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Abstract. A proper treatment of the non-equilibrium dust formation process is crucial in models of AGB star winds. In this
paper the micro-physics of this process is treated in detail, with an emphasis @iethee drift (drift models). We summarize

the description of the dust formation process and make a few additions to previous work. A detailed study shoWertat di

growth species dominate the grain growth ratesfiéint drift velocities. The new models show that the fiketot of drift is to
significantly increase the amounts of dust, seemingly withfifatting the mean wind properties, such as e.g., the mass loss rate.

In some cases there is several times more dust in drift models, compared to the values in the corresponding non-drift models.
We study the formation of a dust shell in the inner parts of the wind and find that drift plays an active role in accumulating dust
to certain narrow regions. In view of the results presented here it is questionable if drift — under the current assumptions — can
be ignored in the grain growth rates.
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1. Introduction In this article we carry out a closer study of the micro-
physics of dust formation in the wind forming region of time-
A crucial aspect in wind models of asymptotic giangependent models, allowing drift. We begin by modifying the
branch (AGB) stars is the description of dust formation. It igescription of the grain growth process. Thereafter, results are
the radiation pressure on dust that with the support of the gfiscussed to assess therdf drift to the wind formation — and
closed pulsating star is believed to form and drive the magfe formation of dust shells. The purpose of this article is to
massive winds in these stars. A detailed time-dependent trggkus on the understanding of the wind formation using a few
ment of the dust formation is necessary since it occurs far fragpical models. A study closely related to this paper bydér
equilibrium. & SedImayr (1997, henceforth KS97) was concerned with the
In the second article in this series, Sandin &fRér (2003b, grain size distribution and dust formation in stationary mod-
henceforth Paper Il), we carried out a thorough study of ts including drift; their conclusions areftérent form those
effects of grain drift on the average outflow properties of sefound here. The detailed treatment of the dust material prop-
eral types of time-dependent wind models. The results of wigdties in time-dependent wind models was recently addressed
models allowing drift (drift models) were compared with thé a study carried out by Andersen et al. (2003, henceforth
respective non-drift models. A main finding was that drift, ifHGO03). The results showed significantférences depending
most cases, modifies the wind structure to a significant degfsethe adopted properties of the dust.
concerning outflow properties and their temporal variability. In  The modifications we carry out to include drift in dust
particular wind models that use a more realistic gas opacfgrmation processes are first described in Sect. 2. Then the
are dfected. The work presented in this article is based on tAwdeling procedure is presented together with a discussion on
model description given in Paper Il. Grain drift has so far be@veraged outflow properties in Sect. 3. The consequences of al-
dynamically included through the use of a separate equatiorlQWing drift for the formation of a dust shell, and the details of
motion for the dust. It was, however, not included in the prdhe micro-physics of dust formation are discussed in Sect. 4;
cesses describing dust formation. In regard of the drift inductsdlowed by the conclusions in Sect. 5.
changes found in previous results it is questionable if this treat-

ment is adequate. 2. Including drift in the dust formation description

As in the earlier articles in this series we distinguish be-
Send gprint requests toC. Sandin, e-mailcSandin@aip.de tween three interacting physical components of the wind.
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The components are the gas, the dust, and the radiation fielidft. GGS90 wrote the grain growth rate in the following form,
Each of these is described by coupled conservation equatiq S 1 1 1 1
that include exchange of mass, energy, and momentum between = - + — = . 3)
all three components. A thorough description of the physicalP¢ ~ forh  Tevh  Tgre  Tspe
system, the gas-dust interaction, and the numerical method Whe first term, 1ry, describes homogeneous growth by addi-
given in Paper |. ThefBects of stellar pulsations and an imtion of carbori-mers (G; monomers). The second termizd,,
proved treatment of the gas opacity were added in Paperrpresents thermal evaporation from the surface of grains; as
The work presented here is based on this most recent formueh it only depends on the properties of the dust. Reactions
lation. New in this article is the improved description of dushvolving the two molecules £4 and GH, are described by
formation, which is extended to includé&ects of drift. chemical growth (also called heterogeneous growthy.t and

The dust component is assumed to consist of spherical pelvemical sputtering/Irsyc. The physical form of these terms is,
ticles made of amorphous carbon. Dust formation is describ&tden chemical equilibrium and a negligible drift are assumed,
using the so-called moment method (Galil et al. 1984; Gail &s follows,
Sedimayr 1988; Gauger et al. 1990 henceforth GGS90), in- [
vqlving four moment gquations. The moments represent cei = Z iArai -5 (i, 1) (4)
tain (average) properties of the grain size distribution functiofyrh =
(see e.g. Paper Il, Table 1). Assumptions of this method are that |
grains are large enough that their thermodynamic propertiesﬁ _ Z iAvai - 5 F(i,1) - 1 Ki(Tq) \/E (5)

i=1

not depend on the grain size, and only molecules with a fetwvh S' Ki(Tg) \ Ta
monomers contribute significantly to the growth process. The1 I v
moment equations can be written as (cf. GGS90), = Z iA; Z al - Bimhim (6)
o Tgre i=1 m=1 »
Ko+ V- (Koo) = .7 W 5 L
9 ni d T Z' 1Zai,m-vi,mﬂi,m
KotV (Kao) = 5 =Kng+ N9 @ (I<n<d). (2 S = m
:

dis 3 for soherical araind\. is the lower sizelimit of 1 Kim(Tg) Kim(Ta) @)

Hered is 3 for spherical graindy, is the lower size-limit o Si Kfm(Td) Kim(T)

macroscopic grains (we u$é = 1000 carbon atoms), ands
the dust velocity. Equation (1) describes the grain productiomhe summation oveirlabels thel different carbon-mers ac-
and the other three equationgtdrent properties of grains. Incounted for, in this case C anc.(Likewise m labels theM;
the form these equations are presefad the grain nucleation different reactions for molecules involvimgcarbon atoms, in
rate. Nucleation describes the interchange of particles betwdis case gH and GH; for i = 2. Moreover the gas and the
the dust and gas phases (i.e. the formation of seed particles)dast temperatures are specified By and Ty. Ki, Kim, and
in previous work, we adopt a stationary description (cf. Gail &', are the dissociation constants that can be used to calculate
Sedimayr 1988, Sect. 4), using classical nucleation theory. Wwertial pressures of the relevant molecules if chemical equilib-
are, however, aware that this is a problematic point and that tklgm is assumed (cf. GGS90 and references therein). The aver-
assumption introduces quantitative uncertainties in the modelge sticking and reactiorfiiciencies are given by; anda;,,
For arecent discussion on the nucleation rate and issues relagsgectively (see Sect. 2.2.5.denotes the super-saturation
to currently available descriptions see, e.g., AHGO3 and refeatio,
ences therein. /f denotes the net grain growth rate (see next Pc(Ty)
subsection). = PowatTa) (8)

Like in several of the earlier wind model articles we adopt = -2 '@
a C-rich equilibrium chemistry. The atomic and moleculavherePc(Ty) is the actual partial pressure of carbon atoms in
species involved in the dust formation are H,, 1€, G, C;H, the gas phase. The denomina¢sa(Ta), is the vapor (satu-
and GH,, where the last four contribute to grain formation proration) pressure of carbon atoms over a solid carbon surface,
cesses. Dust formation has so far been treated accountingsfegcified at the dust temperatufg Like in earlier work we
nucleation, homogeneous growth, thermal evaporation, cheifie (Gail & Sedimayr 1988, Sect. 7),
ical growth, and chemical sputtering (see the following sub- 86300
section). One assumption used in the description of these p#Pcsat= ———— +32.89 9)

cesses is that drift between gas and dust is negligible. In this, ) , ) o
study drift is the key feature and in the following subsectionénich is derived for graphite and is valid in the temperature

we discuss its implementation. In particular the net growth raf€9ime 500 K< T < 1500K. The (hypothetical) monomer

71, is afected. surface ared\, is given by,
3Acmy E
— A2 =
2.1. The treatment of grain growth neglecting drift Av = dntg = 4r ( Anpg: ) (10)

In this subsection we describe grain growth without drift in omwhererg is the monomer radiusAc is the atomic weight of a
der to identify the terms that need to be modified when allowirogirbon atomm, is the atomic mass constant, gng the mass
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Table 1.Molecular properties of the (hydro)carbon species taking pastherevp(a) = v(a) —uis the grain size dependent drift velocity,
p

in the grain growth process. From the left the columns giveitie with a denoting the grain radius. A drifting motion increases
used in the growth rates; the molecule species; the atomic weight; the flux of particles hitting a grain and thereby enhances the
(constant) sticking cd&cient (Eq. (13); these are the same numbergrmation processes (see below).
used fora; andar, in Egs. (4-7)); the binding energy for each species  gjnce we treat the drift velocity dependence of sticking co-
to a sp carbon surface; and the corresponding source of binding Dicients () and of reaction ®ciencies & ) in the same
ergies in the literature. wa ! . i,m S i~

y, we in the following refer to both these quantities as stick
ing codficients, ai.m). Gaseous (hydro)carbon species may

i,m  mol. A ac B, references foE, bond to radical surface sites on dust grains (chemisorption).
[m] [eV] The binding energy of the (hydro)carbon to the surfdgg,

1 C 12.011 037 4.0  priv. comm.. dep_ends on the (unknown) _surface morphology c_)f_the par_ti-

2 G 24.022 0.34 5.0 ... K.Larsson(2003) cle in question. The translational energy of the hitting parti-

21 GH 25030 0.34 6.5 Larssonetal (1993) cle must be adsorbed by the target, or it will bounffe As a

22 GH, 26.038 0.34 0.27 Larssonetal. (1993) velocity-dependent expression for the stickingfGoents we
use the relation given by KS97 (note that the exponential form
of this relation is based on a study involving the sticking of
density of the condensed grain material. As in the previous afgon atoms onto argon-covered ruthenium),
ticles we use the value for graphife, = 2.25gcnt3. Note,

however, that a value for amorphous carbon would be more [ (O.Mi(’m)nhg,f(’m) ]3]

consistent (cf. AHG03). The number densityighers and the @i(m = @Ci(m) €XP 4E51im) (13)

individual molecules involved in the building of dust grains are

denoted byf (i) andn; m, respectively. The average thermal veThe nominator of the exponent in Eq. (13) specifies the relative
locity of carboni-mers, radicals, and molecules in the gas phagietic energy of the particle hitting a dust grain. In this expres-
is given by the usual Maxwell-Boltzmann me@y* for each  sjon itis assumed that a translational energy 4 times the binding
species. Particles that hit a grain surface cannot have a velogitrgy can be adsorbed by a dust grain. We use binding ener-
directed such that they are moving away from the dust gralfies based on quantum-mechanical calculations of the associa-
it is easily seen that the integrated infalling flux of particlegon of carbon species to $pliamond surfaces. Binding ener-
through a (planar) surface is given By = f(i)ui/4. For our gies and particle masses for each species are given in Table 1.

purposes the velocity in Egs. (4)—(7) is defined as, In contrast to the approach chosen by KS97 we adopt con-
— 8kaT 1 stant sticking cofiicientsacj,m (smaller than one) in front
Bim = digm _ }( 9 ) (11) of the exponential term in Eq. (13). This is done to keep the
4 A\nAmmy same sticking caficients as in previous models in the limit of

where A is the atomic weight of the particle species if€ro drift velocities. For comparison reasons we adopt the same
question (see Table 1). numbers we have used in earlier articles (e.g., Papers | and II,

and Hfner et al. 1995 to mention a few), cf. Gail et al. (1984)
) ] ) ] and Table 1 (these are the same sticking and reacfimies -
2.2. The treatment of grain growth including drift cies used in Egs. (4)—(7)). Kiger et al. (1996) and KS97 study

The growth rates are modified in several ways when a relat®icking codficients in more detail. The sticking d@ieients as
motion between the gas and dust phases is allowed. Before@¥en Py Eq. (13) are plotted as a function of the drift velocity
sum up the new rates in Sect. 2.2.3 we discuss the necesf@rfach used hydrocarbon species in Fig. 1. Note that the stick-
physical diferences. Related studies on stationary winds weRg Probability of GH drops much faster with increasing drift

carried out by Dominik et al. (1989) and KS97 (Sect. 2, whygelocity than those of the other species do; it _qu_ickly drops to
included fewer processes in the grain growth rates). zero whervp(a) exceeds about 10 km's The sticking proba-
bility of the other three species are more or lessiatded even

whenup(a) = 40 kms?,

2.2.1. The drift-dependent relative velocity The flux of gas particles hitting a grain surface increases

and sticking coefficients with the drift velocity (Eq. (12)), thereby increasing the growth
te. If the drift velocity is too large, gas particles are too ener-
tic to stick to a grain surface and instead bourtEdrthibit-
g further growth. However, the situation is ambiguous since
g;erent species contributing to the grain growth havéedi
g&t sticking probabilities. The increasing¢fieiency of grain

The approximate relative velocity between particles movirl
with both a thermal velocity and a drifting velocity can b
written as a root-mean-square of the sum of these two vel
ities (Draine 1980, Sect. 5a). Since dust grains are much lar

compared to gas particles, we again define our relative veloci X . . R :
by the same argument leading to Eq. (11), growthydestruction with the drift velocity is illustrated using

the termuwimicm)/ticmac,icm in Fig. 1 (lower panel). Note
1 1 vp(a)2 2 that the grain growthféiciency increases fast with the drift ve-
ibim = 5 (em” + 10(@)?)” = (8, + — (12) ocity: iti i N 1
itm = 7 (Ul(,m) D i(m) 16 locity; it is about two times larger already fos(a) ~ 2kms
(more dust is indeed formed in the new drift models, Sect. 3.3).

1 The termxm is a short notation referring to both andx; .
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04e 1 - 3 yields in Eqg. (14) we adopt the empirical expressions given
03; ST T e N CC ~— 1 byBohdansky et al. (1980, 1981, see also Woitke et al. 1993
o 7 < N CH oo 7 and the additional references given therein),
£ SE N CH, —— 1
5 025 N0 e E s/ E. \3 Eq \2
E NN E . 3 i _=thi) el .
) S 1 Yy = | 00064 Fc, (Eth,j) (1 e ) 'Ej>Enj (16
“E NN T,=1200K 3 0 'Ej < Enj.
c N . E
: = = 3 Hereyj is given by,
S oof P 1, L MR (17)
T PP RN T G Ay
¥ 20F ST E . . . _— .
tTE e e RN 3 MoreoverHA; is the atomic weight of the projectile particles
% 0k i I 3 (i.e.about1and 4 for H and He, respectivelg,; is the sput-
- N \‘ 3 tering energy threshold and determines when sputtering starts
ok ‘ S T .3 tooccur, it is specified as,
0 20 40 60 80 100
Vo(=4lw) [km 7] Epc A

- 21 <03
Yil=») , Ac ~

Fig. 1. The sticking cofficient @ (Eq. (13)) drawn as a function of Eyj = AN A;
the drift velocity vp for each of the four hydrocarbon species (up- 8Ebc (97]) : 971 > 0.3
per panel). These species that are all involved in the grain growth c c
rate chemistry are: C (dash-dot-dotted line}, @ash-dotted line), E,c(= 4.0 eV)denotes the surface binding energy of individual
CzH (dotted line), and gH; (solid line). In addition the nefwld ra-  carbon atoms on a dust grain. An alternative to Eq. (16) is given

tio of the termuiz is shown in the lower panel. The figure showsn the semi-analytical yields presented by Tielens et al. (1994).
that a(C;H;) drops at a much lower drift velocity compared to the

other three species, also note the steeply increasing grain formation
efficiency (for all species) even at low drift velocities. The relative ve2.2.3. The growth rates accounting for drift

locity @ is calculated using a gas temperaturelgf= 1200 K. Note, . . . . .
however, thatw'is mostly dependent on the drift velocity when thiéAII growth r_ates glyen in Egs. (4)_(7) describe the interaction
is high. of gas particles with dust grains. At the presence of a non-

zero (average) drift velocity between these particles sticking
, ) codficients and fluxes of particles hitting grain surfaces are
2.2.2. Non-thermal sputtering; the erosion of dust modified. Thereby the homogeneous and chemical growth rates
grains by energetic abundant gas particles and the chemical sputtering arfexted. The thermal evapora-

A process unigue for situations involving drift is non-thermdlon (EQ. (5)) is, however, notftected as it only depends on
sputtering in which gas particles (projectiles) at high drift vé2roPerties of the dust. A_IIOWIng drift we replace the total grain
locities are energetic enough to tedf carbon atoms from a formation rate Eq. (3) with,

grain surface (target). The corresponding rate of grain destrdc 1 1 1 1 1 1 1

e o —(a) = - +— = — - 19
tion is given by KS97 as, T( ) Tgth Tevh  Tgre  Tspe Tspn TG Tspn (19)

(18)

-1 . .
= ﬂrgUD(a)anYspj(Ej) (14) Whererg" is the total drift-dependent growth rate excluding
spn i

non-thermal sputtering. The growth rates given in Eqgs. (4)—(7)

iy o are replaced with,
where the sum overis taken for the dferent contributing par-

ticle species in the gas. The sputtering yield for each species s

|
denoted byspj. The number density and the kinetic energy of - ; WAz (1) - i T(1.1) (20)
the projectile gas particles are giventyandE;, respectively. _|
E; is simply, . - : T
j 1S SImply L 3 iAsa - 51 LT 1o 1)
\ﬂmJUD(a)Z Tev,h =1 S 7<‘|(Tg) Td
Ej=——F— w oo
= iA @i m(Wi.m) * Wi.mi 22
where A; is the atomic weight of the projectile particle. InTgrc ; 1mZ:l nlhym) el (22)

the case of a solar chemical composition of the gas, contribu- I M,

tions from other elements than hydrogen and helium can b _ Z iAlZai,m(ﬁ)i,m) - @imNim
neglected (Woitke et al. 1993, see Fig. 1). Furthermore, nofsnc -~

thermal sputtering is more or less negligible at drift veloci- 1 K'n(To) K m(Ta)

ties below 30 kms. The drift velocity has earlier (Papers | ><§(K} T )7(’ T )-

and Il) been found mostly to be lower than this. Nevertheless, i\t T g
non-thermal sputtering is included here since we want to gefundamental dference, when compared to the earlier formu-
an idea of its relevance, if any, to the wind structure. For thation, is that the rates now are grain size dependent through the

(23)
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drift velocity. When used with the moment equations (Eqgs. (Iible 2. Model parameters, cf. Sect. 3.2. The model names are given
and (2)) this poses a problem since these do not readily allawCol. 1. Starting from the left the remaining columns specify: the
for the use of grain size dependent rates. Moreover, our sysggHiar luminosityL.; the efective temperatur&es; the pulsation pe-

of equations currently only includes one equation of motion f§Pd P; the pulsation amplitudé u,; and the carbgioxygen ratio

the dust, and thereby one mean grain velocity. A binned gr&i€o- The stellar masi. is set to 10 M in all models.

size distribution would require one additional equation of mo-

tion for each bin. model L, Tor p Au, sc/o
In Paper | we argued that the dust velocity can be de- [Lo] [K] [d [kms™
scribed using one mean quantity. With the current physical and
methodological limitations we apply this assumption to grain P13C16U6 1Bx10* 2700 650 6 1.6
growth as well, hence, P13C14U6 Bx10* 2700 650 6 1.4
P10C18U4 1 x10* 2790 525 4 1.8
vp(@) = vp({ra)) = vp (24)

where(ry) is the average grain radius. Our study is hereby lin8.2. Selection of model parameters
ited to qualitative &ects of drift-dependent grain growth, an

J s was found in Paper Il, wind models show a wide range of
we do not study detailedfects associated with the grain sizéa‘ P ’ 9

values in outflow properties and variability. And depending on

distribution. what physical description is used for the gas opacity, the re-
sulting density structure produces completelffetient winds.
With this knowledge it is hard to choose a set of model param-

3. Modeling procedure and general results eters for one model that will be representative of a much larger
set of wind models.

3.1. Modeling procedure Models calculated with a Planck mean gas opacity result in

much more realistic density structures compared to the mod-

The system of equations is discretized in the volume-integratgid calculated with a constant gas opacity (see e.g. Sect. 2.2 in
conservation form on a staggered mesh. The equations pgper I1). The former treatment is adopted here. Moreover, in
solved implicitly using a Newton-Raphson algorithm where theaper I we found some models to be multi-periodic, meaning
Jacobian of the system is inverted by the Henyey method (gfat the properties at the outer boundary vary with a period that
Paper I). In diference to the treatment of models calculated an integer multiple of the stellar piston period. Such a be-
earlier we adopt a length scale of the artificial viscosity anghvior is not seen in the typical model, and intentionally three
artificial mass dfusion twice as large compared to the valuesets of model parameters are selected that previously resulted
used so far { = fg = 7.0 x 10°°, see Egs. (13) and (14) injn jrregular wind variability; see Table 2.
Paper I). In some cases this higher value, in regions of very low The winds of the two drift models P10C18U4 and
dust densities, reduces large unwanted radial variations in f£3c14U6 in Paper Il were both found to give a smaller mass
drift velocity (cf. Paper |, Sects. 3.2 and 4.2); apart from that|§ss rate than that of P13C16U6. The latter model can be de-
has been found to only marginallffect the wind structure asscriped as an “average” model in terms of other properties (see
awhole. Tables 2, 5 and Sect. 4.2 in Paper Il for further details). In the

The modeling procedure is as follows. The wind modébllowing model P13C16U6 is discussed in detail, and the two
is started from a hydrostatic dust-free initial model where tlather models are presented for comparison with this model in
outer boundary is located at abouR2 All dust equations are Sect. 3.3.
switched on at the same time. Dust starts to form whereby an The modified physical descriptions of the grain growth
outward motion of the dust and the gas is initiated. The epates discussed in Sect. 2 eadfeat the wind structure to dif-
pansion is followed by the grid to about BS, where the outer ferent degrees. We want to assess the importance of each pro-
boundary is fixed allowing outflow. The drift models evolveess by itself and therefore discuss foufatient versions of the
for about 50-20®. The low density in the Planck mean modmodel. One without drift — a so-called position coupled (PC)
els results in a “low mass” envelope that quickly is depletedodel — and three drift models. Of the latter three one is cal-
of material. Therefore the time period for which the averagrilated without the modifications in the growth rates (i.e. using
outflow properties are calculated is shorter than the totally c&g. (3)). The second and third models adopt the drift modified
culated time of the respective model (cf. Sect. 4.2, Paper idrowth rates, and the third in addition includes a description of
The instants studied in Sect. 4 are selected at times beforgoa-thermal sputtering.
significant fraction of the envelope is lost.

To describe the féects of stellar pulsations on the atmos 3 pifferences in averaged outflow properties
sphere we use a sinusoidal, radially varying inner bound- caused by drift in dust formation

ary, located at about.@1R, (above the region where the
mechanism supposedly originates). An inflow of mass throughe main issue in Paper Il was to study temporal variations
the inner boundary is not permitted. of outflow properties which result from drift. To compare with
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Table 3. Quantities temporally averaged at the outer boundary for models P13C16U6, P13C14U4, and P10C18U4 (see Sect. 3). Phy
features of the dierent versions of the model are indicated with the model name in the first column. Drift models are denotdddndsP'C
models by a p’. Moreover a V" indicates the use of the “relative” velocity given in Eq. (12), and ghthe use of non-thermal sputtering.

An unused feature is indicated by ari.“The following columns give the mean mass loss rdi), the mean terminal velocityu.,), the

mean degree of condensati¢fy,ng), the mean dugas density ratidoq/p), and the mean drift velocityup), respectively. In addition the
standard deviationofs) and the relative fluctuation amplitudé= os/q) are specified for each quantitg)( The values shown in bold face of

the quantities of thedv_ and dvsmodels indicate that they filer significantly (by> 10%) from the corresponding values of tlte_-models.

All models show an irregular temporal variability.

model 16 (M) (Us) (foond (pa/p) ()

Mo yr™] [kms™] [%0] [10] [kms™]

(0' s) r (0' s) r (0' s) r (0' s) r

P13C16U6p__ 3.9 (0.51) 0.13 14 (0.23) 0.016 21 (9.6) 0.46 7.3 (0.33) 0.045 -
P13C16U6d__ 42 (3.0) 071 14 (0.93) 0.066 19 (21) 11 93 (23) 25 4.1
P13C16U6dv. 43 (3.2) 0.67 19 (1.3) 0.068 33 (32) 0.97 26 (93) 35 4.0
P13C16U6dvs 4.1 (3.4) 0.83 19 (1.4) 0.074 32 (35 11 26 (82) 3.2 6.6
P13C14U6p__ 47 (2.3) 0.49 10 (0.76) 0.076 26 (2.7) 0.10 6.0 (0.61) 0.10 -
P13C14U6d__ 1.9 (200 1.1 75 (1.5) 0.20 24 (24) 1.0 84 (30) 36 10
P13C14U6dvs 1.9 (1.5 0.79 8.4 (3.4) 0.0 39 (25) 0.64 11 (19) 1.7 8.4
P10C18U4p__ 1.1 (0.49) 0.45 14 (0.77) 0.055 16 (2.6) 0.16 72 (1.2) 017 -
P10C18U4d__ 0.82 (0.12) 0.15 11 (0.24) 0.022 12 (5.3) 0.44 54 (2.9) 0.54 4.5
P10C18U4dvs 0.81 (0.32) 0.40 19 (0.50) 0.026 46 (21) 0.46 21 (14) 0.67 7.0

those findings we here comment on outflow properties of threkincreased amounts of dust (seen in the (st density ra-
different kinds of drift models. The outflow propertieg, (vith  tio) — is indicated in the higher terminal velocity of models
the corresponding standard deviationg)( and relative fluctu- P10C18U4dvs P13C16U6dv., and P13C16U@ks The situ-
ation amplitudesr(= os/q), are given in Table 3. The values ofation appears less certain in P13C14di&where the value on
the models with the gfixes p__and d__ are, with one excep- the terminal velocity falls between the values of P13C14U6-
tion, all identical to the corresponding PC model values givgn_ and P13C14U&t . As discussed in Paper Il, PC model
in Paper I, Table 5. The exception is model P13C16U6- winds with a terminal velocityg10 km s have no counterpart
which has been recalculated here in drift models — no wind is produced. Model P13C14p6-
Effects of drift-dependent dust formation excluding nors @ border line case, resulting in a much lower mass loss rate
thermal sputtering are studied using model P13C16u6- in P13C14U6d_. Due to the lower carbon abundance in this
The only apparent éfierence in the outcome of P13C16dg- Model (defined in the carbgmxygen ratio), there is not enough
and P13C16U@Hvs(which includes non-thermal sputtering) ignaterial to form as much dust as in the ottirsand -dv. mod-
the higher average drift velocity in the latter model. This high&!s. In contrast to the case of the terminal velocity the mass loss
value could be a result of how the mean of the drift velocity igte appears to be insensitive to the amounts of dust.d&8 -
calculated. The higher value possibly arises due to the higf@hd dv.) models show unchanged values when compared to
drift velocities found in the regions in front of shocks in modehe respectived-_ models.
P13C16U6dvs(see Sect. 4.2). The issue of a larger variability in drift models was dis-
The values of the new sets of models, i.e. those withcissed in Paper Il (Sect. 5.2). It was found that the variability in
suffix -dv- and dvs differ significantly (defined as10%) drift models mostly is larger than itis in PC models. Similarly
in most quantities and fluctuation amplitudes from the corrf1€ refative fluctuation amplitudes in the nedvsmodels in
sponding values of the two old sets of modals_-and p__. Mostquantities dier from the corresponding values of the -
In particular, the higher values of both the degree of conddRodels. Concluding this section we note that the new results
sation and the dugas density ratio in all new winds indi-Presented here seem to béfiduilt to reproduce without actu-
cate a more fiicient dust formation when drift is accounted®!ly allowing drift in the calculation of dust formation.
for, even at low drift velocities of only a few kns That the

wind acceleration works mordfiently — as a CONSequeNnce; nic.ussion

2 The difference is due to the slightlyféiérent time-interval used in IN this section we look closer at the region of wind forma-
the calculation of the average properties, and tfiedint length scale tion. First we study the formation of a dust shell in detail in
adopted for the artificial viscosjiiffusion. Sect. 4.1. Then, in Sect. 4.2, we look closer at tiieats on the
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Fig. 2. Evolutionary sequence of the radial structure of the drift model P13CIbBid6evering five instants of one complete dust formation
cycle. The first column shows the dust formation at an arbitrarily selected time definge @00 P (in units of the stellar pulsation period).

The three following columns are shown a5DP, 1.12P, and 163 P, respectively. The structure of the repeated dust formation cycl@@pP2

is shown by a solid line in the first column, illustrating the aperiodicity of dust formation in the current model. From the top the panels in each
column showa) the gas velocity; b) the gas density; c) the gas temperatuf®; d) the drift velocityuvp; €) the degree of condensatidgg;

f) the dustgas density ratipg/p; andg) the net growth rate1. All panels are shown at the same scale in all four columns. The process
illustrated in this figure shows that a nonzero drift velocity allows for the formation of narrow features in the dust already in the inner parts of
the wind, cf. Sect. 4.1.

micro-physics in dust formation caused by the addition of drifact reminds of a stationary wind. In the following we study the

to the grain growth rates. drift model P13C16UGdvs which is calculated including both
drift-dependent dust formation and non-thermal sputtering. As
has been pointed out earlier (in Sect. 3) physical structures of

4.1. The formation of a dust shell allowing drift different wind models show great variations and it is probably

. . . not safe to generalize details such as numbers and physical lim-
Physical structures of drift model winds generally show @ tonq for this wind model to all other possible cases. This
larger variability than corresponding PC model winds do (S€§,qy is a complement to the dust shell formation studies ig-

Sect. 3.3, an_d Paper I). _This behavior is caused b_y an ﬁ!iring drift given in, e.g., Fleischer et al. (1992, 1995).
lowed dynamic accumulation of dust to narrower regions be-

hind shocks; here we study how this accumulation might take One arbitrarily selected cycle of the dust shell formation
place. The PC model P13C166-, for instance, shows ais illustrated in Fig. 2. The dust formation is in the following
much smaller variability than the three drift models do and iliscussed in detail for each presented instant.
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1st column.00P: One of the shock waves (at4R,) in- discussion of the dust formation is limited to the innermost re-
duced by the stellar pulsations has reached the region of gbn of the wind, inwards of aboutH.. The outer region is
ficient grain growth at 5-2.4R,, Figs. 2a,b. The carbon insubject to complex interactions of both physical and numerical
the gas quickly condenses into and onto grains, forming a netvaracter that complicates an interpretation. It is unclear if the
dust shell, Fig. 2e; the current maximum degree of condensanclusions drawn here can be extrapolated to a more extended
tion, feong = 20%, has been reached durin@®P (not seen in region.
the figure). Small amounts of dust grains are present inwards Next we discuss changes in the micro-physics, due to
to a second shock at@R., inside of which it is too hot for allowed grain drift in the dust formation, in more detail.
grains to exist (and they instead evaporate). Grain growth is
most dficient in the dense region behind the dust shell, where
r < 2.4R. (Fig. 2g). The present dust heats the region behidfa2- The effects of drift on the dust formation process

the dust forming shell, causing a 100 K temperature step (ba%'e physical conditions in cool C-rich stars are often suitable

warming), Fig. 2¢. The dust experiences an outwards dwec%i efficient dust formation in a dynamic region around about

radiative pressure originating in the central star, but the d _25R.. Different atomic and molecular species dominate

ihellml |_s”:1 ot dy'?tt m?ssflve. elnoug'?_ to ZdeSh <th§ kgas ?l’.'twanrdst g growth in diferent temperature (and pressure) regimes. At
ftsefl. The drift veloctly 1S Tow, 9. <Cyp S SKMS "IN &l yomperaturesy < 1500K it is GHs,, for 1500K < Ty <

of the inner region; the relocation of dust is consequently sl%oo K GH, and forT, = 1900K free C atoms dominate (see
. ) , g2

asl ';. taktesﬂ:he dUStt ﬁ]bOUK?D tto travel a distance of @R, Gail & Sedimayr 1988, Fig. 1). Of these the two former parti-

relative fo the gas at this velocily. cles are the dominating carbon bearing species in the wind.

2nd column,0.57P: The dust shell (now at.3R,) has Fi 3 <h h dial structure in the i s of
grown and is massive enough to drag the gas outwards as a lguré 5 shows the radial structure in the inner parts o

consequence of the radiative pressure. A maximum of 80%%?del P13C16.U®’VS ‘T’lt one _mstant of the .dus.t formation
the available carbon has currently condensed onto grains in 8Ie' This parU_char mstant Is selected as it 3|multan_eously
shell. Another dust shell is forming in the region behind thia'OWs Several distinguished features of the dust formation pro-
second shock at@R.; a region of very gicient grain growth. cess (the sgme instant is shc_)wh |_n the _th|rd column_m Fig. 2).
The drift velocity is larger than in the previous column, reach- A massive dust shell coinciding with a shock in the gas
ing about 15kms. Note the depletion of dust in the form-Nas formed and is moving away from the star at abo8iR4
ing dust shell behind.@R. caused by a drift velocity reaching(Figs. 3a,¢c,d; also see the previous subsection). Due to the
about 50 kmsL. physical conditions, nucleation is currently sharply limited to
3rd column1.12P: The dust in the previously forming dustthe region between the two outermost shocks, whet&2s
shell (at 20R. in the previous column) has been fullyfitised radius s 48R, and it is most #icient in th.e innermost (and
into the region in front of the shock, now a6R,. The remains MOSt dense) part, Fig. 3g. The same region provides suitable
are seen as a bump in the degree of condensation at abyt 4 conditions for a large drift velqcny, _Whlch reaches 30krhs
(Fig. 2e) behind the dust shell. The physical conditions, in ti§&'d above, by a low gas density (Fig. 2b, Col. 3) and a small
form of a low gas density and a small amount of dust grains, §nount of dust grains, Fig. 3b. Few gridpoints are located in
the region between.B and 48R, allow for a large drift veloc- the region of a large drift velocity, resulting in a low resolution.
ity. Here it reaches values above 30 krhsvhere non-thermal The inner boundary of the peak in the drift velocity coincides
sputtering is active (see Sect. 4.2). Relative to the gas the difép the shock frontin the gas at4R..
moves 23R, in 0.5P at 30kms?, and thereby allows for a ~ The most abundant hydrocarbon molecule in most parts of
quick accumulation to dense regions. This column shows t¢ modeled envelope is;H, (acetylene), which also is the
same instant that will be discussed in Sect. 4.2. main growth species in most parts but the region arouRd 2
4th column,1.63P: The large drift velocity feature haswhere the radical g+ instead dominates, Figs. 3f,h. Very
moved outwards and almost caught up with the dust shellsmall amounts of dust reside in the innermost regich§R.,
front (now at 60R,). In the process, the dust in front of theéFig. 3¢), where the chemistry and resulting properties therefore
feature has been “swept up” and is now mostly contained @@ not play a role. Contributions to the grain growth of the re-
a narrow shell which is merging with the original dust shelmaining two species, C and>Care negligible in the current
The drift velocity behind the feature, at radii4.5R,, is low. model.
A new dust shell is about to form at3R,, behind a third Since the molecule £1, compared to, e.g., £ has a
gas shock (emitted.QOP after the first shock discussed inower binding energy to the surface of a dust grain, it is in our
the 1st column). calculations quickly exchanged as a primary growth element
2.00P (solid line in Col. 1):In this frame two pulsation pe- by other species when the drift velocity reaches 10 khasd
riods have passed since the filled line in the first column. Théove. In this case bysE, which sticks to the dust grains even
radial location of the next forming dust shell, now &8 R., is if the drift velocity is larger than 40 knt$ (see Fig. 1). This is
different from the one forming at@P (then at 24R,), indi- nicely illustrated in a comparison of the radial location of the
cating a non-periodic dust formation cycle. peak of the drift velocity in Fig. 3b with the respective growth
The study of this dust shell formation cycle illustrates howates in Figs. 3f and 3h. Even though the growth rate4f G
dust may be accumulated to the regions behind shocksalmout thirty times asfcient atvp = 30 km s its lower abun-
drift models. While the wind is calculated out to RS our dance results in a total growth ratg1 lower by 0.5-1.0 orders
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— ) b 4 eled here). However, when the drift velocity is
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L -7 78 (see Fig. 1), and the radicabB takes over this
-8 18 role (f). Note that non-thermal sputtering (by he-
2 4 6 8 2 4 6 8 lium; j) is present when the drift velocity reaches
Radius [Ry] Radius [R,] about 30-35 kms.

of magnitude in the same region.3R, < radius< 3.8R,), however, still the dominant growth species in the improved
Fig. 3i. However, at high enough drift velocities non-thermalrift models. Note that our use of an equilibrium gas chem-
sputtering is active (see below) and the net growth rateis istry may result in incorrect abundance ratios betweéeint

negative, compare with the lower-most panel in Col. 3 (Fig. 2nolecules. Reliable quantitative estimates of the relative con-

The two tall peaks in Fig. 3, betweerband 35R,, are re- tributions of GH and GH,, to the growth rates can therefore

gions where the helium particles in the gas are energetic enof}g P& made at present.
to erode dust grains. Non-thermal sputtering quickly becomes

significant in comparison to the total growth ragé when the
drift velocity reaches values around 30—35 krh é\s such this

process is mostly present in regions of a low dust density wheyg important part of recent models of AGB star winds is a
the drift velocity may be higher. And this is probably the reasqfine-dependent formulation that can account for, e.g., dust for-
to why the model properties (excepting the mean drift velociffation occurring in non-equilibrium, and formation and prop-
itself) presented in Sect. 3.3 are found to be independent obigation of shock waves. To the authors’ knowledge there has
A property that is #fected is the average grain radius (Fig. 3dhot heen any time-dependent wind model that self-consistently
which quickly decreases by two orders of magnitude and mqfgats grain drift in the dust formation process. This study is
in these regions. intended to fill this gap. We have covered both physical issues
That grain growth through the radicabl is not neces- and numerical modeling, including a discussion on the impli-
sarily negligible is for example seen in a check of the relgations and relevance for the wind structure. The new models
tive growth rates of model P13C16Uh-. In particular there are based on the wind model descriptions introduced by Sandin
seems to be a tendency towards a larger importanceldfi€ & Hofner (2003a,b, Papers | and Il, respectively).
winds showing a large degree of variability in the structure. It The new models presented here have been found to repro-
is for example found to be less important in model P13C16UBuce many properties of the previous drift models discussed
p__, while it is found do be the dominant growth species inn Papers | and Il. New féects have, however, been intro-
wards of the innermost nucleation zone in model P13C16Uédced through the improved treatment. In particular the micro-
d__; this is illustrated by the solid line in Figs. 3f-hp; is, physical details of the dust formation process are changed.

5. Conclusions
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