. There are many observa-
tional evidences which implies that dust envelopes are
not spherically symmetric.
Recently developed radiative transfer codes (e.g.,

RADMC-3D; HYPERION; SUNRISE) for investigat-
ing dust continuum radiative transfer processes based
on the Monte Carlo simulation method (e.g., Bjorkman
&Wood 2001) can consider multiple 3-dimensional dust
components to calculate the model spectra and images.

7. MASS-LOSS AND EVOLUTION OF AGB STARS

Stellar mass-loss is believed to be an essential prop-
erty of cool, evolved AGB stars showing efficient dust
condensation in the extended dynamic circumstellar
envelope due to characteristic pulsation and thermal
pulses (e.g., Bowen 1988). In the dynamical enve-
lope, the efficient dust formation plays a key role for
driving the wind by radiation pressure on the dust
grains (e.g., Kwok 1975). This stellar wind generation
mechanism is able to induce very large mass-loss rates
(10−8 − 10−4M⊙/yr) in full consistency with observa-
tions and their theoretical interpretation.

7.1. Mass-Loss from OH/IR Stars

The OH/IR stars are generally believed to be the last
evolutionary phase of an O-rich AGB star emitting OH
masers at 1612 MHz. OH/IR stars are characterized
by Mira-type long-period variable stars with large am-
plitude pulsation and high mass-loss rates. The stellar
wind of an OH/IR star is driven by radiation pressure
on dust grains and subsequent momentum transfer to
the gas molecules via collisions (e.g., Kwok 1975). The

mass-loss rate (Ṁ ; see Equation (7)) which can be de-
rived from a dust shell model, is related to the dust
shell optical depth (κλ; Rin; ρd) and Vexp. This can be
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compared with the ones obtained from radio observa-
tions.
Radio observations of an OH/IR star may provide

useful information to obtain the expansion velocity of
the outer shell and the mass-loss rate. OH molecules
produce a characteristic double-peak emission line from
the shell of gas expanding away from the star. The
difference in the velocities of the two peaks gives the
expanding velocity of the gas. We need to know the
brightness of the maser emission and the distance of
the object as well as the expansion velocity to obtain
the mass-loss rate (e.g., Zhang et al. 2010).
In Figure 10, we plot the diagrams of the mass-loss

rates obtained from OH and CO observations versus the
IR color ([12]-[25]) for OH/IR stars (from Suh & Kwon
2013b). The observed mass-loss rate increases with the
IR color until it reaches about 10−5M⊙/yr. After that,
the mass-loss rate tends to maintain a certain level. In
the region of low mass-loss rates (τ10 ≤ 3), the theo-
retical mass-loss rates derived from the dust shell mod-
els generally agree with the radio observations. In the
region of high mass-loss rate (τ10 > 3), the theoreti-
cal mass-loss rates are obviously larger than the ones
obtained from radio observations especially for higher
dust optical depths. As we commented in Section 5.4,
this could be because the photon momentum transfer
to the gas shell is not effective for the physical condition
of high mass-loss rates.
For high mass-loss rate OH/IR stars, the outer gas

shell radius which is measured by radio observations
looks smaller than the outer dust shell radius which is
measured by IR observations. For OH 26.5+0.6, Suh &
Kwon (2013a) could reproduce the observed image at
8.7 µm obtained by Chesneau et al. (2005) using the
dust model image of Rout = 3 × 104 AU. However in
the CO(J=1-0) image, the size of the object is much
smaller (4700 AU; Fong et al. 2002). This may mean
that the gas mass-loss is not as effective as the dust
mass-loss for high mass-loss rate OH/IR stars.

7.2. Evolution to Post-AGB

Unlike AGB stars, C-rich post-AGB stars typically
show PAH dust feature (e.g., Kwok 2000). In the ISM,
the aromatic features are emitted whenever interstellar
PAH molecules or small carbonaceous grains contain-
ing PAHs are vibrationally excited by exposure to soft
ultraviolet photons. In the circumstellar context, we ex-
pect PAHs to be abundant only in C-rich objects; and
we expect a significant UV flux to be generally present
only in objects that have evolved past the AGB.
For a major portion of planetary nebulae, the shape

of the nebula is not spherically symmetric (e.g., Kwok
2000). The shapes of many of them look to be axi-
symmetric. They are often related with an equatorial
disk (or torus) and bipolar flow. The physical origin
for the non-spherical geometry could be stellar rota-
tion, strong magnetic field, or binary evolution of the
progenitor.
For a post-AGB star, the Red Rectangle (IRAS

06176-1036), which shows an equatorial disk, there are

Figure 11. The model image for I09425 at 20 µm (viewing
angle = 75 degrees). The 1000 AU scale of the figure cor-
responds to 560 mas at the distance of the object which is
1.8 kpc (from K.-W. Suh 2014, in preparation).

strong evidences which support that the central object
is a binary system (e.g., Men’shchikov et al. 2002).
About 40 binary central stars of planetary nebulae are
now known. As we will discuss in the next section, a
binary system would be reasonably responsible for the
equatorial disk.

7.3. Binary Stars and Dusty Disks

Silicate carbon stars are carbon stars which show cir-
cumstellar silicate dust features. We expect that most
of them are likely to be binary systems rather than sin-
gle stars (e.g., Kwon & Suh 2014). Silicate carbon stars
could have a low-luminosity companion and a relatively
long-lived disk of silicate dust that is supposed to be
formed when the primary was still an O-rich AGB star.
There are some observational evidences for the pres-
ence of a disk in some silicate carbon stars. Ohnaka
et al. (2008) made mid-IR interferometry observations
toward BM Gem which suggested a circum-companion
disk. For V778 Cyg, Szczerba et al. (2006) obtained
high resolution H2O maser maps at 22 GHz and they
concluded that the object is composed of a C-rich star
and a companion that stores an O-rich disk. Those ob-
servations are strong evidences for presence of an O-rich
disk around a companion.
IRAS 09425-6040 (I09425) is a silicate carbon star

with conspicuous crystalline silicate and water-ice fea-
tures and excessive emission in the FIR and sub-mm
wavelength regions (Molster et al. 2001). There is no
direct observational evidence of binarity or presence of
a disk for I09425 yet. Because circumstellar disks are
believed to be suitable for growth of dust grains, we
expect that the size of dust grains in a long-lived disk
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Table 5
Properties of dust grains in different regions

AGB stars Interstellar Dust YSOs

Chemistry [O]>[C] → O-rich dust (silicate,...) Mixed Mixed
[O]<[C] → C-rich dust (AMC,...)

Size Larger size (∼ 0.1 µm) Smaller size (∼ 0.01 µm) Mixed size
Crystallization LMOA: little Generally weak Protostars: 5-8%

HMOA: high (10-20%) Diffuse: < 2.2% Planetary systems: very high
Small graphite grains Almost none Abundant Abundant
PAH Only in post-AGB Abundant Abundant

would be very large (e.g., Gielen et al. 2008). Using
a radiative transfer model with multiple 3-dimensional
dust envelopes, K.-W. Suh (2014, in preparation) finds
that the observed SED requires very large dust grains in
a circumbinay disk. Figure 11 shows the model images
at 20 µm for I09425.
For better understanding of origin and evolution of

AGB and post-AGB stars, we need to consider the role
of a binary system which is quite common.

8. CONTRIBUTION OF AGB DUST TO GALACTIC
ENVIRONMENTS

When the dust grains formed in AGB stars enter the
interstellar medium (ISM), they get mixed up and go
through some physical and chemical changes. There
are similarities and differences between interstellar dust
and dust grains in AGB stars. In interstellar medium,
both O-rich and C-rich dust grains can exist together
and the sizes of the dust grains are usually much smaller
than found in AGB stars probably because of sputter-
ing or grain-grain collision processes. In young stellar
objects (YSOs), the dust grain size can be very large be-
cause of coagulation which dominates the grain growth
in accretion disks.
Silicate grains can be efficiently crystallized by an-

nealing processes in HMOA stars. In interstellar
medium, the crystalline grains can be transformed to
be amorphous by ion bombardments (e.g., Kemper et
al. 2004). For C-rich dust grains, the crystallization of
AMC to graphite or the significant chemical changes
including hydrogenation could occur just after AGB
phase or in interstellar medium. Table 5 summarizes
the properties of dust grains in different regions of the
Galaxy.
The contribution of dusty AGB stars to the SEDs of

galaxies or stellar clusters is believed to be significant.
The contribution to the IR radiation by the dusty shells
of AGB stars is particularly relevant because AGB stars
are luminous objects which are able to significantly af-
fect the integrated SED of star clusters and galaxies
(e.g., Piovan et al. 2003).
The SED of a galaxy reveals the extinction and re-

emission processes in the interstellar medium as well as
the radiation from many types of stars. A theoretical
population synthesis model is sensitively influenced by
the property of the radiative processes and complete-
ness of the spectral library of stars. The population

synthesis model calculation combines several factors as
the initial mass function, star formation rate, libraries
of evolutionary tracks and model atmospheres which
give an effect to the evolution of galaxies. Cassarà et
al. (2013) investigated the role of dust in models of
population synthesis. They used two libraries of about
600 AGB dust-enshrouded SEDs, one for O-rich M stars
and one for carbon stars. These libraries of dusty AGB
spectra are implemented into a large composite library
of theoretical stellar spectra, to cover all regions of the
Hertzsprung-Russell diagram crossed by the isochrones.

9. SUMMARY

AGB stars are generally classified as O-rich (M-type) or
C-rich (C-type) based on the chemistry of the photo-
sphere and/or the outer envelope. We have presented
a catalog of AGB stars which lists 3373 O-rich, 1168
C-rich, 362 S-type and 29 (+27) silicate carbon stars.
IR 2CDs are presented for the AGB stars.
Most AGB stars are LPVs with large amplitude pul-

sation. Shock waves produced by the strong pulsation
may efficiently extend the outer layer of an AGB star
for better condition of dust formation. For many pul-
sating AGB stars, it has been known that the shapes of
the SEDs vary as well as the overall luminosity depend-
ing on the phase of pulsation. The shapes of SEDs are
affected by the properties of the dust shells as well as
the central stars, depending on the phase of pulsation.
The main site of dust formation is believed to be

the cool envelopes around AGB stars. For dust around
AGB stars, there is a clear division between O-rich and
C-rich dust grains because of the strong binding energy
of the CO molecule. There are exceptions for transi-
tional cases (S stars and silicate carbon stars) and/or
binary systems.
IR observations have identified various dust species

and the physical interpretations are possible by rea-
sonable theoretical models. Radio observations of gas
phase materials are helpful to understand the overall
properties of the stellar winds.
In the dynamical envelope of an AGB star, the ef-

ficient dust formation plays a key role for driving the
wind by radiation pressure on the dust grains. This stel-
lar wind generation mechanism is able to induce very
large mass-loss rates. The stellar mass-loss plays a key
role in the evolution of AGB and post-AGB stars as
well as in the galactic environment.
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AGB stars are believed to be major objects which
are able to significantly affect the integrated SEDs of
star clusters and galaxies. For better understanding
of origin and evolution of AGB and post-AGB stars,
we need to consider the role of a binary system which
is quite common. We may use the radiative transfer
models which can consider multiple 3-dimensional dust
components to calculate the model spectra and images.
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