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Water ice growth around evolved stars
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Abstract. We present a model of the growth of water ice on silicate grains in the circumstellar envelopes of Asymptotic Giant
Branch (AGB) stars and Red Super Giants. We consider the growth of ice by gas grain collisions, the thermal evaporation of
ice from a grain, and sputtering. Our model contains several improvements compared to earlier models, including a detailed
treatment of the fects of sputtering, a detailed calculation of the radiation pressure on the grain, and the treatment of subsonic
drift velocities. In terms of drift velocity between the grains and gas in the envelope, we find that the ice formation process can
be divided into three regimes: (i) a sputtering dominated regime where ice growth is heavily suppressed, (ii) an intermediate
regime with moderatelyf@cient condensation and (iii) a thermally dominated regime where ice formation is hijicigmet.
Sputtering is the critical factor which determines if ice formation can occur at all. We find that in Red Supergiants, ice formation
is suppressed, while the winds of @R stars allow for éicient condensation and can convert significant fractions of the
available water vapor (tens of percent) into ice mantles on grains. Population Il AGB stars hardly form ice due to their low dust
to gas ratios. We also modify an analytical equation describing condensation and depletion (Jura & Morris 1985) in order to give
reasonable results for high and low drift velocities. Initially, ice will condense in crystalline form, but continuing condensation
at low temperatures, and damage caused by interstellar UV photons favor the production of amorphous ice as well. We predict
that a significant fraction of the ice formed will be amorphous.
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1. Introduction (e.g. OH maser emission). An understanding of the ice con-
) ) __densation process is therefore critical for the interpretation of

Asymptotic Giant B_ranch (AGB), stars re.present .the fmi%'oth the solid-state and the molecular diagnostics of AGB en-

phases of the evolution of stars with low or intermediate Ma%lopes.

Sequence (MS) mass €IM < 8 Mg). During the AGB phase,

which lasts some Foyr, stars expel matter at a high rate Observations reveal that water ice is an important solid
(107 to 104 My /yr) Méss—loss increases over time. eventatate componentin the circumstellar environments of evolved
O] . ]

ally reaching rates in excess of FM,/yr. The outflowing stars. Water ice is found in the environments of AGB stars like

matter creates a dusty molecular circumstellar envelope thBF' 26.5+0.6, OH 127.80.0, OH 231.84.2 (see Omont et al.

may completely obscure the central star. As the dust is drivﬁi}io' and dreferienzcoe(;sztherlein), pOSt'AE)GF stﬁ:s lli\lkéglg:;lo%l?%
outwards by radiation pressure of the central star, it drags i?°92aad etal. ), planetary nebulae like (see

molecules in the envelope along with it. Given the right cof:Y: Molster et al. 2001), and at least one Red Super Giant,

ditions, some species of these molecules may condense d}%l‘ Cyg (Molster et aI._2002). In th_ese enwronments it has
the grains as ice further out in the outflow. The ice on the?éa'nly been observed in a crystalline state. This has to a
grains forms an important diagnostics. It can be detected By9€ extend been _dedut_:ed from the presence of bothand3

its infrared features and provides information about the phy@i-d 60um feature in theidnirared Space Ot_)servator&SO,

cal conditions in the envelope. Ice mantles may also be chelgssler et al..1996) spectra. Detailed studles. of these spectra
ically important, for example for the formation of carbonate€?" t_)e found in e.g. Barlow (1998) (who describes the features
(Kemper et al. 2002) or hydrous silicates. At the same time, ta)e' d|f_ferent types of sources) and Sylvester et al. (1999, who
condensing molecules disappear from the gas, and the ass %?—C”be the features for AGB QiR stars specifically).

ated emission of molecular lines becomes weaker. This applies!n this paper we present a detailed model which describes

both to the main ice molecule (e.g®) and derived speciesthe growth of water ice on silicate grains in the circumstellar
envelopes of oxygen-rich AGB stars. The model is also ap-

Send gprint requests toC. Dijkstra, plicable to Red Super Giants. The general conditions for the
e-mail:di jkstra@astro.uva.nl formation of water ice in circumstellar envelopes have been
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described and discussed by Jura & Morris (1985, hereafter risfthe radius of the grain ards the speed of light. Equation (1)
ered to as J&M). Their model includes most of the major praray be simplified to

cesses involved in the formation of ice. However, as was al- 5
ready pointed out by J&M, two ingredients are missing in thef, 4 = Qabd- (9) (2)
model: sputtering (the mechanical removal of ice lattice parti- r

cles from the surface of the grain by energetic collisions withhereL, is the total luminosity of the star, i.e. the luminosity
gas patrticles) and subsonic drift velocities (i.e. subsonic veldotegrated over alR. Qaps is the mean absorptivityfgciency
ity differences between the dust and gas). We will show, thathtegrated over alk with respect to the local energy distribu-
detailed treatment of these ingredients is necessary if we wiin. In Sect. 2.7 the calculation Japs, Will be discussed in
to properly describe the ice formation process around evolveettail.

stars in a broad set of circumstellar environments. Compared to The drag force is given by

the J&M model, our model also improves the calculation of the

radiation pressure on the grain, taking into account the optiq;%;rag _ ﬂazpvzh /%32 e 3)
properties of the grain and the spectral energy distribution o N o
the driving radiation. as discussed by Dominik (1992). Hesds the mass density

In Sect. 2 we give a complete description of the modedf the gas in the envelope, whilg, is its thermal speeds is
while in Sect. 3 the results of the model will be presented agéfined to begit /v Whereuvgsir is the drift velocity, i.e. the
discussed. In Sect. 4 we apply our model to an/iBHstar, a velocity of the dust grain with respect to the gas.

Red Super Giant and a population Il AGB star and discuss why Equation (1) or (2) together with Eq. (3) can be solved for
ice does or does not grow in the circumstellar environmentstgk drift velocity of the grain. Settingaq equal toFgrag We
these stars. The conclusions of this paper are given in SectpBtain
Sect. 3 will include discussions on 1) thffexts of mass-loss

rate, grain size and drift velocity on ice formation, 2) the dis- 32 32\2 Frad  \°
tance dependence of ice formation and the question whetbft = Uth (g) + (W) :
crystalline or amorphous ice will form, and 3) the derivation gast
of a generally valid analytical expression for the depletion ofy is an important quantity for the model since, as we will
water vapour from the envelope. show later, for supersonic drift velocities it determines both the

In a future paper (Dijkstra et al., in prep.) we will describeate at which water molecules are collected from the gas and
the observational applications of our model calculations in didse rate at which these molecules are sputtered from the grain’'s
tail. In that paper we will use the model to predict the infrareglirface again, thus influencing the amount of ice that forms.
spectra emitted by evolved stars under the influence of the iagt also enters the expression foa/dr, the rate of change
formation process. The resulting spectra will be compared withradius of the icemantle as a function of distance to the star,
observations of individual stars, and used to derive their stellsthich we will derive now.
parameters. If dV is the change in volume of the grain as it collects

dNn,0 water molecules, each occupying a voluwigo, from
the gas in the envelope, then we have

2. The model dv  dNgoVa.o
da _ 2 2 .

= = 5

2.1. Radiation force, drag force and drift velocity 4ra? 4ra? ©)

o ) ) The above equation assumes that all water molecules are dis-
A silicate grain near an AGB star, will be blown away oMy, e q uniformly over the grain surface, i.e. the grain remains
the star by radiation pressure. As the grain moves away frQity, o rical at all times. For a given time intervdl dNyo is
the star it travels through the circumstellar envelope which S%Ji;/‘:en by (i) the rate at which water molecules from tﬁe gas in
rounds the AGB star. On its journey the grain will hit gag,
molecules in the envelope. The collisions create a drag force(ﬂ?the rate at which water molecules are lost from the grain
the gra_in.We will_a_ssume that the d_rag force will be in equ_iliqj]ue to evaporation, i.e. the evaporation rZg and (ii) the
rium with the radiation force at any time and place. We défing oq 4t which water molecules are lost from the grain due to

to be the distance of the grain from the center of the star. sputtering, i.e. the sputtering rafe, With the velocity of the

o (4)

e envelope are collected by the grain, i.e. the growthZgte

The radiation force on the grain is given by dust particle with respect to the star givendays; = dr/dt and
b the density of the ice in the mantle given fay. = % where
0 2
Frad = 4ra f QabsaHa dA (1) ™ is the mass of a proton, we find
c =0
da = (Zgr - Zev - Zsp)dtVHzo _ (Zgr - Zev - Zsp)VHZO dr 6
whereQaps, is the absorptivity iiciency of the grain at wave- =~ — Ana2 - Ara20qust - (6

length A, andH, is the local Eddington flux at wavelengih
For the calculation oH, we use the radiative transfer pro
grammewmobust (Bouwman 2001), which models the (emerda om,

gent) spectrum of a spherical dust shell around a centrabstag, ~ W(ng = Zev = Zsp)- )

yielding
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varie €nters Eq. (7) if we note that it can be expressegy@s= from a surface is equal to the rate in which the water vapour
vdust—Vgas Wherevgasis the speed of the gas in the envelope witbondenses into ice on the surface. If the water gas pressure

respect to the stargasis assumed to be an input parameter a$ larger (lower) tharp{,*;r? ice will grow (evaporate). We can

the model. With this expression f@ we will now studyZy, (based on the Clausius-Clapeyron relation) exppsés as
Zey andZsp in more detail.

H20 5600K
P = Prjo—— = 16 10% (%) (13)
2.2. The growth rate, Zg, M0

Assuming a Maxwell velocity distribution for the gas, the rateherepy,o is the water gas pressure in dyndmigy is the

at which the dust grain collects water molecules from the gasmber density of water vapour moleculegajo = p\':';r? and
is given by (Dominik 1992) Taust IS the temperature of the grain (Kouchi 1987; Hoogzaad

» HhO 2001). We assume thaitst = Tgas We will needpigs in our

_ anaA Uy Nh,0 calculation of the evaporation raté,,.

' Vo S0 The evaporation rate can be calculated frpl?@ff, using

Vi ) that in thermal equilibrium (TE) the growth rate must equal the
X 7(2§|20 + 1)p(Sn,0) + SH,0€ 20 (8) evaporation rate, i.&Zy = Zey. The growth rate for a grain in

TE is given by Dominik (1992) as (see also Eq. (12) in the limit
wheren,,o is the number density of water molecules in the gas,,o < 1)
«a is the sticking probability of a water molecule on the grain’s

surface. 2 H,0 of?°
Udrift Zor = adr@ Mgy 2% (14)
S$H,0 = H,0° (9)
Uth UsingZey = Zy, @ = 1 and combining Egs. (13) and (14) we
2 (s, find
Mool == [ e (10) 0
Vi Jo Zoy = 4nalnl20th
v vap 2\/;
is the error function and HO HO
2 2
= 47Ta2n|-| o) pvap Uth
U:-rllzo _ 2kTgas (11) > Ph,0 2V
18m, H.0
= 2% MH.0 (15)
is the thermal speed of the water molecules in the Gas.the Vo S

temperature structure of the gas and dust in the envelope as a ] 0 )

function of distance to the central star, may be given as a poWéere we have definel = pw,o/piép as the supersaturation

law or calculated using radiative transfer codes. ratio. If S < 1 ice evaporates from the surfaceSif> 1 it will
The sticking probability will be assumed in our calculationg"oW (&s discussed at the beginning of this section).

to be equal to one, since most of the ice formation will happen

at low temperatures and with water molecules sticking to ang. The sputtering rate, Ze

ice surface. Because of the dipole forces in water ice, sticking ) ) ) o
is likely in this case. However, initially ice will grow on sili- AS the grain moves outwards it experiences head-on collisions

cate cores and possibly on other materials, where sticking ¥4t gas particles in the envelope. Most of the gas in the enve-
to rely on van der Waals forces only. In this case it is possid@P€ is present in molecular form and its main constituents are
thata will drop below unity. Also at high drift velocites stick- molecular hydrogen (¢, helium (He), carbon monoxide (CO)
ing may become inficient. While we don't treat the velocity and molecular nitrogen (). As these patrticles collide with the
dependence af, ice growth becomes automatically fiieient 9rain, they may, for large enough drift velocities, mechanically

For the limiting cases of small and large drift velocitiggs is known as sputtering. We assume that the original silicate
may be written as grain, which is the core of the dust particle, is not destroyed

by sputtering. To incorporate theféects of sputtering in our

. e model, we follow the treatment by Woitke et al. (1993), who
Zy = odna nHzoz\/,—r P Spo <1 (12) describe the sputtering process in detail. We have used their

equations and will write them down below for completeness.
We ignore chemisputtering, i.e. the removal of ice lattice parti-
cles by means of chemical reactions with other species.

2 .
an@ Ny,olvaritl © SH,0 > 1.

2.3. The evaporation rate, Z,

] ) ! The silicate core is held together by chemical bonds, while the
Consider a mass of water ice surrounded by water vapour. §&€ mantle is held together by physical bonds. Chemical bonds are

vapour pressure of wates , is defined to be the equilibrium generally stronger than physical bonds. This makes them less sensitive

pressure at which the rate in which the water ice evaporatesputtering.
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In order to calculate the sputtering rate for a specigs,;, 2.5. Depletion

we first derive the collision rate of the dust grain with th?\es th . wards it collect ¢ lecules f
species. In the regime of supersonic drift velocities this rath € grain moves outwards It collects water molecules from
the gas, which are then no longer available to interact with new

is given b AR
g yz grains, i.e. the water molecules are depleted from the gas. The
Zeolj = Nima@ vgrift (16) effects of depletion are incorporated into our models, by calcu-

wheren; is the gas number density of spedieBhe assumption lating the dfects of the passage of grains on the number density

of supersonic drift velocities at this point does nfieat the re- Of water molecules in the gasy,o. We have
sults of our model, since in the ice forming regions (as we wi

: A " Ngust dN 2n
show later) sputtering only occurs at supersonic drift velocities—22 = ——u! d':zo - ero (21)
Second, we calculate the sputtering rate for each species usin Ygas
Zspi = Zeoli Yapi (17) forthe change imy,0 as grains move a distance away from

. . . . the star in a time intervaltchnd collect iNy,o water molecules
where Yy is the sputtering yield for speciés Yspi can be from the gasngystis the number density of dust grains in the
calculated from (Roth et al. 1978; Bohdansky et al. 1980}, e10ne. The first term on the right hand side of Eq. (21) takes
Strazzulla et al. 1985) into account the depletionffect. The second term takes into
0.0064%)45/3(;)71‘(1 _ Eg.i)% gccount t_he ﬁeqt that as grains move outward, the surround-
o _ ing gas dillutes into a larger volume and therefoggo drops.
Yopi = + B> Eai (18)  pissociation of HO molecules by the interstellar UV field may
0 : Ei < Eqj. also lead to a decrease of the available molecules. We have ig-
nored this &ect. It will only be important for low mass loss
In these equatiors; = 0.5muqrin” is the impact kinetic energy rate stars, where (as we will show below) sputtering prohibits
of 'Fhe species as |ts.coI_I|(.jes with the grain amd__: ﬁ. ice formation.
m; is the mass of an individual member of a speci@ndny is  ngy,is calculated using
the mass of a (target) lattice particle. In our case this is equal to )
the mass of a water molecule, ireg = 18m,. The sputtering 3M fqg

threshold energyE.;, is given by WSt T Gr2a03pail 20gust (22)
E .om .
£ yi(lfyi) ) ESO'B’ (19) where M is the gas mass-loss ratyg is the dust-to-gas ra-
e my5 . m tio, ag is the radius of the silicate grain, and hence the initial
8Ep(;)” : - >03

radius of the core mantle grain that forms as ice grows on it,
whereE; is the surface binding energy of a lattice particle oandpy; is the bulk density of a silicate grain (which we took
the target material. Sputtering shows a threshold behaviagrbe 3300 kg m®). Due to the generally small values g
Only particles with sfficient energy, i.eEj > Ec, are able (fy, ~ 0.01) we assume tha¥l is not just the gas mass-loss
to remove lattice particles. Particles wilh < Ec; are not. rate, but the total mass-loss rate.

The value ofEy, differs for each material and is lower for wa-

ter ice E, = 0.1...0.37 eV) than for silicates like MgSi© . )

(Ep = 4.5 eV). Notice thaEy, is roughly an order of magnitude2-6- Crystalline or amorphous ice

larger for MgSiQ than water ice, which at least qualitativelyice can exist in a crystalline or amorphous state. Crystalline ice
justifies our assumption above that only the icemantle is & form if the mobility of the water molecules on the grain
fected by sputtering and not the silicate core. Representatiygface is large, and the flux of water molecules on the surface
values ofE, for different species, including those mentioned re|atively low. In this case, each water molecule haBaiant
here, are listed in Table 3 of Woitke et al. (1993). time to relax to a low energy configuration and hence help in
Finally, with the sputtering yield for each species calculatgfe creation of a crystalline lattice. Amorphous ice forms when
we can now calculate the sputtering rate for each individu@le mopility of the water molecules on the grain surface is small
species and from this the total sputtering i&jgusing (if there  and the flux of water molecules on the surface is relatively high.

areN species) Now the water molecules have no time to relax to a low en-
N ergy configuration, resulting in an amorphous structure. A high

Zsp = Z Zspi. (20)  (low) mobility of the water molecules can be achieved at high
i=1 (low) temperatures.

Another process which may lead to the removal of ice from In the infrared, crystalline ice will emit solid state features
the grains is grain-grain collisions. Grains offdrent sizes at 43um and 6Qum (Bertie et al. 1969), while amorphous ice
andor optical properties will drift through the enevelope at difwill emit at 43um but not at 6Qum (Moore 1999). In order
ferent speeds and can therefore collide at significant speddscorrectly predict anr explain the infrared spectra emit-
Since the current models assume a single grain size, relatie@ by the circumstellar envelopes of evolved stars, and hence
velocities between grains are zero and thiea can be ig- the physical and chemical conditions inside these envelopes,
nored. However, in a future study with grain size distributionthe question whether crystalline or amorphous ice forms must
it should be taken into account. therefore be addressed. We will present the spectra emitted
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by (the grains in) the circumstellar envelopes in a future paence the spectrum that the final grain will emit. In Sect. 3 we

per. For completeness however, we already include the crysll therefore include the issue of the UV radiation from the

talline/amorphous ice discussion in this paper. ISM into our discussion where needed.

To investigate whether crystalline or amorphous ice will

form we check if the following condition, originally derived .

by Kouchi et al. (1994), is full-filled ’ 2.7. Calculation of Qabs.1
As the grain collects ice it increases in radius and its optical

Far < Ferit (23)  constants, and hen@@uys,, will change. The change i@aps,

g/ill affectFrag, and savgyire. This in turn will influence the (fi-

nal) radius of the grain. We therefore calculQg,s, at each

r to incorporate this ffect. Based on the value of the size pa-

where¥y, is the growth flux of water molecules per unit are
and¥ ¢ is the socalled critical fluxfry, is given by

F Zye 5 rameter,x = %" we either apply the routinsucoar (taken
- (24) " from Bohren & Hufman 1983: used whex < 30) or an ef-
hile 7.+ is i b fective medium calculation in combination with a MIE calcu-
WIIE Ferit 1S gIVEN DY lation (Bohren & Hufman 1983: used whex > 30) to deter-
—(ﬁ) mine.Qabsﬁ. The optical cpnstants used in our calculations for
- Dy(0)e \laust (25) the silicate core and the ice mantle were taken from Suh (1999,
Qjattice” cold silicate data) and Bertie et al. (1969) respectively.

whereDg(0) = 1.74 x 10' m?s%, k is Boltzmann’s constant _ _

andEs/k = 4590 K. aatice is the lattice constant of water ice,3. Results and discussion

Wh'ChS'S :152'2 V\f Wg!t_oncezzrgn ore assume t?ﬁﬂ’”s‘bz Taas In, this section we present and discuss the results of the ice
(seg ect. 2.3). Condition ( ). summarizes the above con pdvvth model described in the previous section. First, we will
erations about whether crystalline or amorphous ice will for Iscuss the fect of M and the initial grain sizego, on the for-
Indeed, if, at a certain temperature (and therefore a certain Mftion of ice in the circumstellar envelope. Second, we will de-

bility of the water molecules on the S“”‘?C‘* of the grain), tns(?:ribe the fect ofvgrir andag on the depletion of water vapour
flux of water molecules on the surface is lower (larger) th

S . . - Fom the envelope. Third, we discuss the distance dependence
a certain critical flux, crystalline (amorphous) ice will form

F let te that a di . the f t‘of ice formation and address the question whether crystalline
or compieteness, we note that a discussion on the forma b?namorphous ice will form, followed by a discussion on the
of crystalline or amorphous Carbon, in essence similar to tq

. T . %e of spectra produced by the core mantle grains formed in

glvzn tf;]gréa for V\;]ater |ceir|]s tgg/etn by_Gall tﬁ Stedlma}/r. (19tﬁ4)t'the envelope. Fourth we derive a generally valid analytical ex-

Ird mechanism that determines the type of Ic€ hal \pession for the depletion of water vapour from the envelope.
formed, besides fluxes and temperature, is UV radiation fr

: ) ally, we apply our model to individual stars and compare
the Interstellar Medium (ISM). Experiments done by LepauJJtur re);ults WEE stervations on these stars P
et al. (1983) and Kouchi & Kuroda (1990) reveal that UV radi- Our discussion on the above topics will largely be based
ation can alter crystalline ice into amorphous ice when the tem- models of circumstellar envelopes withranging between
perature is below 70 K. Thi; happen; un.der the releas;.eZ.of 7 and 10° Mo /yr. The choice of modelling/l above the
gas. Above 70 K the crystalline water ice is able to repair its ore conventional upper limit of T M. /yr is based on ob-
from UV radiation damage and remain crystalline. Moore

. ervations of the post Red Super Giant binary system AFGL
Hudson (1992) have shown that the unaltered fraction of CIYSio6 (Molster et al. 1999) and the post-AGB stars HD 161796

te_llline water ice under the influence of UV radiation, can 0ogzaad et al. 2002) and IRAS 16342-3814 (Dijkstra et al.,
given by in prep.). All these systems are thought to have experienced
®(D) = e™P. (26) mass-loss rgtes of_ severa_l timegﬁﬂ’l@ /yr up to 103 Mg /yr
at some point during their history, or at least have had den-

In this equatiord(D) is the unaltered fraction of crystalline wa-sities in the wind that, assuming spherically symmetric mass-
ter ice after it has been irradiated with a d@sef UV radiation. loss, would require mass-loss-rates of the order of M, /yr.
D is given in eV.k is given in moleculg®V and is a measure Calculations of models wittM above 10* M, /yr therefore
for the amount of water molecules in the crystalline lattice thagem justified. The models contain a number of assumptions.
can be reordered into an amorphous structure for each eVEaich envelope is composedsfgle sizegarticles with radii
UV radiation suppliedk depends on the temperature of the icaf either 001, 010, 100 or 100 um. The initial abundance of
A graph showing this dependence is given by Moore & Hudsavater vapour (by number with respect to H,kgéo =1x10",
(1992):« increases with decreasing temperature, meaning tiidie dust-to-gas ratio is equal fgy = 0.01. The velocity of the
for lower temperatures one eV of UV radiation can be useddas is given bygas = 15 kms®. The central star has arffec-
amorphousize a larger fraction of ice. tive temperature oT¢¢ = 3500 K and a radiuR, = 300R,,

At present, our model does not include theets of the yielding a luminosityL, ~ 1.2 x 10* L. We will address the
UV radiation from the ISM, since we expect itfects on the importance of these assumptions where needed.
ice formation process to be negligible. However, we do recog- We used the radiative transfer programmeoust (see
nize its importance regarding the type of ice that is created, a®elct. 2.1) to provide a correct physical description of the
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£ 0157 o times 10° to 104 My /yr, i.e. during the SW phase of an AGB

£ O=lnitial Size of Silicate Grai 0=0.01

g [ a nitia lze O icate ram a Mme Star (See SeCt 1)

(AN i

©

Q 0107 ] 3.2. Mass-loss rate, drift velocity, initial grain size

f 40=0.10um | and abundance

§ I Figure 2 shows two contour plots df(e), the final water

g 0057 vapour abundance in the circumstellar envelope after ice forma-

£ 1 00u | tion relative to the initial abundance}?°. In the upper panel

0 -l of the figuref (o) is shown as a function @ andM and given

5 0.00 B 514,00 1 in percentages. The contours, except for the 99% contour, are

e e T shown at 5% intervals. The unrealistic small scale curvatures
1078 1077 107 107 10* 4079 1072 in some of the contours (see e.g. the 90% contour) are due

Mass Loss Rate (Msun/yr) to the interpolation of the contour values on the low resolu-

Fig. 1. The relative increase in the mass of the core mantle grain (Whté(r)]n grid and may be ignoredl is varied between 10 Mo/yr

) 3 i Ei
the complete ice mantle has formed) as a functiokl dér initial grain and 10~ Mo/yr. These values correspond to those in l_:lg._ 1.
sizesag = 0.01, Q1, 10 and 100 um. For more details see Sect. 3.1. The lower panel shows the same contour plot, but this time

with vgrie instead ofM on the horizontal axisugri decreases
as M increases. Also shown in both contour plots are lines

temperature and radiative flux in the envelope. For (very) hidtflicating wherexir reaches the critical velocity for sputter-
mass-loss rates, and hence high optical depthsmthesr N9 by He, veri,, (~9 kms™?), He, very,, (~6 kms™), and CO
models do not fully converge. When this problem occured, v@d N, veriteo = erity, (~3 kms™), and the sound velocity
resolved it by moving the inner radius of the circumstellar e@t 100 K, cs (~0.6 kms1). The “No Ice Formation” labels in
velope outwards. Our results will not be severeffeated by these plots identify the regions where no ice formation occurs.
this. The “No Stars” label in the lower contour plot indicates the re-
gion whereM exceeds 1& M, /yr and no stars are expected

. . observationally.
3.1. Mass-loss rate and initial grain size )
The upper panel of Fig. 2 shows thifw) decreases as

In Fig. 1 the relative increase in the mass of the core mamtincreases anidr a; decreases. Also, ice formation becomes
tle grain (when the complete ice mantle has formeff), is more and moreféicient, as is suggested by the increasing den-
shown as a function df1 for a = 0.01, 01, 10, and 100 um. sity of the contours. As was discussed in Sect. 3.2, an increase
Figure 1 shows that for a gives ice formation becomes morein M leads to higher densities and lower drift velocities, and
efficient asM increases. For an increasihg, the densityp, hence larger growth rates and less sputtering. This promotes
increases and the drift velocityin decreasés The increas- the formation of ice and makegco) smaller. A decrease imy
ing density increases the growth rate of the ice on the graitlso leads to lower drift velocities, i.e. less sputtering, and (at
while the decreasing drift velocity lowers th&ect of sputter- a fixed M) it increases the total collecting area of the grains.
ing on the grains, leaving newly formed ice layers intact angain, this promotes the formation of ice and makdso)
promoting ice formation as well. Figure 1 also shows that f@inaller. The obtained values fé(o) cover the full range be-
smaller values ody, significantice formation starts at lowkf.  tween 100 and 0%f (c0) = 0%, which corresponds to a total
For smallerap, vqrit is lower and sputtering is less importantireeze out of all water vapour from the circumstellar envelope,
again leaving newly formed ice layers intact. In Sect. 3.2 we obtained in the most extreme cases, wher: 10-3 Mo/yr
will come back to the importance of sputtering. andag ~ 0.01um.

We conclude that small grains have the best ability to grow The contours off (o) in the upper panel of Fig. 2 run par-

ice and will most likely dominate the ice formation procesg | 1 the lines which indicate where the drift velocity reaches
if present in sfficient relative numbers. In grain size dlstnbufhe critical velocity for sputtering by H He, and CO and N

tions we generally expect small particles to dominate (see &y qagting that the drift velocity is (indeed) a very important
Dominik et al. 1989). We may thus expect that models with ;2 yiity in determining how much ice will grow. This is illus-
small single sized particles and grain size distributions wi ated in the lower panel of Fig. 2.

yield similar results. If we for the moment take the behaviour

of the smallest particles as typical, the curvedgr= 0.01um In the lower panel the contours depend (almost) only on
suggests that modest ice growth may already start at md@gﬁ.and not ongo. This allows us to characterize the ice for-
loss rates of 16 Mo /yr and that major ice formation only setgMtion process in terms afyir. The lower panel of Fig. 2

in when the mass-loss rate is typically of the order of seve®{]OWs that for any given particle size, ice formation is impos-
sible whenvgigr > Ucrity, - Whenvgi < Verity, IC€ formation is

2 AsM and hence increaeses the drag force on the grain increaséVitched on, even though He, CO angsiill cause sputtering.
The drag force must balance the radiative force on the grain, whithe amount of ice formed in this regime is modest however
remains approximately constant. Therefasg must decrease. (f(c0) = 92%). Sputtering ceases belowit = verite, = Uerity, -
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From now on we will define the regime abougi = verit., = it must be the decrease Tyyst which causes the breakdown of
Vcrity, @S the sputtering dominated regime. Betwegi ~ c; this condition. In this examplé 4, * 65 K when the transi-
andugritt = Verito = Ucrity, there is an intermediate regime wheréon occurs. So from 5100 AU and onwards, each new water
ice formation becomes increasingly mor@i@ent (as can be molecule that lands on the surface of the grain is immediately
seen by the increasing contour density), but still does not emmobilised, preventing crystalline ice to form. We find that
ceed 20%. At subsonic drift velocities, i.e. whefz < cs, (notshown)the grain has reached about 70% of its final radius,
f(c0) seems to become very sensitivar§g;, and a total freeze at the time the transition occurs. This means that a substantial
out of water vapour from the envelope occurs for the lowelaction of the grain will be composed of amorphous ice, in this
drift velocities @grirt ~ 6 x 102 kms™). case a volume fraction of 100€1(70/100¥) ~ 66%.

We emphasize that in the subsonic or thermally dominated Figure 3 shows the dependence of ice formation on the dis-
regime, it actually is notgyir that controls the ice growth, buttance towards the central star. For a given initial grain size, the
it is M that does. Equation (12) shows that for subsonic drfigure shows, as a function of mass-loss rate:
velocities the growth rate of ice on a grain does depend on the

densityp, and thusM, but not onvgir. Only the thermal mo- - Rstan the distance where ice formation starts (star symbols);
tions and density of the gas are important in this regime. The Rstwp the distance where ice condensation terminates be-
apparent rapid decline df(co) with vy is thus simply the ef-  cause of too low KO densities (diamond symbols);

fect of the increasing mass-loss rate of the star. In the sputter- Rzo k, where the temperature drops below 70 K. At higher
ing dominated regime it is alshl that we change, but now it ~ temperatures, UV damage in crystalline ice is immediately
is indeed the fect ofugyir that is truely important, since hereit ~ repaired, while at lower temperatures, UV radiation con-
controls the sputtering yields (see Eq. (18)), and thus for which Vverts crystalline ice into amourphous ice (squares);

gas species sputtering is switched on frlo the intermediate - Rcram, the distance outside which ice already condenses in
regime, bothM andug;it are important. In this regimp! sets amorphous form (triangles);

the density in the envelope, and thus the growth rate, and it par- Ruv, the distance to which interstellar UV radiation can
tially sets the value fopgit (varie depends on more variables — penetrate (crosses). Outside this radius, ice will be amor-
thanM alone).vg:it also sets the growth rate, together with the ~ phisized unless the temperature is above 70 K.

time that the dust spends in a certain (ice formation) region of

the envelope. We have definedRsiop to be the distance where the grain has

Figure 2 can be used to derive the abundance of Wa@{:\ched 98% of its final size. We determine the distance to
vapour in the envelope of an evolved star, keeping in miffghich the UV radiation can penetrate into the enveldhs;,

the assumptions discussed in Sect. 3. The assumptions thaP¥hgalculating where the UV optical depth of the envelape,
dust-to-gas ratio is given bfgg = 0.01 and the initial abun- (@t wavelengthst < 3900 A), reaches unity. Generally, at a
dance of water vapour b&)gzo — 1x 10 are an important distance from the central star we have (using Eq. (22))

aspect of Fig. 2. Wheriyg is lower (larger) tharfgg = 0.01, oo 3Quy fagM
the figure only provides an lower (upper) limit difeo), since Tuv(r)= qunaéndus(r’)dr’ =<'
there will be less (more) dust particles available to grow ice on. r L6ragpsiivaust
The efect of a changing}*° is not trivial since it is dependentand thus
on multiple variables that continuously change throughout the )
envelope (see Eq. (21)). Our models suggest that wighis  _ __ 3Quv fggM 28)
lower (larger) tharst?® = 1 x 107, Fig. 2 provides an lower ~ 167@psivausituv(r)

(upper) limit onf(c0). This is due to the overall decrease (mFrom this we calculatRyy = r(ruy = 1). We assume

crease) in the partial pressure of the water vapour, which briqgat Quv, the absorptivity ficiency for UV radiation by the
the starting point of ice formation more outwards (inwards) i rain, is given byQuy = 1 andugas = 15 kms. The shaded
the envelope, and the decrease (increase) of the total collegla in Fig. 3 indicate those regions where crystalline ice is

ing area of the .grains at any given d_istance. I.n Sect. 3.4 @B 4 In the unshaded regions amorphous ice forms.
analytical equation forf (o) will be derived that is generally Figure 3 shows that increasing the mass-loss rate gener-

applicable. ally movesRstars, Rstop, Rrok @ndReram inwards. So, ice forma-
tion starts closer to the central star, the final particle size will
be reached earlier, and the transition point where amorphous
We have investigated the question whether crystalline or amme instead of crystalline ice will be formed moves inwards.
phous ice will form in the circumstellar envelope. Our modélleanwhile,R,, moves outwards, due to the increasing opti-
shows that both types of ice may be present. As a typical @&l depth of the circumstellar envelope. For envelopes with low
ample we briefly consider a star wittd = 10° M,/yr and optical depths (i.e. envelopes with low mass-loss rates and or
a, = 0.01um. We find that as the grain moves away frorlarge dust particles), theffect of the UV radiation is gener-
the central star, initially crystalline ice will be formed, meanally important throughout most of the envelope, and will most
ing that condition (23) is met. At a distance of approximatelikely contribute to the formation of amorphous ice. However,
5100 AU and onwards, amorphous ice is formed. Since in cahe dfect of the UV radiation can be reversed in regions close
dition (23), 7 decreases as a function of distance to the sté,the central star, where the temperature exceeds 70 K.

(27)

3.3. Crystalline and/or amorphous ice?
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Fig. 3. Crystalline and amorphous ice formation, for stellar envelopes withih®(left panel) or 0.Jum (right panel) grains. Wind trajectories
run as vertical lines through this diagram from bottom to top. Thewint lines show locations where conditions for ice formation change (see
text). The shaded area indicates where crystalline ice is formed and can survive.

An increase of the initial grain size generally has a modelst = 10-° M, /yr and has particles of radigg = 0.01um in
effect on the distance dependence of ice formation. Comparitgyenvelope. As a grain moves away from this star, the first
the two panels in Fig. 3, it can be seen tRak Rstop R7o k  ice will condense on its surface afl500 AU. This ice will be
andRcram only show minor changes in general. HoweWyy  crystalline. In this model we found that the temperature at the
changes over an order of magnitude, getting closer to the stgart of ice formation is approximately 94 K (not shown). For
asap increases. This is again due to the decrease in the optited other models we typically we found values between 92 and
depth of the envelope. Théfect of UV radiation from the ISM 104 K. At ~5000 AU the temperature becomes too low to form
on the type of ice that forms is thus most important for stacsystalline ice. Instead amorphous ice will form. Finally, from
with on average large particles in their envelopes. ~20000 AU onwards, interstellar UV photons will (start to)

As an AGB star evolves its mass-loss rate increases op@mbard the surface of the grain, most likely destroying all
time. Figure 3 then suggests that the nature of the ice formatRfnthe crystalline ice that is present. A40000 AU most of
process will Change over time as well. So, to geta qua"tatiﬂ@i‘ ice will have _formed on the surface. Notice that if we had
impression on the evolution of the distance dependence of faken a star wittM = 10~* Mo /yr, the UV photons of the ISM
formation, one might wish to substitute the mass-loss rate W@uld only have become important after ice formation had al-
the horizonatal axis by a measure for the time that the AGBady ceased. Again, any crystalline ice still presentin the grain
stars has spent on the AGB. It must be noted however, thatslld most likely be destroyed.
the star evolves, its luminosity will increase as well, dieet

that is not incorporated in Fig. 3. . .
_ ) . 3.4. A recipe for making ice
To illustrate the use of Fig. 3, we will look at an exam-

ple given by the dotted line in the left panel. This exampl&&M derived an equation for the final abundan€éy) (also
shows how the distance dependence of the ice formation psee Sect. 3.2), of a condensable species, like water, in the out-
cess can be studied for a star which loses mass at a ratdélaf of an evolved star. The model of J&M considers the outer
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Fig. 4. (Left panel) The depletion (in percentages), as originally predicted by J&\,against the depletion calculated by our modelThe
solid line shows wheré;y = A. The inset shows a close up of the plot near the origin. (Right panel) Same as the left panel, but this time t
constraints from Eq. (32) are forced upon Eqg. (29) (or better, Eq. (31)). For details and a dicussion see Sect. 3.4.

circumstellar envelope of the star, where the matererial habereQuy ~ 1 andryy(ro) is a measure of the UV optical
reached its terminal outflow velocitygas It is assumed that depth betweemg and co. All other symbols have their usual
there is a condensation radiug, such that for < ro, there meaning. The depletion of the species from the gas phase is (in
is no condensation, while far > ro almost every molecule general) given by
sticks to the grain. Ice is collected by the grains through g S q1_ £ (c0) (30)
grain collisions and it is removed by thermal evaporation. The '
depletion of water from the gas phase is taken into accountlaghe left panel of Fig. 4 we plot the depletion as predicted
well. Two very important assumptions of the J&M model arby J&M, Ajm, against the depletion predicted by our model,
that 1) sputtering is unimportant, since J&M expect the drifor the circumstellar envelopes described at the beginning of
velocities of the grains to be less than 5 krh saind that 2) the Sect. 3.A;v (plotted on the horizontal axis) ard(plotted on
grains are moving through the gas at supersonic drift velocitiéise vertical axis) are both given in percentages. The solid line
Based on our results in Sect. 3.2 we can predict that assursipews whereA = Azy. The inset shows a close up view of
tions 1) and 2) will cause the J&M model to break down in réhe plot near the origin. It can be seen that for- 20% the
spectively the sputtering dominated and thermally dominaté@iM model underestimates the depletion, i.e. it overestimates
regime. In the sputtering dominated regime, J&M will predidghe truef (o). The points for which this happens are indicated
ice growth, while sputtering will heavily supresses or conwith stars. Also, forA = 0, the J&M model predicts that the
pletely block ice growth. In the thermally dominated regimdepletion is larger than zero, i.A;v > 0. Here J&M thus
the growth rate of the ice (also see Eq. (12)) will be underesverestimateA and underestimate the trugeo). The points
timated, and hence the amount of ice that grows. The equatfonwhich this happens are indicated with crosses. Finally, for
of J&M will only be valid in the intermediate regime, whered < A < 20%, the predictions of the J&M model generally
assumptions 1) and 2) do apply. In this section we will studygree with our calculations (these points are indicated with di-
the equation given by J&M, by applying it to the circumstellaamonds). For smalarge values oA in this range, J&M predict
envelopes described at the beginning of Sect. 3. We will cospmewhat larggiower values for the depletion however.
pare its predicted depletion for these envelopes to the depletionFor reasons discussed at the begining of this section, the
predicted by our model calculations of these envelopes. Baskshgreement between the J&M model and our model indeed
on this comparison, we will provide a modified version of theccurs in the sputtering dominated regime (crosses) and the
J&M equation that is valid in all regimes, i.e. the sputterinthermally dominated regime (stars), where we respectively
dominated, intermediate and thermally dominated regime. have small and large depletions (also see Fig. 2 in Sect. 3.2).
fhe intermediate regime (diamonds), where we have moderate
depletions, is reasonable well described.

The discrepancy in the thermally and sputtering dominated
regimes can be fixed once it is realized thaf in Eq. (29) is in
(29) factthe collecting speed of water molecules on the goaifict.

According to J&M the fraction of a species that remains i
the gas phasd(), is given by

f(co) = expla(varitt /vgad Tuv (ro)/ Quv)
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In the thermally dominated or subsonic regime this collectingill consider an OHR star, a Red Super Giant (RSG) and a
speed is set by the thermal motions of the gas. The grairp@pulation Il AGB star.

practically at rest with respect to the gas and only the thermal The depletionA, will be calculated in the following way.
motions of the gas particles determine the rate at which iE@st, we determiney,i from Eg. (33) and we check con-
is formed (this is expressed in Eq. (12); see the case whelfgon (32) to obtain the correatqiec. Second, we calculate
S,0 < 1in this equation). In the sputtering dominated regimgyy (ro) using Eq. (27), Withygust = vgrit + vgas Third, we use
this collecting speed mayfectively be set to zero since thereqe.; andryy (ro) to derive f (o) in Eq. (31). Finally, we use
is no net ice formation due to sputtering (i.e. no net collectigry. (30) to findA. All our models in this section will assume
of water molecules on the surface). In the intermediate regimt@itay = 0.1 um, psi = 3300 kg N3, Quv = 1, Qaps = 0.02
the collection speed is simply the drift velocity of the grain. Wghere we follow J&M) ,a = 1 andfqg = 0.01.

thus rewrite Eq. (29) into For the condensation radius we take=r1600 AU in the
case of the OHR and population 1l AGB star. This choice is

f = expt r 31
(o) PCalveotecy/vgadTuv o)/ Quv) (L) Pased on the results of Fig. 3 and seems to be a reasonable
with value when compared with observations (see e.g. Sopka et al.
H,0 ) 1985). In the case of a RSG we will takeg=+ 16 000 AU (see
max(vd ifts U2 ) Ucollect < Ucrit .
Veollect = { mit> Pth - reollect = Ferlly, (32) e.g.J&M and references therein).
0  Ucollect > Ucrity, -

Here verr,,, is ~9 kms? (see Sect. 3.2) and we t00f*° ~ 4.1, A typical OH/IR star
0.30 km s'1. With these new equations the predictions by J&M ) o
are in better agreement with our model calculations. ThisAstyPical OHIR star has a Ium|n05|ty50t* = 10° L. It
illustrated in the right panel of Fig. 2 where we have Co,lgsas mass with rates betwedh = 10~ Mo/yr andM =
rected for the flects of subsonic drift and sputtering. Noticd 0~ Mo/yr- The outflow speed of the gas is typicallyas =
that the thermally dominated regime and the sputtering dorhp KM s*. Taking ro ~ 1600 AU we find that the depletion
nated regime are much better described now. of water vapour is given b\ ~ 5% andA ~ 15% for

In a part of the sputtering dominated regime, the predi! = 10°° Mo/yr andM = 10°* Mo /yr respectively.
tions of J&M still sufer from sputtering by He, CO and,Mit We thus predict that a typical QIR star may show deple-
small values ofA. In the intermediate regime theyfger from tions of water vapour in its envelope up to at least 15%. In the
the onset of the thermal regime at the largest values dhis above calculations we find that the drift velocity is in the order
leads to respectively somewhat larger and smaller values f&uarit ~ 3 kms™ or lower. This is near or in the intermediate
dicted by J&M compared to our models. Thefdiences are regime where sputtering is unimportant and the grain moves

very modest however. supersonically through the gas. The absence of sputtering al-
In order to calculateqr in Eq. (32) for the intermediate lows the ice formation to occur. The predicted presence of ice
regime, we may use is in qualitative agreement with the infrared spectra of many
OH/IR stars, which indeed reveal the spectral bands of water
D = /Qast—*Ugas. 33) ice with a variety of band strengths (see e.g. Sylvester et al.
ait Mc 1999). Examples of typical O#R stars modeled in this sec-

This equation is an approximation of Eq. (4), valid whefion &€ AFGL 5379 (e.g. Olivier etal. 2001) and OH 26056

varift > Uth. FOr a discussion on this equation and a derivatiéﬁ'g' Meyer et al. 1998).
of it from first principles see for example Kwan & Hill (1977)
and Jura & Morris (1985). 4.2. A typical Red Super Giant

In summary we conclude that in order to calculb{e) for
a given (AGB) star, the original equation fé¢co) as derived A RSG in some sense resembles the massive counterparts of
by J&M will not suffice in many cases, unless thermal motiorAGB stars. Their MS mass is in the rangé8 < M < 60 M),
and sputtering are taken into account. This can be done by @8d like AGB stars they are surrounded by a dusty envelope. It
ing the modifications given in Egs. (31) and (32). In the nejg interesting to see if ice can grow near these stars.
section we will apply the results of our model calculations, and A typical RSG star has a luminosity &f = 2 x 10° L.
the modified equation fof(co) derived in this section, to indi- It may lose mass with typical rates betwedn= 10> Mg/yr
vidual stars. andM = 104 M/yr. In extreme cases the mass-loss rate may
near values oM = 103 My /yr (see e.g. AFGL 4106, Molster
et al. 1999). The outflow speed of the gas is typicajy =
30 kms?. Takingro ~ 16 000 AU we find that the depletion
of water vapour is given b = 0%, A ~ 2% andA =~ 8%
In this section we will calculate the depletion of water ice frorfor M = 107 Mo /yr, M = 10 Mo /yr andM = 1073 Mo /yr
the circumstellar envelopes offflirent types of stars, basedespectively.
on Egs. (27) and (31) thru (33). We will look at some of the Based on the results above we predict that near RSGs
details of the ice formation process around the modeled sthesdly any water ice will grow. Typically we may expect
and discuss why ice does or does not grow. As examples we< 2%. Only in extreme cases up to about 8% of the

4. The model compared with observations:
modeling individual stars
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water vapout may be depleted into ice. The main reason for and 3 km s ice formation becomes increasingly mofé-e

the inability of RSGs to form ice is that the drift velocity of

cient asugrit decreases, but no more than 20% of the water

the dust is generally too large. The above calculations show vapour will form ice. Whenygix < 0.6 kms™, more than

that for M < 107* M/yr the drift velocity will typically be
vait ~ 5 kms?t or higher. This is in the sputtering dom-

20% of the vapour may condense. In this thermally dom-
inated regime, it iV that controls the amount of ice that

inated regime where sputtering heavily suppresses or com-growths.

pletely blocks ice growth. The large drift velocities are mostlyb.
due to the high luminosities of RSGs. Only for extreme mass-

loss rates, likeM = 103 M, /yr, efficient ice formation is pos-
sible sincevg;it ~ 1.5 kms? (intermediate regime) and hence
sputtering is once more unimportant.

The presence of water ice towards typical RSGs (e @ri

Both crystalline and amorphous ice can be formed in cir-
cumstellar envelopes. In the outflow, initially crystalline ice
will form. When the dust temperature gets belew5s K,

the molecules are immobilised on the grain, preventing
crystals from forming and resulting in amorphous ice. A
substantial fraction of the grain may be composed of amor-

and VY CMa) has to our current knowledge not been frequently phous ice £66%).

reported in literature, although in the case of NML Cyg wate6. For an increasing mass-loss rate, ice formation starts closer

ice has been detected by Molster et al. (2002). Post-RSGs withto the central star, the final particle size will be reached ear-

signs that they had high mass-loss rates when they where stilllier, and the transition point where amorphous instead of
in the RSG phase do indeed reveal the presence of ice (e.g.crystalline ice will be formed moves inwards. In the mean-

AFGL 4106, HD 179821 and IR€10420 Molster et al. 2002).  while, the depth up to which UV photons from the inter-

This is in agreement with our findings in this section. stellar medium can penetrate into the envelope, and make

crystalline ice amorphous, moves outwards. An increase of

the initial grain size generally has modest or ifteet on

the distance dependence of ice formation. Only the depth

up to which UV photons from the interstellar medium can

penetrate into the envelope may change several orders of
magnitude, increasing for larger particle sizes.

For a star with a low optical depth envelope, tiffieet of

the UV radiation is generally important throughout most of

the envelope, and will most likely contribute to the forma-

tion of amorphous ice. However, thé&ect of the ISM can

be cancelled in the inner regions, where the temperature ex-

ceeds 70 K.

We have improved upon an analytical equation, originally

derived by Jura & Morris (1985), that predicts the depletion

of water vapour from a circumstellar envelope.

9. Applying our model results and the modified equation of
Jura & Morris to OHIR stars, RSGs and population Il AGB
stars, we find that OHR stars reveal depletions up to at
least 15%. Population Il AGB show very little depletion
due to the low dust to gas ratio of these stars/IBHtars

1. For a given grain size, ice formation becomes mdfe e  and population 1l AGB stars mainly occupy the interme-
cient as the mass-loss rate of the central star increases. Andiate and the thermally dominated ice formation regimes.
increase inM increases the growth rate on the grains and Water ice will not or hardly form in the circumstellar en-
reduces thefect of sputtering, promoting ice formation. velopes of RSGs due to the generally large drift veloci-

2. In acircumstellar envelope, small dust grains will dominate ties of the dust in their envelopes, caused by their high
the ice formation process if they are present iffisiently luminosities.
large relative numbers. Compared to large dust particles,
small particles have a better abillity to grow ice, since they
are less sensitive for sputtering and, for a fisddhave a References
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5. Summary and conclusions

The results of our study can be summarised as follows.
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