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ABSTRACT

We present combined radiative transfer and H2O ice formation calculations for the dusty envelopes of oxygen-rich evolved stars. We study the
effects of various (circum-)stellar parameters on the spectral energy distribution of these stars, their infrared spectral water ice features at 3 µm
and in the 30−100 µm region, and the properties of (water ice on) the grains in their envelopes. We also study the ice formation process as
a function of stellar evolution for a star with an initial mass of 5 M�, which is followed during the AGB, post-AGB and planetary nebula (PN)
phase. We find that its water ice features probe its evolution. Both crystalline and amorphous water ice form in our models. The 43 and 62 µm
crystalline water ice features are most prominent during the post-AGB phase, and only modestly or not present during the AGB and PN phase, in
agreement with observations. The strength of the 3, 43 and 62 µm water ice features decreases with decreasing initial mass of the star. The total
amount of ice predicted (a few percent of the total dust mass) also agrees with observations, but the crystalline ice mass fraction is consistently
about two orders of magnitude lower. This is mainly due to efficient amorphization by interstellar UV photons, and leads to weaker 43 and
62 µm crystalline water ice features than observed. The intensity of the interstellar UV radiation field strongly influences the strength of these
features. We discuss several means to increase the crystalline water ice mass, and hence their strength. The strength of the features increases
dramatically when the mass-loss rate over luminosity ratio of the star, Ṁ/L, is large in the AGB phase. In case of the post-AGB star HD 161796
we demonstrate that this indeed leads to the correct crystalline ice mass fraction and feature strengths. Also, the formation of clumps in the
AGB wind provides high densities to stimulate the formation of (crystalline) ice. For stars with high initial masses, it additionally provides
sufficient shielding from interstellar UV radiation to keep ice crystalline during the post-AGB and PN phase. Axisymmetric mass loss on the
AGB provides favorable conditions for the formation and preservation of water ice, and crystalline water ice in particular, as well. In contrast
we find that post-AGB crystallization of AGB produced amorphous ice is unimportant for increasing the crystalline water ice mass around 5 M�
stars.
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1. Introduction

Asymptotic Giant Branch (AGB) stars are the highly evolved
descendants of low and intermediate mass main sequence (MS)
stars (1 ≤ M < 8 M�), which for a period of some 106 yr
lose mass at a high rate (10−7 to 10−4 M�/yr). The outflow-
ing matter creates a dusty molecular circumstellar envelope
which may completely obscure the central star. As the dust
is driven outwards by radiation pressure of the central star,
it drags the molecules in the envelope along with it. Given
the right conditions, some molecular species may condense
onto the grains as ice farther out in the outflow. After the
AGB phase the star starts to shrink in radius at constant lu-
minosity, getting hotter over time. The star is now said to be
in the post-AGB phase. The circumstellar envelope, which is

expanding away from the star, initially still obscures the cen-
tral star, but becomes optically thin at optical wavelengths after
∼100−1000 yr. Depending on the rate at which the central star
evolves (this is now controlled by both nuclear burning and
mass loss), the star may start to photo-ionize the material that
was ejected during the AGB phase when Teff ≥ 30 000 K, cre-
ating a planetary nebula (PN). In this case the phase between
the end of the AGB and the birth of the PN is called the proto-
planetary nebula (proto-PN) phase. Finally, the star decreases
rapidly in luminosity, and eventually becomes a cooling white
dwarf (WD). The remains of the circumstellar envelope dis-
perse into the Interstellar Medium (ISM).

In this paper we study the formation and spectral ap-
pearance of water (H2O) ice in the circumstellar envelopes
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of evolved stars1. Water ice is an important solid state com-
ponent, which provides information about the physical con-
ditions in these envelopes (see e.g. Jura & Morris 1985;
Meyer et al. 1998; Dijkstra et al. 2003a, hereafter called
Paper I). It can be detected by its infrared spectral features, and
has been observed in the environments of several AGB stars,
including OH 26.5+0.6, OH 127.8+0.0, and OH 231.8+4.2
(see Omont et al. 1990, and references therein), and post-
AGB stars like M 1-92 (Eiroa & Hodapp 1989) and HD 161796
(Hoogzaad et al. 2002). Water ice has also been suggested to be
present in PNe like NGC 6302 (see e.g. Molster et al. 2001). An
understanding of the water ice condensation process is impor-
tant for the appearance and subsequent interpretation of both
the solid-state and gas-phase spectral features associated with
water (and derived species such as OH) in circumstellar en-
velopes. These features provide important information on the
mass loss history of, and the physical conditions within, the en-
velope. Finally, ice mantles may be chemically important, e.g.
for the formation of hydrous silicates.

In Paper I we presented a detailed model for the description
of the growth of water ice on silicate grains in the circumstel-
lar envelopes of oxygen-rich AGB stars and Red Supergiants.
It was shown that ice formation becomes more efficient as the
mass-loss rate, Ṁ, of the central star increases, and that small
dust grains will dominate the ice formation process if they are
present in sufficiently large (relative) numbers. The ice forma-
tion process can be characterized in terms of the drift velocity,
vdrift, the relative velocity of the dust with respect to the gas.
For any given particle size2, at vdrift ≥ 3 km s−1 the ice for-
mation is heavily suppressed by sputtering, i.e. the mechanical
removal of ice lattice particles from the surface of the grain by
energetic collisions with gas particles. For subsonic drift veloc-
ities (vdrift < 0.6 km s−1) ice formation is highly efficient. Both
crystalline and amorphous ice were found to be forming in cir-
cumstellar envelopes, by direct deposition of water vapour on
the grains.

In this paper we use the model from paper I to calculate
the infrared spectra emitted by AGB stars and Red Supergiants
under the influence of ice formation. In order to do so we in-
clude three modifications to the model. These are discussed in
Sect. 2. The layout of the rest of the paper is as follows. In
Sect. 3 we describe the observation of water ice in the spec-
tra of evolved stars. Next, in Sect. 4 we apply the model to
stars with a range of stellar and circumstellar parameters, and
in Sect. 5 we use the model to study the relation between stellar
evolution and ice formation. Given the adopted input parame-
ters, the total amount of ice formed in the models is a few per-
cent, in agreement with observations. However, the crystalline
ice mass fraction is consistently about two orders of magni-
tude lower. In Sect. 6 discusses ways to increase the amount of
crystalline ice in the models, where an application of the model
to the high galactic latitude star HD 161796 will be shown in

1 We loosely refer to evolved stars as either AGB stars, post-
AGB stars, PNe, and/or Red Supergiants, the massive counterparts of
AGB stars with MS masses M > 8 M�.

2 Throughout this paper we loosely use the word grain or particle
size, which refers to the radius of the grain or particle.

Sect. 7. Finally, in Sect. 8 we summarize our findings and list
our main conclusions.

2. The model

In this section we describe the inclusion of i) a particle size dis-
tribution for the silicate grains, ii) the calculation of the infrared
spectrum of the circumstellar envelope, and iii) the effects of
interstellar UV radiation on ice mantles into the ice formation
model.

2.1. Particle size distribution

The number density of dust grain cores (i.e. the original grains
without the ice mantles) of different sizes is usually described
by the local particle size distribution (PSD), f (ac, r), which
specifies the number of grains per unit volume in a given core
size interval, [ac, ac + dac], at distance r from the star. Here ac

represents the core size or initial size of a grain. If the grains
were only moving with the gas, it is clear that the relative abun-
dances of grains with different initial sizes would be constant.
However, the grains do drift relative to the gas, with speeds de-
pendent on the total grain size (i.e. the size of the entire core
mantle grain; see Paper I). Therefore, the relative abundances
of grains with different initial sizes becomes dependent on the
location in the envelope. In order to describe this accurately, we
consider the particle flux distribution (PFD), F(ac, r), which is
the number of grains in a given core size interval, [ac, ac+dac],
that passes through a unit area per unit time at distance r from
the star. Outside of the refractory dust formation region, this
flux, integrated over a spherical surface around the star, is a pre-
served quantity, i.e. independent of r.

For a star with a given dust mass-loss rate, Ṁdust, we must
have, at an arbitrary distance r = r0 from the star,

Ṁdust = 4πr0
2
∫ ac,max

ac,min

4
3
πac

3ρsilF(ac, r0)dac (1)

where ac,min and ac,max are the minimum and maximum core
radii of the dust grains, i.e. the minimum and maximum radii
of the grains before ice formation, and F(ac, r0) is the particle
flux distribution at r = r0. ρsil is the bulk density of a silicate
grain (typically ∼3300 kg m−3).

F(ac, r0) is normalized to the dust mass-loss rate using
Eq. (1) and can be any arbitrary distribution. Throughout this
paper we will assume that it is a powerlaw of the form

F(ac, r0) = F(ac,min, r0)

(
ac

ac,min

)β
(2)

where β is the index of the powerlaw. For F(ac, r) we use

F(ac, r) = F(ac, r0)
(r0

r

)2
. (3)

From the PFD F(ac, r) we derive the PSD,

f (ac, r) =
F(ac, r)
vdust(a, r)

=
F(ac, r0)
vdust(a, r)

( r0

r

)2
(4)

where vdust(a, r) is the velocity of the dust with respect to the
star. Note that it depends on a, the radius of the complete grain
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Fig. 1. A comparison of the normalized PFD with the normalized PSD
(at r = r0) for model No. 2 in Table 1. For details see Sect. 2.1.

(i.e. core plus ice mantle), and not just ac (see Paper I for
these dependences and how vdust(a, r) is calculated). The num-
ber density of dust grains in the core size interval [ac, ac + dac]
is now found from the PSD using

ndust(ac, r) = f (ac, r)dac. (5)

For the rate of change in the number density of water molecules
in the gas, nH2O, with distance from the star we find

dnH2O

dr
=

N∑
i=1

−ndust,i

vgas

dNH2O,i

dti
− 2nH2O

r
(6)

which is a modified version of Eq. (21) from Paper I. Here vgas

is the outflow velocity of the gas with respect to the central
star. The index i refers to grains of core size ac,i and N is the
total number of different core sizes. dNH2O,i is the total amount
of water molecules collected by a grain of initial size ac,i, in
the time interval dti that this grain needs to move a distance dr
away from the star. The second term on the right hand side
of Eq. (6) represents the dilution of water vapour into a larger
volume with increasing distance from the central star.

Note that the PFD in Eq. (3) is always a powerlaw with
a fixed exponent β, whereas the PSD in Eq. (4) may be different
from such a powerlaw, since it depends on vdust(a, r), which also
depends on the total grain size. This is demonstrated in Fig. 1,
where we compare the PFD with the PSD for model No. 2 in
Table 1 (see Sect. 4). Here, the PSD is shown at the inner ra-
dius of the envelope (r = r0), and both the PFD and the PSD
have been normalized at ac = 0.01 µm. The PFD has a slope
β = −4. The PSD clearly deviates from this. The above effect
is strongest for low mass loss rates. As the mass loss rate in-
creases drift velocities generally go down (Paper I), and grains
of different sizes will eventually all move at vdust(a, r) ≈ vgas,
yielding a slope for the PSD closer to that of the PFD. Finally,
we note that, for the model in Fig. 1, vdust(a, r), and hence the
shape of the PSD, does not change strongly as a function of r
(a few percent at most for any given initial grain size). The PSD
shown for r = r0 may therefore be taken as representative for
other distances in this model as well.

2.2. Iteration of the model and calculation
of the infrared spectrum

The ice formation process on the dust grains depends on the
dust temperature, Tdust. This quantity is not known a priori as
it depends on the optical properties of the dust grains. These
in turn depend on the exact details of the ice formation pro-
cess, and therefore on the dust temperature. In the original
model we circumvented this feedback problem by assuming
that Tdust is given by a powerlaw. Now we will calculate Tdust

self-consistently. For the gas temperature, Tgas, which was orig-
inally set equal to Tdust, we will still assume that it is described
by a powerlaw.

We self-consistently calculate the dust grain temperature
throughout the envelope using an iteration process. In this pro-
cess we use both our ice formation model and the radiative
transfer code modust (Bouwman 2001; Kemper et al. 2001),
which models the (emergent) spectrum of a spherical dust shell
around a central star. First, we use modust to make an ini-
tial guess for the dust temperature (for each given initial grain
size) throughout the envelope. In this first step, the dust den-
sity structure for each grain size follows from the assumption
that the dust moves at the same speed as the gas (i.e. drift ve-
locities are zero). We also assume that the grains have not yet
formed any ice, which sets the optical properties of the grains
in this first calculation. Second, the ice formation model calcu-
lates the optical properties and densities of the dust throughout
the envelope taking into account ice formation, given the initial
temperature structure of the dust. Third, the resulting new op-
tical properties and dust densities are given to modust, which
recomputes the dust temperatures. In this step, the grains gen-
erally may contain ice on their surfaces, and will have non-zero
drift velocities. Next, the new dust temperatures are fed into the
ice formation model, and the above process repeats itself until
the dust temperatures and densities have converged to a pre-
scribed accuracy (typically a few percent). Finally, using the
converged dust temperatures, densities, and optical properties,
we do one more modust calculation to calculate the emergent
spectrum of the circumstellar envelope.

Note that the interstellar radiation field is taken into account
as an outer boundary condition for the intensity in the radiative
transfer calculations. The adopted field is applicable for the so-
lar neighborhood (Mathis et al. 1983), which allowed for dust
grain temperatures as low as ∼20 K.

2.3. Crystalline or amorphous ice: optical properties
of grains and the interstellar UV radiation field

As discussed in Paper I, both crystalline and amorphous ice can
form in circumstellar envelopes. The deposition rate of water
molecules on the surface of the grain combined with the dust
temperature, and the presence of an external UV radiation field
will determine whether the ice becomes crystalline or amor-
phous. In Paper I, we considered the formation of both crys-
talline and amorphous ice, but only included crystalline ice on
the surface of the grains for the calculation of the optical prop-
erties. As discussed in that paper, this does not greatly affect
the ice formation process, but it does affect the spectrum of the
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grain and of the circumstellar envelope as a whole. We there-
fore now include both crystalline and amorphous ice in calcu-
lating the optical properties.

To calculate the optical properties for a given grain at
a given distance from the star, we first calculate the relative
amounts of crystalline and amorphous ice that are present in
the icemantle. Given the appropriate fractions, we use an ef-
fective medium calculation to obtain the optical constants for
the ice mantle. Then, based on the value of the size parame-
ter of the grain, x = 2πa/λ, we either apply a coated sphere
calculation (using the routine bhcoat taken from Bohren &
Huffman (1983): used when x < 30) or an effective medium
calculation in combination with a MIE calculation (Bohren &
Huffman (1983): used when x ≥ 30) to determine the optical
properties. The optical constants used in our calculations for
the silicate core, the crystalline part of the ice mantle, and the
amorphous part of the ice mantle were taken from respectively
Suh (1999, cold silicate data), Bertie et al. (1969), and a com-
bination of Warren (1984) and Hudgins et al. (1993). The data
are shown in Fig. 2.

To determine the fractions of crystalline and amorphous ice
that are present in the icemantle, we should not only con-
sider the relative amounts of crystalline and amorphous ice that
have been deposited on the grain, but also the amount of crys-
talline ice that will be converted to amorphous ice by UV ra-
diation. As discussed in Paper I, in the outflow, initially crys-
talline ice will form. When the dust temperature drops below
∼65 K, the molecules are immobilized on the grain, resulting
in amorphous ice. This results in a grain composed of a silicate
core surrounded by a layer of crystalline ice, which in turn is
surrounded by a layer of amorphous ice. When UV radiation is
present, the crystalline part of the ice mantle may potentially be
converted to amorphous ice. This will depend on i) the depth
up to which the UV radiation can penetrate into the circum-
stellar envelope, ii) the depth up to which the UV radiation can
penetrate into the icemantle, and iii) the time it takes for the ice
to become amorphous. We will discuss the latter two effects
below.

When an electromagnetic wave enters a solid, the energy of
the wave, is given by

|E|2 ∝ e−2δz = e−2(2πk/λ)z = e−4πkz/λ (7)

where E is the strength of the electric field of the wave, z is
the distance from the surface of the solid, k is the imaginary
part of the complex refractive index of the solid and λ is the
wavelength of the wave. To find a measure for the depth up to
which the wave can penetrate the solid, z0, we set the exponent
in Eq. (7) equal to 1, which then yields

z0 =
λ

4πk
· (8)

A typical UV photon has a wavelength in the range 2000 Å ≤
λ ≤ 3900 Å where k ≈ 10−8 for water ice. We thus find that z0

is of the order of 1 meter, i.e. much larger than the size of
a typical ice mantle. The inner crystalline part of the ice man-
tle can therefore not be effectively shielded from UV radiation,
and the ice becomes completely amorphous once UV radia-
tion is present, provided Tdust < 70 K (Lepault et al. 1983;

Fig. 2. The optical constants of the materials used in our model cal-
culations. The top panel shows the real part of the complex refractive
index, n. The lower panel shows the imaginary part of the complex
refractive index, k. For details and the origin of the data see Sect. 2.3.

Kouchi & Kuroda 1990). We have incorporated Eq. (8) into the
model to help determine the fractions of amorphous and crys-
talline ice in detail. This facilitates the calculation of the optical
properties, as discussed above.

We use a result of Moore & Hudson (1992) to determine
how fast the ice becomes amorphous under the influence of
UV radiation. They have shown that, for a given amount of
crystalline ice, the unaltered fraction of crystalline ice after
a time trad of irradiation with protons, is given by

Φ(trad) = e−κD(trad) = e−κZetrad (9)

where D(trad) is the energy dose per molecule
(in eV molecule−1) after time trad, κ is the number of
molecules destroyed per eV (in molecule eV−1), and Ze is the
energy absorption rate per molecule (in eV molecule−1 s−1).
κ depends on the temperature of the ice, and is larger for
lower temperatures (Moore & Hudson 1992). Equation (9)
may be applied in case of irradiation with UV photons as well
(Hoogzaad 2001), and we thus find for trad

trad = − ln(Φ(trad))
κZe

· (10)

To find an upper limit for trad we consider a typical inter-
stellar UV field between 912 Å and 3900 Å. Such a field
has a frequency range ∆ν = 2.5 × 1015 Hz and an intensity
Iν = 6.3 × 10−8 eV s−1 cm−2 Hz−1 sr−1 (Black 1994). Next we
assume that a molecule within the lattice collects the UV pho-
tons from a solid angle ∆Ω = 2π (since the UV photons mainly
come from the travel direction of the grains) over an area
∆A = πalattice

2 = 6.4 × 10−15 cm2, where alattice = 4.5 Å is
the lattice constant of water ice (Kouchi et al. 1994). Then Ze is
given by Ze = Iν∆A∆ν∆Ω = 6.3 × 10−6 eV molecule−1 s−1. We
also assume that κ ≈ 6.5 × 10−3 molecule eV−1, which is valid
at 70 K (Moore & Hudson 1992). At lower temperatures κ will
be larger, and trad thus smaller. As we are interested in an up-
per limit for trad, we take the value of κ at 70 K. Finally we
require that more than 99% of the ice has turned amorphous,
i.e. Φ(trad) = 0.01, and find trad ≈ 1.1 × 108 s or trad ≈ 3.5 yr.
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The time for the ice to become almost fully amorphous is
short compared to the travel time of the grains through the en-
velope (which is typically in the order of thousands of years).
We therefore assume that the grains become amorphous in-
stantaneously, and that there is no broad transition region in
the envelope where grains with crystalline ice are converted
into grains with pure amorphous mantles. If such a region
had existed, it would have been important for the spectrum of
the circumstellar envelope and should have been included in
the models.

Finally, we note that in order to calculate the distance from
the central star up to which the UV photons from the interstel-
lar radiation field are able to penetrate the circumstellar enve-
lope, RUV, we used the radiative transfer code modust (see
Sect. 2.2).

2.4. Remaining assumptions

The model still contains several assumptions that we briefly
discuss here for completeness. First, we assume that the stick-
ing probability of each water molecule to the surface of the
grain, α, is equal to one. As was discussed in Paper I, this
assumption is likely to be correct in the ice formation region
of the wind, where temperatures are low (≤100 K) and water
molecules stick to an ice surface by means of dipole forces.
Initially however, the ice will grow on silicate cores, where the
sticking depends on van der Waals forces only, and α may be
less than 1. Sticking may also become less efficient at high drift
velocities, since incident water molecules may not loose suffi-
cient kinetic energy within the interaction time scale to stay on
the grain. In Paper I, we did not treat this velocity dependence
of α, since ice growth becomes automatically inefficient at high
drift velocities because of sputtering. Still it may confine the
ice formation process to even larger mass loss rates and lower
luminosities, where drift velocities are low. Unfortunately how-
ever, no direct measurements of the above velocity dependence
seem to be available in the literature.

Second, we assume that the original silicate grains are not
destroyed by sputtering. Also, we ignore chemisputtering, i.e.
the removal of ice lattice particles by means of chemical re-
actions with other species, and grain-grain collisions. This pro-
cess may remove ice from the surface causing (partial) destruc-
tion of grains.

Third, the dissociation of H2O molecules by the interstel-
lar UV field may lead to a decrease of the available water
molecules in the envelope. We have ignored this effect. It will
only be important for low mass loss rate stars, where (as was
shown in Paper I) sputtering prohibits ice formation.

3. Observations

We now briefly focus on the observations of water ice in the
spectra of evolved stars to allow for a better comparison of
such observations with our model calculations. As two ex-
amples Fig. 3 shows the Infrared Space Observatory (ISO;
Kessler et al. 1996) spectra of the OH/IR star OH 127.8+0.0
and the post-AGB star M 1-92. The top panel shows the
spectral energy distribution (SED) of these stars. Water ice

shows several distinct spectral features at infrared wavelengths.
Important features are located near 3 µm (O-H stretch band)
and 43 and 62 µm (lattice vibration bands; Bertie et al. 1969).
Typically, the 3 µm feature is seen in absorption. The 43 and
62 µm features are mainly seen in emission. A case of ab-
sorption at 43 µm is reported for the extreme OH/IR star
IRAS 16342-3814 (Dijkstra et al. 2003b). Amongst to other
properties, the shape of the spectral features is sensitive to
the lattice structure of the ice (see Dijkstra et al. (submitted
to A&A hereafter DP05) and references therein).

The lower left and right panels of Fig. 3 show the con-
tinuum divided spectra of OH 127.8+0.0 and M 1-92 in re-
spectively the 2.4−4 µm and 30−100 µm region (DP05). Also
shown are continuum divided laboratory spectra of crystalline
and amorphous water ice. In the 2.4−4 µm region the spec-
trum of crystalline water ice is characterized by a sharp feature
near 3.1 µm with two, unequally strong, shoulders located on
either sides of it. The feature minimum is located at relatively
long wavelengths (i.e. longwards of 3.0 µm). The spectrum of
amorphous ice reveals no significant substructure, and the fea-
ture minimum is located at a relatively short wavelength (i.e.
near 3.0 µm). In the 30−100 µm region (see also Fig. 2) crys-
talline ice shows two prominent features near 43 µm and 62 µm.
In contrast, amorphous ice only has one very broad spectral fea-
ture, making it difficult to distinguish from the continuum in
observed spectra. As a result, amorphous ice will hardly show
any structure in a 30−100 µm continuum divided spectrum, and
will generally be hard, if not impossible, to detect between 30
and 100 µm. Amorphous ice is thus best studied at 3.0 µm.

In the 30–100 µm spectral region, post-AGB stars are found
to be dominated by crystalline water ice near 43 and 62 µm,
while high mass loss rate AGB (OH/IR) stars and planetary
nebulae either show a mixture of crystalline water ice and crys-
talline silicates, or no crystalline water ice at all (DP05). This
is illustrated in the lower right panel of Fig. 3. The 30–100 µm
spectrum of the post-AGB star M 1-92 is dominated by crys-
talline water ice, whereas the OH/IR star OH 127.8+0.0 show
crystalline water ice in addition to various other spectral fea-
tures that can be attributed to crystalline silicates (DP05).
For AGB stars, the strength of the observed crystalline wa-
ter ice features (wrt the continuum) is typically in the order
of 10−15% at 43 µm and 5−10% at 62 µm. For post-AGB star,
this strength may be as large as 60% at 43 µm and 15%
at 62 µm. As stated above, amorphous ice is hard or impossi-
ble to detect between 30 and 100 µm when present. Finally, we
note that observed 3.0 µm features can be reproduced by a mix-
ture of crystalline and amorphous ice (Fig. 3, lower left panel).
The strength of observed 3.0 µm absorption features may range
from several percents (see e.g. the probable detection in the
OH/IR star OH 26.4-1.9; Meyer et al. 1998) to (almost) com-
plete saturation (see e.g. the post-AGB star IRAS 22036+5306;
Sahai et al. 2003).

4. Parameter study: results and discussion

In this section we discuss the results of our model. We will
often refer to the default model, defined to be the model for
an AGB star with a mass loss rate of Ṁ = 10−4 M�/yr,
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Fig. 3. (Top panel) The SED of the OH/IR star OH 127.8+0.0 (black line) and the post-AGB star M 1-92 (grey line). The dashed lines indicate
the spectral features of water ice near 3, 43 and 62 µm. For clarity the spectrum of M 1-92 is scaled with a factor 4.35. (Lower left panel) The
3 µm continuum divided laboratory spectra of crystalline (dotted line; Bertie et al. 1969) and amorphous (dashed line; Hudgins et al. 1993)
water ice fitted to the continuum divided spectra of OH 127.8+0.0 (middle) and M 1-92 (bottom). The grey lines show the total fits. Offsets are
applied to the spectra for clarity. (Lower right panel) The 30−100 µm continuum divided spectra of OH 127.8+0.0 (top) and M 1-92 (middle)
compared to the continuum divided laboratory spectra of crystalline (dotted line; Bertie et al. 1969) and amorphous (dashed line; Hudgins et al.
1993) water ice. The dashed lines indicate the 43 and 62 µm crystalline water ice features. The narrow peak at 94 µm in the amorphous ice
spectrum is an artifact. Offsets are applied to the spectra for clarity. Results are based on DP05. For details see Sect. 3.

a luminosity L = 104 L�, a gas outflow velocity vgas =

15 km s−1, a PFD powerlaw index β = −4 (see Eq. (2)), and
minimum and maximum initial grain sizes of ac,min = 0.01 µm
and ac,max = 10 µm respectively. The adopted grain size range
is motivated by studies on pre-solar grains (e.g. Nittler et al.
1997; Daulton et al. 2003; Clayton & Nittler 2004) and detailed
radiative modeling of evolved stars such as IRAS 17150-3224
and HD 161796 (Meixner et al. 2002). The default model cor-
responds to model 1 in Table 1. We will also often compare our
models to observations. These observations refer to the gen-
eral observations listed in Sect. 3, unless a specific reference is
explicitly given in the text.

As will be shown in this paper, the crystalline water ice fea-
tures predicted in our models are very weak. Still, we are inter-
ested in studying trends between stellar parameters/evolution
and water ice features. Preliminary modelling revealed that by
using β = −4, and thereby favoring small grains which grow ice
more efficiently (Paper I), the predicted features are still weak
but still sufficiently strong to study trends with stellar evolu-
tion. Using β > −4 (i.e. relatively more larger grains), yielded
too weak features for trends to be studied.

Our choise of β affects the total ice mass fraction that will
form in the envelope. For β > −4 more of the dust mass is
in larger grains, and less grains are thus available to act as
seeds for ice formation. In addition, larger grains form ice
less efficiently. Therefore, the total ice mass fraction in the

envelope will be less. However, the water ice volume fraction
of an individual grain will increase, since more gas-phase wa-
ter molecules are available per grain. This may affect the op-
tical properties of the grains. The extent of this effect is non-
trivial, since it depends on the exact details of the ice formation
process. For this reason, we compared the default model and
that of HD 161796 (Sect. 7), where β = −4 in both cases, with
similar models where −4 < β ≤ −3. We found that the optical
properties of individual grains will only be marginally affected.
Finally, we note that our adopted value for β yields a PSD slope
larger than the one more commonly adopted for the ISM (−3.5;
see Mathis et al. 1977). Still, the ISM size distribution parti-
cles may vary from place to place in the Galaxy (see e.g. Kim
et al. 1994). Our adopted value of β = −4 may therefore yet be
reasonable.

In Sect. 4.1, we discuss the effects of the mass loss rate,
and other (circum-)stellar parameters, on the SED and the in-
frared spectral features of ice. Section 4.2 addresses the type of
ice that forms in the envelope as a function of grain size and
distance to the central star.

4.1. Mass loss rate and extreme conditions

We have studied the effect of various stellar and circum-stellar
parameters on the SED and the infrared spectral features of ice
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Table 1. Details of the ice formation process for the models in
Sect. 4.1. Shown are the model number, the depletion ∆, ice over dust
mass ratio Mice/Mdust, and the crystalline over amorphous ice mass
ratio Mcr/Mam. The abbreviation s.g.s in column 4 refers to a sin-
gle grain size model where the silicate particles have an initial radius
ac = 0.01µm.

Model Ṁ L vgas β UV ∆
Mice
Mdust

Mcr
Mam

No. (M�/yr) (L�) (km s−1) (%) (%) (%)

1 10−4 104 15 −4 on 17.6 2.0 1.0

2 10−6 104 15 −4 on 0.7 ≤0.1 0.9

3 10−5 104 15 −4 on 5.2 0.6 0.9

4 10−3 104 15 −4 on 58.5 7.1 0.7

5 10−4 104 5 −4 on 68.0 7.8 0.9

6 10−4 5 × 103 15 −4 on 18.0 2.1 1.1

7 10−4 104 15 s.g.s on 44.9 5.5 0.8

8 10−4 104 15 −4 off 17.5 2.0 1.0

Fig. 4. The SED (top panel) and the continuum divided 30–100 µm
spectral region (lower panel) for stars of different mass loss rates. The
mass loss rates are indicated in the upper left corner of the top panel.
The line styles in the top and lower panels correspond to the same
models. Note that most of the structure seen in the continuum divided
spectra is spurious. At these low levels, broad features can easily be the
results of uncertainties in the continuum determination, and/or slight
slope changes in the optical properties. Only the relatively narrow ice
feature at 43 µm can be picked out with confidence. The narrow peak
at 94 µm is an artifact in the optical properties of the amorphous ice.

at 3, 43 and 62 µm. The results for the 43 and 62 µm features
are shown in Figs. 4 and 5. For all models shown, all parame-
ters, except those explicitly mentioned to be different, are the
same as in the default model. Table 1 shows the details on the
ice formation process for these models.

Figure 4 shows the SED (top panel), and the continuum
divided spectrum from 30 to 100 µm (lower panel), for stars
with different mass loss rates (Table 1, models 1 through 4).
The SEDs are typical for AGB stars. At low mass loss rates the
central star dominates the SED at short wavelengths, and there

Fig. 5. The SED (top panel) and the continuum divided 30–100 µm
spectral region (lower panel) for stars with different (circum-)stellar
parameters. The parameters are indicated in the upper right corner of
the top panel. Line styles in the top and lower panels correspond to the
same models. See also the caption of Fig. 4.

is an infrared-excess at longer wavelengths showing 10 and
18 µm amorphous silicate emission. At high mass loss rates the
central star is no longer visible in the spectrum and only dust
emission is seen at long wavelengths. The 10 and 18 µm amor-
phous silicate features are now in absorption. The 43 and 62 µm
water ice features are always weak (see lower panel). They are
no stronger than 2% with respect to the continuum, and almost
invisible in the SED. Even in cases of extremely high mass
loss rates, where we expect ice formation to be highly efficient
due to high gas densities and low drift velocities of the grains
(Paper I and Sect. 1), the features remain weak. Because of this,
the feature shapes in the continuum divided spectra are highly
uncertain. In particular this applies to the broad 62 µm feature.

Figure 5 shows the SEDs and continuum divided spectra for
AGB stars with a low luminosity, a low gas outflow velocity,
envelopes solely composed of small silicate grains of a single
size, and envelopes in which an interstellar UV field is absent
(Table 1, models 5 through 8). The first three models (models 5,
6 and 7) are extreme cases for which we expect ice formation
to be more efficient than in the default model. These models re-
spectively provide low drift velocities, high densities, and more
efficient grains for ice formation (see Paper I and Sect. 1). In
the last model (model 8) crystalline ice is preserved. The SEDs
are dominated by dust emission, and show 10 and 18 µm amor-
phous silicate absorption features. Once more, the spectral fea-
tures of water ice near 43 and 62 µm are weak (no stronger
than 3% with respect to the continuum), and almost invisible
in the SED. Only in model 5 the 43 µm feature is somewhat
visible in the SED.

Despite the weakness of the ice features, significant ice for-
mation does occur in all the above models. This is shown in
Table 1 where we list ∆, the depletion of water vapour from the
gas phase for a volume element located at the outer radius of
the envelope. Note that ∆ is not the depletion of water vapour
from the gas phase for the envelope as a whole. A formal def-
inition of ∆ was given in Paper I. In the default model we find
∆ ≈ 18%, i.e. at the outer radius of the envelope about 18%
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Fig. 6. The effects of ice lattice structure on the 30–100 µm region for
model 7 in Table 1. For details see Sect. 4.1.

of the water vapour has been removed from the gasphase. In
the cases of extremely high mass loss rates (model 4) and low
gas outflow velocities (model 5), ∆ becomes as large as 60%
to 70%. In both these scenarios the gas density in the envelope
is relatively large, and the spectral features at 43 and 62 µm are
at their strongest (although still weak). Also in model 7, where
we only have small single sized grains of ac = 0.01 µm, ice for-
mation is significant (∆ ≈ 45%) and the 43 and 62 µm features
are stronger. Models with a high gas density and a large frac-
tion of small dust grains thus provide the most favorable condi-
tions for ice formation to occur, and spectral features to appear.
In these models growth rates on the grains are high, and grain
drift velocities are small, providing the physical conditions for
efficient ice formation.

The weakness of the spectral features is caused by at least
two effects. First, the bulk of the ice is amorphous. The crys-
talline over amorphous ice mass ratio is typically of the order
of just Mcr/Mam ≈ 1% (Table 1). Compared to crystalline ice,
which shows distinct 43 and 62 µm features, amorphous ice
only has one very broad spectral feature in the 30−100 µm re-
gion (Fig. 2), making it difficult to distinguish from the con-
tinuum. Second, there is a contrast effect between the spectral
features and the (amorphous) silicate continuum. If the silicate
continuum emission is strong, the spectral features on top of it
will appear to be relatively weak. Finally, a third possible effect
is a too low Ṁ/L ratio in the above models (see Sect. 6.3).

The effect of amorphous ice is seen in Fig. 6, where we
show a close up of the 30–100 µm region for the single grain
size (s.g.s) model from Table 1 (model 7). The upper left panel
shows the original model spectrum (solid line) together with an
eyeball estimated continuum (dashed line). The lower left panel
shows the resulting continuum divided spectrum (which is the
same as the dashed dotted line in Fig. 5). The upper right panel
shows a modified s.g.s model spectrum (solid line) and its eye-
ball estimated continuum (dashed line). In this modified model,
we ignore the formation of amorphous ice and the amorphiza-
tion of crystalline ice. Instead we allow all ice to be crystalline.
The corresponding continuum divided spectrum is shown in the
lower right panel. Notice the difference in strength of the 43
and 62 µm features. In the modified model the features are 2

to 2.5 times stronger. Figure 6 and Table 1 thus show that sub-
stantial amounts of ice (here ∼5% of the total dust-mass) may
form, but that the ice will be largely hidden from view in the
30–100 µm spectral region since most of it is amorphous.

We emphasize that the amount of ice formed in the orig-
inal and modified s.g.s models is almost identical. There are
only some minor (<1%) differences in the temperature of the
icy dust grains in the ice formation regions (not shown). Also,
even though more pronounced, the features in the modified
model still appear weak. For all the above models, including
the modified s.g.s model, the weakness of the features is due
to a contrast effect between these spectral features and the sili-
cate continuum emission. Still, even compared to observations
(where the same contrast effect plays a role), the features in the
modified model are weak (see e.g. DP05). In most cases, the
latter is likely caused by a too low Ṁ/L ratio (Sect. 6.3).

Finally, none of the models presented in the above parame-
ter study show a 3 µm ice feature, because there is insufficient
background continuum emission available near 3 µm due to
heavy reddening of the central star. At lower mass loss rates a
background continuum may well be available, but here insuffi-
cient ice is formed to provide enough column density along the
line of sight for ice to be seen in absorption.

4.2. Crystalline and amorphous ice

The transition between crystalline and amorphous ice forma-
tion is determined by i) the deposition rate of water molecules
on the surface of the grain at a given dust temperature, and ii)
the presence of an external UV field, which amorphisizes crys-
talline ice at dust temperatures below 70 K (Lepault et al. 1983;
Kouchi & Kuroda 1990). In paper I we described the first pro-
cess in terms of the so-called critical flux, Fcrit. In this case the
transition occurs when

Fgr = Fcrit (11)

where Fgr is the growth flux of water molecules, and Fcrit is
given by

Fcrit =
Ds(0)
alattice

4
e−(4590 K/Tdust). (12)

Here Tdust is the dust temperature, Ds(0) = 17.4 m2s−1

and alattice is the lattice constant of water ice. When fluxes
on the grain surface are low and/or the dust temperature is
high (Fgr < Fcrit), crystalline ice forms. When fluxes on the
grain surface are high and/or the dust temperature is low (Fgr >
Fcrit), amorphous ice forms. Both Fgr and Fcrit vary with dis-
tance from the central star.

In Fig. 7 we show the type of ice that forms in the cir-
cumstellar envelope of the default model, as a function of
initial grain size and distance from the central star. The fig-
ure shows that the inner regions of the envelope form crys-
talline ice, while the outer regions form amorphous ice. The
boundary between the crystalline and amorphous ice forma-
tion region is shown as the solid line with stars. The dust grain
temperatures at which the transition occurs are indicated and
typically between 67 and 71 K. For the small grains (≤1 µm)
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Table 2. Details on the ice formation process for a 5 M� star as a function of stellar evolution. The left panel shows the stellar parameters used
in our model calculations. The time, t, since the star left the tip of the AGB, was taken (or estimated) from Blöcker (1995a,b). In the right panel
we show the details on the ice formation process associated with each model.

Stellar parameters Ice model results

phase t(yr) Teff(K) L/L� R/R� Ṁ (M�/yr) ∆
Mice
Mdust

Mcr
Mam

Nice
Ncr
Nam

Nobs
ice

Nobs
cr

Nobs
am

(%) (%) (%) (1016 cm−2) (1016 cm−2)

E-AGB −105.6 3020 4266 240 8.2 × 10−8 0.0 0.00 0.00

TP-AGB −103.1 3516 23988 407 8.6 × 10−5 14.3 1.61 0.89 2.76 0.68

Tip-AGB 0 2500 17458 706 1.6 × 10−4 18.5 2.09 1.61 8.92 0.85

post-AGB 101 2537 17498 686 0 2.10 1.61 8.92 0.85 5.94 3.25

post-AGB 303 2611 17498 648 0 2.12 1.61 8.91 0.85 8.45 0.95

post-AGB 505 2686 17498 613 0 2.14 1.53 8.33 0.73 8.00 0.86

post-AGB 1006 2874 17498 535 0 2.16 0.48 5.44 0.13 5.84 0.37

post-AGB 1975 3266 17498 414 0 2.19 0.00 3.08 0.00 4.49 0.00

post-AGB 3995 4462 17498 222 0 2.22 0.00 1.52 0.00 2.37 0.00

post-AGB 5012 7345 17498 82 0 2.22 0.00 1.16 0.00 2.33 0.00

PN 7770 105.3 526 10−1.7 0 2.23 0.00 0.73 0.00

Fig. 7. Crystalline and amorphous water ice formation as a function of
initial grain size, ac, and distance to the central star, r, for the default
model. The dotted line shows where ice formation starts. The dashed
triple dotted line shows where the dust temperature is 70 K. For more
details see Sect. 4.2.

the transition coincides with the dashed line, which indicates
the distance, RUV, up to which UV radiation is able to pene-
trate the envelope. Outside r = RUV, grains are amorphisized
by UV radiation if Tdust < 70 K (Lepault et al. 1983; Kouchi
& Kuroda 1990). For the larger grains (>1 µm) the transition
occurs at r < RUV, and coincides with the dashed dotted line,
which indicates where Fgr = Fcrit. The transition for the large
grains is thus initiated by a large flux of water molecules on the
surface combined with a low dust temperature, which makes
Fgr > Fcrit. The inner crystalline part of the ice mantle is amor-
phisized later, when r ≥ RUV. Note that large grains start form-
ing ice relatively close to the star because of their relatively low
temperatures.

We thus find that the physical mechanism for the transition
of crystalline to amorphous ice formation will depend on the
grain size. Figure 7 shows that as a large grain (>∼2 µm) moves
through the envelope, it is initially composed of silicates only.

As it enters the ice forming region a crystalline ice layer will
form. This results in a silicate grain with a crystalline ice man-
tle. Then the grain enters the amorphous ice formation region,
where a silicate grain with an inner crystalline ice mantle and
an outer amorphous ice mantle forms. This is caused by the low
dust temperature, and relatively high fluxes of water molecules
on the grain’s surface. Eventually the complete ice mantle be-
comes amorphous due to UV radiation. In case of a small grain,
the ice that initially forms will be crystalline, and is then amor-
phisized below 70 K by UV radiation. Later, the ice that forms
is amorphous upon deposition on the grain surface.

5. Stellar evolution and ice formation

We now study the ice-formation process as a function of stel-
lar evolution. We consider a 5 M� zero age main sequence
(ZAMS) star, and follow it from the early AGB phase until the
(very late) PN stages. Table 2 and Fig. 8 show the evolution of
the star from the AGB onwards. We used a simplified proce-
dure to estimate basic stellar parameters from detailed evolu-
tionary calculations provided by Blöcker (1995a,b). These cal-
culations cover the early AGB to late PN stages, and include
a detailed treatment of AGB phase mass loss. More advanced
procedures to estimate basic stellar parameters may be applied
(Hurley et al. 2000; Izzard et al. 2004). However, our currently
adopted procedure is sufficient to study the basic relation be-
tween stellar evolution and ice formation.

For a detailed description of the evolution of stars towards
and on the AGB we refer to Blöcker (1995b), Habing (1996),
Izzard et al. (2004) and Habing & Olofsson (2004, chapter by
Lattanzio and Wood). For the post-AGB phase onwards we re-
fer to e.g. Vassiliadis & Wood (1994a,b) and Blöcker (1995a).
From here on we will often refer to tip of the AGB models,
which represent the stars near the very end of the AGB phase,
when their mass loss is most extreme.
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Fig. 8. The evolutionary track of a 5 M� star from the early AGB to the
white dwarf phase. The track is based on Blöcker (1995a,b). Diamond
symbols indicate points on the evolutionary track where we performed
our ice model calculations. The solid line represents the post-AGB
track of the star (Blöcker 1995a). The dashed line indicates the point
where the effective temperature Teff = 30 000 K, above which the star
enters the PN phase.

5.1. Stellar parameters

According to Blöcker (1995b) the mass loss rate of
an AGB star, with MZAMS > 2 M� and a pulsation period of
P0 > 100 days, is given by

Ṁ = 4.83 × 10−9

(
M
M�

)−2.1 (
L

L�

)2.7

ṀR [M�/yr] (13)

where Ṁ is the mass loss rate, M is the current stellar mass, and
L is the luminosity of the AGB star. ṀR is the Reimers mass
loss rate given by

ṀR = 4 × 10−13 ηR
(L/L�)(R/R�)

(M/M�)
[M�/yr] (14)

where we use ηR = 1 (see Blöcker 1995b). For a star with
a pulsation period of P0 ≤ 100 days the Reimers mass loss
rate may be used (Blöcker 1995b). If we assume that the star
pulsates in its fundamental mode, P0 is given by

log

(
P0

days

)
= −1.92 − 0.73 log

(
M
M�

)
+ 1.86 log

(
R
R�

)
(15)

where R is the stellar radius.
Table 2 lists the stellar parameters used in our calculations.

The E-AGB (Early-AGB) model represent an AGB star with
a P0 = 100 day period, for which the luminosity, L0, can be
calculated using (Blöcker 1995b)

log

(
L0

L�

)
= 3.08 + 0.78 log

(
M
M�

)
· (16)

We use this model as our starting point, since the integrated
mass loss is small until the star reaches a 100 day pulsation
period (Blöcker 1995b), and we thus expect ice formation to
be unimportant until this time. The parameters in Table 2 for
this model were found using P0 = 100 days and M = MZAMS.

R and L (here L0) were then calculated directly from Eqs. (15)
and (16). Ṁ follows from Eq. (14).

The TP-AGB model represents the star during the Thermal
Pulsing AGB phase, a phase in which periods of enhanced mass
loss and increased luminosity repeatedly occur. For this model
we estimate Teff, L, and R from Fig. 5 presented by Blöcker
(1995b), after which Ṁ was found from Eqs. (13) and (14) as-
suming M = MZAMS (i.e. we ignore previous mass loss). The
TP-AGB parameters are valid for the 10th thermal pulse cycle
at phase φ = 0.9 (Blöcker 1995b).

The Tip-AGB (tip of the AGB) model represents the star
near the very end of the AGB phase, when the star suffers max-
imum mass loss. For this model we expect the ice formation
process to be most efficient. Here we estimate Ṁ from Fig. 7
presented by Blöcker (1995b). Since for this point in stellar
evolution, Teff , L, and R are not provided by Blöcker (1995b),
we assume that L is given by the luminosity of the star in
the post-AGB phase (see below). For the assumed value of L,
we then take representative values for Teff and R using Fluks
(1998), who shows the fundamental parameters and other basic
properties of M-giant stars as a function of spectral subtype. It
can be shown that the circumstellar envelopes in our tip of the
AGB models are sufficiently optically thick to reprocess all the
stellar radiation in the inner layers of the envelope. The exact
shape of the stellar spectrum, which is set by Teff , is then irrel-
evant for the ice-formation process and the spectrum emitted at
the outer radius of the envelope.

For the above AGB models, the inner radius of the circum-
stellar envelope is set by the condition rmin = r(Tdust ≈ 1000 K).
The total time a star of mass M can lose mass at a rate Ṁ is
M/Ṁ. After this time the outer radius of the circumstellar enve-
lope is rmax = vgas × (M/Ṁ). However, the typical outer radius
of old PNe (Weinberger et al. 1983) is observed to be 0.7 pc.
We thus set the outer radius of the envelope equal to rmax =

min(vgas × (M/Ṁ), 0.7 pc). Note that we ignore complex struc-
tures in the wind (e.g. multiple shells) induced by variable, and
increasingly higher, mass loss during the AGB phase.

When the star enters the post-AGB phase, the remnant
AGB envelope will move away from the central star. Since the
grains do drift relative to the gas (Sect. 2.1), with speeds de-
pendent on the grain size, it is clear that the expansion of the
envelope is not characterized by a single expansion velocity.
This substantially complicates the description of the geometry
of the envelope as soon as it leaves the AGB, and is beyond
the scope of this paper to be taken into account. In order to
model the post-AGB, PN and WD phases anyhow, we assume
that the envelope expansion speed is set by vgas. The inner ra-
dius will be set by rmin = vgas × t, where t is the time since the
star left the tip of the AGB (see Table 2), while the outer radius
remains the same as on the tip of the AGB. The latter may be
justified if the original AGB envelope already extended into the
local ISM. Moreover, the outer radii used in our model calcu-
lations are sufficiently large such that the dust located at these
distances will not contribute to the spectral regions of interest
in our study (i.e. wavelengths shorter than 200 µm).

For the post-AGB and PN phase, the grain properties at
each distance from the star will be assumed to be the same
as those in the original AGB envelope. For these phases we
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Fig. 9. The infrared (continuum divided) spectrum of a 5 M� star as a function of time for the models listed in Table 2. For details see Sect. 5.2.

will further assume that the mass loss rate of the central
star is zero. The 5 M� star will be assumed to follow the
H-burning track for a 0.836 M� central star given by Blöcker
(1995a). The post-AGB track is shown in Fig. 8. Note that con-
trary to Blöcker (1995b), who assume a gradual decrease of
the mass loss rate between maximum mass loss on the AGB
and the post-AGB phase, we will assume an abrupt decrease.
This is motivated by observations of post-AGB stars such as
HD 161796, which imply very high mass loss rates until the
onset of the post-AGB phase.

As a final remark, we note that for the spectra in these evo-
lutionary calculations we will use amorphous olivine for the
silicate grains, contrary to the Suh-silicates used in Sect. 4.
Although the Suh-silicates represent a typical mixture of the
materials in the circumstellar envelopes of AGB stars, we
found that these silicates may still yield some spurious spec-
tral features that complicate the study of water ice during
post-AGB evolution. The model results are expected to be
nearly identical in both cases. However, we expect that the
amorphous olivines may yield slightly more realistic spectra,
in particular in the 10 to 20 µm region. The optical properties
for the amorphous olivine were taken from Dorschner et al.
(1995). All other dust properties are assumed to be same as for
the default model presented in Sect. 4.

5.2. The ice-formation process vs. stellar evolution

In Fig. 9 we show the results of our ice model calculations
for the 5 M� star. The spectrum of the star is seen at vari-
ous evolutionary phases. From left to right the panels show the
2–200 µm spectrum of the star, the continuum divided 2–4 µm
spectrum, and the continuum divided 30–100 µm spectrum.
Time increases from bottom to top, and each successive spec-
trum corresponds to a successive time entry in Table 2. The dot-
ted lines in the middle and left panels represent the continuum.

In case no clear spectral features were seen in a continuum di-
vided spectrum, it was omitted from the figure. Offsets have
been applied to the (continuum divided) spectra for clarity.

5.2.1. The 2–200 µm SED

The left panel of Fig. 9 shows that as the star evolves from the
E-AGB to the tip of the AGB (bottom three spectra), the 10 and
18 µm amorphous silicate features go into (self)-absorption.
Meanwhile, the overall SED becomes redder. These effects are
the result of increasing mass loss during the AGB phase, and
have been well studied by previous authors (e.g. Sylvester et al.
1999a, and references therein). After the AGB phase, the cir-
cumstellar envelope detaches from the central star and the en-
velope becomes optically thin. As a result the amorphous sil-
icate absorption features disappear. The peak position of the
SED moves to longer wavelengths, caused by the gradual de-
crease of the temperature in the envelope. The lowering of the
temperature is not completely monotonous. In Fig. 9 it can be
seen that in the late stages of the post-AGB/PN evolution the
envelope may temporarily be reheated. This occurs when the
central star starts to emit efficiently at wavelengths shortwards
of ∼0.2 µm. At these wavelengths amorphous ice absorbs ra-
diation very effectively, which leads to a temporal reheating of
the envelope, and a shift of the peak position of the SED to
shorter wavelengths. We return to this effect in Sect. 6.1.

5.2.2. The 3 µm feature

In the middle panel of Fig. 9 we monitor the 3 µm water ice
feature as the stars evolve. The feature first appears during
the post-AGB phase, some 100 yr after the tip of the AGB.
Earlier in the evolution of the star there is already a column
of ice present (see Table 2), but then there is insufficient con-
tinuum background for the 3 µm feature to be seen. Initially,
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the feature shows both crystalline and amorphous ice, charac-
terized by a narrow feature near 3.1 µm, and a broad shoulder
shortwards of this feature. Later during the post-AGB phase,
the feature shifts to shorter wavelengths, and eventually shows
amorphous ice only.

The behavior of the 3 µm feature can be explained by the
existence of the inner crystalline and outer amorphous ice for-
mation regions discussed in Sect. 4.2 and Paper I. Depending
on the relative sizes of these regions, and the densities within
each of them, each type of ice may dominate the column den-
sity at 3.0 µm. Early in the post-AGB phase, the inner boundary
of the envelope moves through the crystalline ice formation re-
gion. As long as the inner boundary is inside this region (or
closer to the central star), both crystalline and amorphous ice
will contribute to the column density at 3.0 µm and will be seen
in the spectrum. During later phases, the inner boundary of the
envelope will leave the crystalline ice formation region, and
enter the amorphous ice formation region. From then on, only
amorphous ice contributes to the column density at 3.0 µm,
and crystalline ice will no longer be seen in the spectrum.
Eventually the complete 3.0 µm feature disappears from the
spectrum due to the dilution of the envelope.

In the right panel of Table 2 we list the column density of
ice, Nice, calculated directly from our models. Also shown is the
crystalline over amorphous ice column density ratio, Ncr/Nam.
Both Nice and Ncr/Nam decrease with time in the post-AGB and
PN phase, in agreement with our findings above. Table 2 also
shows the column density, Nobs

ice , and the crystalline over amor-
phous ice column density ratio, Nobs

cr /N
obs
am as measured from the

predicted spectra. These measured quantities were found by
fitting the 3 µm features in Fig. 9 with spherical ice grains us-
ing Mie theory. Most of the measured values are in reasonable
agreement with those calculated directly from the model, and
show a similar behavior with time. Remaining discrepancies
may be attributed to either the weakness of the 3 µm feature at
a given time, or uncertainties in the choice of the continuum.
Note that the column densities listed in Table 2 are smaller
than those typically found for high mass loss rate OH/IR stars
and post-AGB stars (see e.g. Meyer et al. 1998; Sylvester et al.
1999b, and DP05), although in agreement with values found
by Charnley & Smith (1993) for several OH/IR stars. Whereas
we find values of ∼10 × 1016 cm−2 at most, the observed values
may be ∼50 × 1016 cm−2 or more. We come back to this point
in Sect. 6.3.

5.2.3. The 43 and 62 µm features

In the right panel of Fig. 9 we show the 43 and 62 µm wa-
ter ice features as the star evolves. As for the models presented
in Sect. 4, the features are generally weak, and as a conse-
quence their shape is difficult to determine. In particular the
shape of the broad 62 µm band is ill-defined. Still, a clear
trend can be observed for the 43 µm feature. Initially, during
the AGB phase, water ice is hardly seen in the spectrum, al-
though it does form (see Table 2). As explained in Sect. 4, this
is caused by the fact that the bulk of the ice is amorphous and
there is a contrast effect between the water ice features and the

strong continuum generated by the amorphous silicates in the
envelope. In the early post-AGB phase however, some 500 yr
after the tip of the AGB (right panel Fig. 9, 6th spectrum from
the top), the strength of the water ice features increases and
crystalline water ice becomes apparent in the spectrum near
43 µm. The increasing strength of the features is a result of
the expanding circumstellar envelope. This removes the strong
continuum emission generated by warm dust particles close to
the central star, from the spectrum. As a result the visibility
of the spectral features is enhanced. As the star continues its
post-AGB evolution, the crystalline water ice disappears from
the spectrum again. This is due to ongoing amorphization of the
ice by UV radiation from the interstellar medium. The general
trend described above, is in agreement with DP05, who find
observationally (see Sect. 3) that in the 30–100 µm spectral re-
gion post-AGB stars have strong crystalline water ice features,
while high mass loss rate AGB stars and PNe only show modest
crystalline water ice features, or none at all.

In Table 2 we list the depletion of water vapour from the
gasphase at the outer radius of the envelope, ∆, the ice over
dust mass ratio, Mice/Mdust, and the crystalline over amor-
phous ice mass ratio, Mcr/Mam, for the models shown in Fig. 9.
∆ and Mice/Mdust increase along the AGB. Ice formation thus
indeed becomes more efficient as an AGB star evolves. At the
tip of the AGB, Mice/Mdust reaches values in the order of ∼1
to 2%. In the post-AGB phase, Mcr/Mam is found to decrease,
which is the result of the ongoing amorphization of the ice as
the circumstellar envelope moves outwards. This amorphiza-
tion is complete within 2000 yr. Note that Mice/Mdust continues
to increase during the post-AGB. This is caused by the fact that
in our models we loose dust at the outer radius of the envelope,
which decreases the total dust mass, while the grains that are
still within the envelope continue to growth ice as they move
outwards. This increases the volume fraction of ice on these
grains. The net effect is the observed increase of Mice/Mdust.

5.2.4. The effect of initial mass

Stars with different ZAMS masses, will experience different
mass loss rates during the AGB phase, and will evolve through
the AGB, post-AGB and PN phases on different time scales.
We may expect these differences to influence the ice forma-
tion process, suggesting that the process will also be a func-
tion of the ZAMS mass. Indeed, model calculations for <5 M�
ZAMS mass stars (not shown) suggest that the 3, 43 and 62 µm
water ice features become weaker for lower ZAMS masses,
and nearly completely disappear for ZAMS masses <∼3 M�.
Moreover, here we have still ignored the fact that stars with
1.7–4 M� ZAMS masses (Gavilán et al. 2005), the exact mass
range depending on metallicity (e.g. Groenewegen & Marigo
2004), will actually evolve into carbon stars. Since these stars
have stellar atmospheres with an carbon-to-oxygen ratio (C/O)
greater than unity, and carbon and oxygen first combine to
form CO, there is no freely available oxygen to form water
molecules. Hence water ice formation will not occur.
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6. Increasing the (crystalline) ice abundance

The predicted 43 and 62 µm crystalline water ice features are
very weak, at most a few percent wrt the continuum. This is
because almost the entire ice content in the models is amor-
phous. Contrary to crystalline ice, amorphous ice only has one
very broad spectral feature in the 30–100 µm region, making
it difficult to distinguish from the continuum. Increasing the
crystalline water ice mass will increase the strength of the 43
and 62 µm features, since they are located in the optically thin
part of the spectrum. In a companion paper (DP05) we study
a large sample of AGB and post-AGB stars, and PNe. The mea-
sured abundance of crystalline water ice in these stars is often
a few percent of the dust mass, but can be above 10% in ex-
treme cases. While the total amount of ice formed in the mod-
els discussed in the previous section is also a few percent, the
crystalline ice fraction is consistently about two orders of mag-
nitude lower. This explains the weak predicted 43 and 62 µm
crystalline water ice features, and is mainly caused by the ef-
ficient amorphization by interstellar UV photons. In this sec-
tion, we will explore different ways to both increase the total
ice abundance, and in particular to reduce the effectiveness of
UV amorphization.

6.1. Reheating of ice during the post-AGB phase

One mechanism to increase the crystalline water ice mass is
the reheating of amorphous ice during the post-AGB phase.
According to the models, the bulk of the ice in the envelopes
of AGB stars is amorphous, and expected to form at low tem-
peratures (T ≤ 70 K). If the amorphous ice that formed in the
AGB phase could be reheated during later evolutionary stages,
it could anneal into crystalline ice (e.g. Kouchi et al. 1994),
strengthening the crystalline ice features.

We studied this possibility for the 5 M� star in Sect. 5. It
was found that in the original AGB amorphous ice formation
region, the grains were reheated by more than 30 K, and in prin-
ciple this could have helped to crystallize the amorphous ice.
However, the time needed for crystallization is an exponential
function of temperature (Kouchi et al. 1994), and in order to
crystallize amorphous ice within 1000 years (a time scale appli-
cable to post-AGB evolution) a >∼100 K temperature is required
(Hoogzaad 2001). We found that the maximum temperature to
which the grains were reheated was ∼80 K, and this tempera-
ture was maintained less than a few thousand years. The crys-
tallization of amorphous ice during the post-AGB/PN phase
was therefore found to be unimportant after all.

The presence of crystalline water ice around OH/IR type
AGB stars has previously been addressed by Maldoni et al.
(2003). Although these authors did not exclude the possibil-
ity that ice may indeed condense in a crystalline form, they
also considered an alternative scenario. In this scenario, all
ice condenses as amorphous ice during the AGB phase, while
later a fraction of this ice anneals into crystalline ice. In sup-
port of this scenario is the notion that the expected conden-
sation temperature of water ice is near ∼100 K, close to the
threshold temperature of ∼110 K at which the amorphous-to-
crystalline phase transition occurs. However, as pointed out by

Fig. 10. The effects of an external interstellar UV field on the emer-
gent spectrum of the 5 M� star at t = 1006 yr (solid line). Switching
off the UV field (dotted line) increases the visibility of the crystalline
water ice features near 43 and 62 µm. The dashed line represents the
continuum of the original model (i.e. the model with an external inter-
stellar UV field).

Maldoni et al. (2003), a major objection against this scenario
is that, in a given temperature range below 110 K, the crys-
tallization time scales are longer than the transit times of the
grains through that temperature range. The amorphous ice in
an AGB envelope will therefore have no time to anneal, in
agreement with our findings above. Therefore, the formation of
crystalline ice through an amorphous-to-crystalline phase tran-
sition seems unlikely.

6.2. Reducing the interstellar UV radiation field

Another parameter that influences the crystalline water ice
mass is the intensity of the interstellar UV radiation field, Iν.
Most importantly, Iν determines the time scale at which crys-
talline water ice is amorphisized (Eq. (10)) during the AGB
and post-AGB phase. When no UV field is present all crys-
talline ice produced during the AGB phase may be preserved.
Since Iν may vary within a galaxy, the location of a star within
this galaxy will influence the ice formation process.

The effect of an external ISM UV field on the spectrum
of the 5 M� star (during the post-AGB phase at t = 1006 yr) is
shown in Fig. 10. If we switch of the interstellar UV field the 43
and 62 µm crystalline water ice features become much better
visible. Still, the effect of amorphous ice remains present in the
spectrum. This is due to the fact that during the AGB phase
amorphous ice will form naturally on dust grains when the dust
temperature is below∼65 K. Without the UV field, the ice com-
position is approximately 1/3 crystalline, 2/3 amorphous.

6.3. Increasing Ṁ/L

Increasing the mass loss rate at constant luminosity is an ef-
fective way to enhance ice formation and to increase the crys-
talline ice mass. In model 4 (Table 1) we increased the mass
loss rate by a factor of 10, producing ∼3.2 times more ice per
dust grain and 32 times more ice in total. The amount of crys-
talline ice increased by a factor of 2.3 per dust grain. The total
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amount of crystalline ice therefore increased by a factor of 23.
The continuum divided spectrum showed a significant increase
in the strength of the 43 µm feature (Fig. 4). Also, a lower lu-
minosity promotes ice formation (Paper I). A possible solution
to the weak feature problem is therefore to assume that most
of the ice formation occurs in periods in which the mass loss
rate over luminosity ratio, Ṁ/L, is much larger than on average.
In Sect. 7 we investigate this possibility for the post-AGB star
HD 161796.

6.4. A clumpy AGB wind

The formation of clumps in the circumstellar envelope during
the AGB phase also increases the crystalline water ice mass.
Nearby planetary nebulae, such as the Helix nebula, are clearly
observed to be clumpy (Redman et al. 2003). In case of the
Helix nebula, O’dell & Handron (1996) find that around half
of the nebular mass is contained in clumps. The origin of the
clumps, and whether they form during the AGB or PN phase,
is currently unclear. If the clumps form during the AGB phase,
this yields several advantages for (crystalline) water ice for-
mation. First, it will (locally) provide enhanced densities (and
possibly lower temperatures) in the envelope, stimulating ice
growth. Second, clumps provide additional shielding from in-
terstellar UV radiation, increasing the crystalline over amor-
phous ice fraction. Both effects may then increase the strength
of the 43 and 62 µm crystalline water ice features during
post-AGB evolutionary phases.

In order for (strong) crystalline water ice features to remain
visible during the subsequent post-AGB and PN phases, the
clumps must also provide sufficient shielding from interstellar
UV radiation in these stages. However, after a clump has been
formed in the AGB phase, it starts to expand. The extinction
within the clump will drop, reducing its optical depth. Redman
et al. (2003) show that the visual extinction of a clump, AV, as
a function of time, t, may be given by

AV = 102

(
t
t1

)−1

(17)

where t1 = 100 yr. The initial radius of the clump at time t1
is assumed to be 1014 cm. Whittet et al. (2001) show that the
detection threshold for water ice in the Taurus Dark Clouds is
AV = 3.2. Assuming this number is also valid for clumps in
AGB winds we find for the shielding time scale

tshield = t1

(
102

AV

)
≈ 3.1 × 103 yr. (18)

The time needed for a 5 M� star to evolve through the post-
AGB and PNe phases is 5500 yr (see Blöcker 1995a, and
Table 2). A 5 M� star may therefore evolve fast enough for
clumps to provide sufficient shielding during the post-AGB and
PN phase.

We find that low mass stars clearly evolve too slow for
clumps to provide sufficient shielding during the post-AGB
and PN phase. For example, stars with ZAMS masses ≤3 M�
take ≥10 000 yr to evolve through the post-AGB and PN phase
(Blöcker 1995a). Here it is interesting to note that the low

mass star HD 161796 (Sect. 7) only left the AGB phase some
500 years ago, but still shows strong crystalline water ice fea-
tures. A comparison with tshield shows that clumps may still
provide shielding in this source.

6.5. Axisymmetric mass loss on the AGB

Axisymmetric mass loss during the AGB phase may increase
the crystalline water ice mass as well. In this scenario, the ini-
tially spherical AGB wind gradually enhances near the equator
as the star evolves, leading to the formation of a dusty equa-
torial torus. The equatorial wind will provide enhanced densi-
ties, possibly lower temperatures, and increased shielding from
interstellar UV radiation. All these effects increase the rela-
tive fraction of crystalline over amorphous ice. Indeed, near
infrared (2.4–3.8 µm) spatially resolved spectroscopy of the
post-AGB star M 1-92 (Eiroa & Hodapp 1989) suggest that wa-
ter ice is located in its dusty torus, where the outer portions of
the torus are found to be free of ice. The 3 µm ice feature indi-
cates that the ice in the torus is primarily crystalline.

The formation of an axisymmetric wind during the
AGB phase may reconcile the mass loss rates predicted by
Blöcker (1995b, see Eq. (13)), and the large Ṁ/L ratio
needed to explain the strength of crystalline water ice fea-
tures in post-AGB stars (Sect. 6.3). Compared to a spheri-
cally symmetric wind, an axisymmetric wind naturally mimics
a larger Ṁ/L ratio in the equatorial regions, without the need
for a higher overall mass loss rate Ṁ. The artificial increase
of Ṁ/L near the equator stimulates the ice formation process,
while keeping Ṁ well within the predicted range.

6.6. Water vapour abundances

Finally, following Paper I, we assumed that the initial water
vapour abundance (by number with respect to H) is εH2O

0 = 1 ×
10−4. This value is applicable to the circumstellar envelopes
of oxygen-rich evolved stars (González-Alfonso & Cernicharo
1999). Still, the water vapour abundance is set by the C/O in
the stellar atmosphere, which changes with stellar evolution
(Lattanzio & Wood 2004; Herwig 2005). The water vapour
abundance may therefore change as the star evolves, also af-
fecting the total amount of (crystalline) water ice that will form.

7. Application to HD 161796

As a test case for modeling ice features around AGB and
post-AGB stars, we now turn to the well-known post-AGB star
HD 161796 which shows prominent 43 and 62 µm crystalline
water ice features (see e.g. Molster et al. 2002; Hoogzaad et al.
2002, and DP05). In this source the strength of the 43 µm fea-
ture is on the order of 60% wrt the continuum, while the 62 µm
feature is 15% wrt the continuum. HD 161796 is a high galactic
latitude population II post-AGB star (Fernie & Garrison 1984),
which suggests a low progenitor mass. Consequently, we might
expect even weaker features than predicted for the 3 M� star
mentioned in Sect. 5.2.4. Clearly, this is not so. As we will dis-
cuss next, the reason for this large discrepancy is related to the
assumed Ṁ/L ratio for the stars in our model calculations.



C. Dijkstra et al.: Water ice growth around evolved stars. II. 1115

Fig. 11. Model spectra for the post-AGB star HD 161796. The up-
per panel shows a model spectrum for the star as it would have ap-
peared on the tip of the AGB, some 600 year ago. The lower panel
shows a model spectrum for the post-AGB phase, based on (circum-
)stellar parameters for HD 161796 taken from Hoogzaad et al. (2002),
together with the observed ISO spectrum (grey line). The relatively
strong crystalline water ice features of HD 161796 in both the AGB
and post-AGB phase, are explained by the large Ṁ/L ratio for this
star. For a detailed discussion see Sects. 6.3 and 7.

In Fig. 11 we show the observed ISO spectrum of
HD 161796 (lower panel, taken from DP05), together with
two model calculations for this star. In the upper panel we show
a predicted spectrum for the star as it would have appeared on
the tip of the AGB, some 600 year ago, while in the lower panel
we model the spectrum as it appears now in the post-AGB
phase. The parameters for the post-AGB model were taken
from Hoogzaad et al. (2002). For the tip of the AGB model, we
assumed that the luminosity of the star was the same as in the
post-AGB phase (L ≈ 3.1 × 103 L�). Furthermore, we assumed
that the mantle of the star was extended and fully convective
such that it would have been on a Hayashi-track while on the
AGB (see Schönberner 1979). Its effective temperature would
have been given by Teff = 103.8 (L/L�)−0.08 ≈ 3300 K. This
approximation likely yields a too high effective temperature.
However, for a sufficiently optically thick envelope the exact
value of Teff is irrelevant for the emerging spectrum (Sect. 5.1).
The outer radius of the envelope was assumed to be the same
as for the post-AGB model. The mass loss rate on the tip of the
AGB was taken to be Ṁ = 5.1 × 10−4 M�/yr (Hoogzaad et al.
2002).

The post-AGB model for HD 161796 (lower panel Fig. 11)
still shows some clear discrepancies with the ISO spectrum.
These include an overestimation of the flux near 20 µm, and
an underestimation of the flux near 60 µm. These discrepancies
may be resolved if the envelope is made somewhat colder, i.e.
by moving the inner radius outwards. Important for the current
discussion is that the predicted strength of the water ice features
is now in much better agreement with the observation. In par-
ticular the 43 µm feature is well fitted by the model. The water
ice features are also much more pronounced in the AGB phase,
and the ice formation process during this phase is more effi-
cient. For the depletion we now find ∆ ≈ 50%, while for the
ice mass fraction we find Mice/Mdust = 12%, assuming a dust

to gas ratio of 3.7 × 10−3 (Hoogzaad et al. 2002). Also, much
more crystalline ice forms compared to the previous models
(∼12% of the total ice mass).

The more efficient ice formation process and stronger wa-
ter ice features for HD 161796 are caused by its relatively large
Ṁ/L ratio compared to those from the evolutionary tracks of
Blöcker (1995b) and Blöcker (1995a). On the tip of the AGB,
this ratio is respectively a factor 68 and 18 larger than those for
the 3 and 5 M� stars listed in Table 2. For a model less massive
than 3 M�, which may be more applicable for HD 161796, the
difference will likely be even larger. The above considerations
thus suggest that the mass loss rate formula given by Blöcker
(1995b) in Eq. (13) still greatly under-predicts the actual mass
loss rate on the AGB. Finally note that a larger Ṁ/L ratio
will also increase the column densities discussed in Sect. 5.2.2,
which may bring them closer to the observed values.

8. Summary and conclusions

In this paper we presented a detailed model that predicts the
infrared spectra of AGB stars and Red Supergiants under the
influence of ice formation. The model self-consistently takes
into account the formation of water ice by gas phase condensa-
tion on pre-existing silicate grains.

We find that in a typical AGB model (L = 104 L�, Ṁ =

10−4 M�/yr, vexp = 15 km s−1) the ice mass fraction is 2%. Only
1% of the ice, i.e. 0.02% of the total dust mass, is expected to
be crystalline. This leads to no detectable spectral structure in
the 30–100 µm region since the resulting features are broad and
very weak.

In a parameter study we have explored effects that may in-
crease the crystalline ice fraction. A larger wind density due
to a higher mass loss rate or a decreased gas outflow velocity
both enhance ice formation and reduce the destructive effects of
sputtering. Sputtering is also reduced by lowering the stellar lu-
minosity. Since ice formation is most efficient on small grains,
changing the dust size distribution to favor small grains also
increases the amount of ice that is formed, and consequently
the strength of the features. However, even in extreme cases,
the features reach a strength of at most 3% above continuum
on the AGB.

In order to study the visibility of ice features in the
post-AGB and PN phase, we followed the evolution of the spec-
trum due to the expansion of the dust shell and the change in
stellar temperature, using post-AGB tracks for a 5 M� star.
For this 5 M� star, a weak 43 µm is visible throughout the
post-AGB phase. In the 3 µm region an absorption feature is
seen which is first dominated by crystalline ice and later by
amorphous ice. This change in lattice structure is caused by the
interstellar UV radiation field. With progressing shell expan-
sion this field penetrates deeper into the shell and amorphisizes
the initially crystalline ice. The same amorphization makes the
43 µm feature disappear when the star enters the planetary neb-
ula phase. We find that the strength of the 3, 43 and 62 µm
features decreases with decreasing ZAMS mass.

The overall weakness of the ice features is not caused by
the amount of ice formed, but by the fact that it is amorphous.
Our model calculations show that a significant fraction of the



1116 C. Dijkstra et al.: Water ice growth around evolved stars. II.

ice (typically 30%) initially forms as crystals, but is quickly
amorphisized by interstellar UV radiation. In order to increase
the amount of crystalline ice, the dust grains must be protected
from UV radiation. We have considered a number of ways to
do this, including clumpiness of the wind, axisymmetric mass
loss, and very high mass loss rate over luminosity (Ṁ/L) ra-
tios. All these mechanisms increase the column densities and
therefore the optical depth at UV wavelengths. We showed that
all three mechanisms can provide protection, and have demon-
strated this for the high Ṁ/L scenario with a model fit to the
post-AGB star HD 161796. We were able to reproduce the
strong crystalline ice features seen in this star by combining
a low luminosity with a very high mass loss rate. The Ṁ/L ra-
tio required to fit HD 161796 exceeds the one derived from the
mass loss rate formulae used in stellar evolution calculations by
Blöcker (1995b). Therefore, HD 161796 must have undergone
a very strong superwind phase (either spherically or only in
an equatorial region) just prior to leaving the AGB. This strong
superwind is not only required to fit the overall SED, but also
too provide the conditions necessary to form large amounts of
ice and to keep this ice crystalline.

The presence and strength of crystalline ice features in
AGB and post-AGB stars therefore provides an independent di-
agnostics for the conditions present during the superwind phase
at the tip of the AGB. Further studies into the ice formation, in
particular detailed fits to individual objects taking into account
both the 3 µm and the 30–100 µm spectral regions will likely
provide a better insight into the evolution of such objects.
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