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ABSTRACT

The formation of dust with temperature-dependent non-ggscity is considered in a se-
ries of self-consistent model atmospheres at differensgb@f an O-rich Mira variable of
mass 1.2V/. Photometric and interferometric properties of these rteoae predicted under
different physical assumptions regarding the dust foromatihe iron content of the initial
silicate that forms and the availability of grain nuclei fmend to be critical parameters that
affect the observable properties. In particular, pararsetere found where dust would form
at 2-3 times the average continuum photospheric radius. Wik provides a consistent phys-
ical explanation for the larger apparent size of Mira vagalat wavelengths shorter thaprh
than that predicted by fundamental-mode pulsation models.
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1 INTRODUCTION

Dust shells around Mira variables often dominate the midi an
far-infrared regions of their spectra and strongly inflletize ob-
served brightness distributions of their stellar and citstellar ma-
terial. In contrast to C-type Miras for which substantiadhetical
progress has been made in recent years i(e.q. Hellinglet@; 20
Schirrmacher et al. 20083; Hofner etlal. 2003; Gautschydl &fi al.
2004, for oxygen-rich M-type Miras the physical condisoand
the geometric region of formation of dust grains is poorlylemn
stood.

This situation is first of all due to the much more complex
physics of formation of typical dust grains, which may camta
metal oxides such as corundum §8};), silicates or even solid iron
(Gaill2003). These heterogenous grains form around nueare
in general composed of different compounds again, such@s Ti
(Jeong et dl. 2003). Furthermore, in order to understandcdber-
rence of dust in an M-type Mira, the formation of grains has to
be studied within the physical environment of the time-chejemt
dynamic atmosphere of the pulsating star. Interferomebgerva-
tions indicate that the inner radii of dust shells may be aallsm
as 2 to 4 stellar radii where the stellar radius refers to the p
sition of the continuum-forming layers (e.q. Danchi eti&894;
Danchi & Bester| 1995 Lopez etlal._1997; Monnier etlal. 2004,
Ireland et all 2004d, 2005). This is is well within the uppegions
of the stellar atmosphere in which typical molecular feasuof
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the stellar spectrum are formed (cf._Hofmann et al. 1998eTal.
20035 bl Ohnaka 2004; Perrin ellal. 2004; Ohnakal 2t all 2005)

So far existing dynamic model atmospheres of M-type Mira
stars either are dust-free (elg. Hofmann &t al. 1998; Weitled.
1999;|Hofner et él. 2003), or they use grey, compositiorepeh-
dent dust opacities (e.0._Winters etal. 20D0; Jeongl et #1320
Bedding et al.1(2001) studied schematically the conditiohdust
formations in the models of Hofmann el al. (1998) and coredlud
that corundum and silicate grains are likely to occur, ddpen
on the phase of pulsation, in the upper layers of the starmat
sphere. However, only a small number of observable featfras
small number of models were considered, with a very simpseop
ity treatment.

In this paper we investigate the formation of dust in a serfes
dynamic models of a Mira variable, and discuss which obdgeva
effects would result from different physical assumptioegarding
the dust formation. In particular, we focus on effects of -goay
opacities of silicate dust with a variable Fe content andefffiect
of grain size on observable properties. As hetrogenousOetust
formation is complex, our approximations are designed tmbst
valid for only the innermost dust that has a significant infleeeon
observable properties. We aim to parametrize uncertaiii¢his
first significant dust formation with the smallest numberlojgical
free parameters.

2 SIMPLE DUST MODELS

In this section, we will describe the procedure we used toutate
absorption and scattering coefficients for silicate dustvil then
discuss the degree of validity of this procedure for the syap-
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plicable to Mira atmospheres, the way in which corundum dsust
added to the models and finally the definition of the dust tyses
in the models.

The properties of a given dust type are considered to be wholl
determined by the dust temperatdfgand the gas pressufe T,
is found by solving the equation of radiative equilibrium:

/Hu]de:/HyBde

where J, is the mean intensityB, = B, (T;) is the Planck
function, ands. = k. (T4, P) is the dust absorption coefficient in
the layer with local dust temperatufg and local gas pressure.
The mean intensity is found iteratively in the modelling gedure
described in Sectiofll 3. The gas temperaffijedoes not enter in
to this equation because the dust energy exchange with this ga
negligible compared to the dust energy exchange with thatied
field (e.g. see Appendix D of Gauger ellal. 1990).

@)

2.1 Silicate Dust Properties

We assume that the silicate that condenses first is olivine,
Mgs2.Fe—2,Si0O4, and use a simplified version of the non-
equilibrium treatment af Gail & Sedimayr (1999) to determihe
condensation fraction of Sfg;, and the composition parameter

fsi is assumed to follow the following simple relationship:

0
0.25

1240446 log P—Ty4
100

Ta > 1240 + 46 log P
Ty < 1215 + 46log P
Otherwise

fsi 2

The stability limit of silicate in this equation comes frorira
ear fit to the stability limit for forsterite shown |n_CGalil (Q0) for
solar metallicity. The upper limit for Si condensation o2®.was
chosen somewhat arbitrarily, so that there was not untieadjsain
growth in outer atmospheric layers, where low gas pressuess
that the silicate condensation fraction is far from equilim. The
dependence of the olivine stability temperaturecds neglected in
Equatior®. However, its inclusion would not cause any Sicgnt
changes to this paper, as the lowest value obnsidered is 0.775,
where the difference in stability temperature of the okviinom
pure forsterite is only 30 K. More sophistication was notraated
in this relationship because the true equilibrium condemsdrac-
tion is a function of botlTy; andTy, and the system is not in general
close to chemical equilibrium.

In practice, the Si condensation fractigg is determined by
the functionsz(fs;) and Ty (z), given that the opacity of silicate
around Ium is a very strong function of the composition param-
eterz. In equilibrium condensation calculations, ~ 1 for the
initial condensate as it is energetically more favorabléhi bulk
solid to have Mg rather then Fe anions. However, the pulgatin
mosphere of a Mira variable is certainly not one where chahmic
equilibrium considerations apply. To find fs;), we consider: to
be defined by the conditions during rapid grain growth, appro
mate K, = 0 in Equations (55-57) df Gail & SedImaylr (1999) (a
reasonable approximation as seen by the near-constanp} func-
tions in Figure 3 of that paper) and assume that the grainHes t
same compositiorn throughout. This gives:

r = Pmg + & /Msio PMg 3)
PFe +PMg 2\ MMg Psio
_ eMg — 27 fsi€si L& [msio eng — 2z fsi€si @
€Mg + €Fe — 2fSi€Si 2 mMg ESi(l — fSi)

Herepwng andpr. are the partial pressures of Mg and Fe left
in the gas mixture, anéhsio andma are the masses of an SiO
molecule and an Mg atom respectively. Equafibn 4 is solved fo
x, which is limited to be less than or equal to 1. The elemental
abundances come from _Palme et Al. (1981), for consistency with
the modelling codec is the ratio of the exchange coefficient for
Mg and Fe ions to the sticking coefficient for SiO molecules.

For o greater than or equal to 1, the assumption that the grain
has the same compositianthroughout is justified if the diffusion
timescale for Fe and Mg anions is small compared to the tialesc
for grain growth. From the discussion in Section 5.2 of IG20033),
this is the case for olivine at dust temperatures above @K
and grain sizes less than about @i However, for small val-
ues ofa, the value ofr calculated using Equatidd 4 will only be
the composition of newly deposited material on a growingrgra
and not the composition of the whole grain. During grain dest
tion, Equatiolil¥ does not accurately describe the grain ositipn,
but the general property predicted by this equation thatill in-
crease as the grain evaporates is consistent with expeghstad-
ies (Ozawa & Nagahata 2000).

In practice, Equatiofl4 is a good approximation foduring
initial condensation or a phase of rapid grain growt i greater
than about 1.0. In other cases, it represents a simple ptame
ization of z that includes an appropriate decreaserins Mg is
depleted from the gas phase.

In forming Equatiorll from Equation 57 bf Gail & SedImlayr
(1999), it was assumed thati, vme = arevre, the same assump-
tion used to create Figure 3lof Gail & SedImayr (1999). In this
lationship, thean and ar. parameters are sticking coefficients
and thev parameters are thermal velocities. This is a necessary as-
sumption given the lack of experimental data for olivinelstig
coefficients with intermediate values of

Absorption and scattering coefficients are scaled as in
Rayleigh limit, where at a constant condensation fractimn ab-
sorption coefficient is independent of grain radius, andsttagter-
ing coefficient is proportional to the cube of the grain ragiu The
grain radius relates to the Si condensation fracfigrand the num-
ber of available nuclei per hydrogen ata.. by the formula:

a=( 3esiVo
B 4ﬁTfSi-Z\/vnuC

Hereeg; is the abundance of Si at solar metallicity, avigl
is the volume of the monomer, taken to Be&s x 10723 cm?.
The optical constants of the olivine with = 0.5 are taken from
Dorschner et all (1955), and those for forsterite wits: 1.0 taken
from|Jager et al.L (2003). These constants are used to defiye
00.5, k1.0 ando o in the Rayleigh limit for 30 nm grains, with the
subscripts 0.5 and 1.0 representinfpr the olivine. The absorption
and scattering coefficients for the olivine are then appnated by
a simple interpolation:

the
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Kol = fSi((2 — 2$)K0_5 + (2$ — 1)%1_0) (6)
2.6 x 1071

g = T f&((2 = 2x)005 + (22 — D)oro)  (7)

2.2 Dust Formation in a Typical Mira Atmosphere

In the above parameterisation of absorption and scatteoeffi-
cients, four important aspects of grain growth and destrnatere
not discussed: dust nucleation, the approximation of uairsin-
gle grain radiusz, the timescale of grain growth and destruction



compared to the pulsation timescale and the possibilibegufr-
ther grain growth beyonds; = 0.25. We will discuss these one at
a time, with specific reference to the physics of a Mira atrhesg.
The first stage of dust formation is the nucleation of seeds in
super-saturated gas. The number of seed nuclei availabgdm
growth determines the grain size. In the detailed nucleatis-
cussion ol_Jeong etlal. (2003), the seed nuclei are foundrto fo
from TiO2. The nucleation rate is a complicated function of tem-
perature and pressure: at a typical Mira atmosphere dusgtarn
pressure of 0.1 dyn/cht, the TiO; nucleation rate increases from
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served spectral energy distributions. However, physicadets of
Mira atmospheres with realistic gas densities (e.0. Bexdiral.
2001) have previously shown that the opacity of corundumtaed
abundance of Al are not high enough to have a significant teffec
on observed spectra. Therefore, we will re-examine thecesffef
corundum in this paper.

The difficulty in modelling the growth of corundum grains is
that nucleation and growth will certainly be simultanecdise to
the high corundum stability temperature. In this paper veerent
concerned about the details of this process, but attempide a

1072° to 1077 per H atom per second as temperature decreasescorundum to have the maximum plausible effect on the radiati

from 1200 to 1150 K. This relationship has significant ureiert
ties, as it is based on ab initio calculations from_Jeong!¢2aD0)
which predicts an erroneous zero-point energy ofsTh® 0.73 eV
or 5%, much larger than experimental errors (compare Talole 2
that paper with_Balducci et Al. (1985)). If one assumes algies
are erroneous by this relative amount, then errors in ntioletem-
peratures of the order of 50 K would be expected. Given thife d
culties, we will consider that grain nucleation is compheteen the
growth of dominant dust components begins, and leave thdeum
of grain nuclei per H atoniV,,,,. a free parameter in our models.

By separating nucleation and growth in this artificial wag w
make the approximation that all dust grains in a single apfhesc
layer are the same size. The effect of this dust on absorptioh
scattering is only equivalent to a distribution of partisiees in the
Rayleigh limit when the grain radius << ), a condition always
met for the dust types and wavelengths considered here.aphis
proximation is also more desirable than fixing a single pkrtsize
distribution at all atmospheric layers, as that approadsdo in-
clude the increase in scattering coefficients with increagjrain
radius.

As material cooling behind a shock in a Mira atmosphere
moves outwards, the dust condensation fraction given byaEqu
tion [ rapidly increases as the central luminosity decieasar
minimum and the radiation field becomes increasingly geomet
cally diluted. For the dust treatment here (assumfigigs a func-
tion of the instantaneous variabl&y and P), the grain growth
must be rapid compared to the dynamical timescale. Accgrdin
tolGail & Sedlmayr (1999), the limiting factor in the growthte
of olivine is the deposition of an SiO molecule on the grainsu
face. Considering a super-saturated gas mixture at 1100tK wi
an assumed sticking coefficient for SiO of 0.1, the rate ofngra
growth is greater than 10nm in 0.1 cyclels X 10° s) whenever
log(P) > —2.22. Therefore, we shall be cautious in interpreting
any dynamical grain growth and destruction effects thauped
log(P) < —2.22.

At dust temperatures where olivine has mostly condensed,
there are a variety of possibilities for further dust corsigion,
including quartz, and solid iron. In a non-equilibrium saga, fur-
ther model condensation will depend on the initial choicexpés
well as other unknown parameters. Note that at the nearrmamxi
model phasesfs; = 0.25 is never reached in the outer layers (near
the arbitrary 5R, model surface: see Sectibh 3), and the low gas
pressures would mean that any growth would be slow compared t
the dynamical timescale.

2.3 Addition of Corundum

It has been suggested (elg._Maldoni etlal. 2005; Egan & ISloan
2001) that corundum (ADs3) plays a significant role in radiative
transfer processes in O-rich AGB stars. This is due to tharcle
need for opacity in the 12-1am range when fitting models to ob-

transfer.

We have taken the stability limit for corundum at solar metal
licity from |Gail (2003), fitting a function linear itbg P for —4 <
log P < 0. For corundum dust only, the Al condensation fraction
fau is given by:

0

1.0
1600460 log P—T,
100

Tq > 1600 + 60 log P
Ty < 1500 + 60 log P
Otherwise

far= 8)

The dust temperaturg; is found using Equation 1, with the
optical constants of corundum taken from Koike etlal. (199%q
the Rayleigh limit again assumed. For silicate dust, conam@b-
sorption and scattering coefficients are also added to thbtee
silicates, withf4; = fsi. This procedure is designed to approxi-
mate the effect of heterogenous grains with a corundum aude a
a silicate mantle. Any pure corundum grains would have a much
lower T} in the outer atmosphere than a grain that includes silicate
with z < 1, and therefore would not be significant if hetrogenous
grains are also present.

Possibly, the optical constants lof Koike et al. (1995) over-
estimate the absorption in the near-infrared region of geetsum,
given that their optical constantsfor amorphous corundum are
high when compared to thin-film aluminb_(Halrris_1955) or erys
talline corundumi(Harman etial. 1994). However, a lower @dbr
k could not cause & 20% change in the calculated stability ra-
dius of corundum, as the gas is already becoming optichitktn
the mid-IR at the calculated stability radius due to molacualb-
sorption, meaning that the dust can not have a significaotiei
temperature than the gas. Furthermore, a smaller stabdldius
for corundum would place it at radii smaller than those atclhi
successful nucleation could occur (cf. Secfiod 2.2).

2.4 Mode Dust Types

The dust types considered in this paper are given in Tdbleugt D
types A and B havex = 1.0, and represent olivine that will form
pure forsterite initially in an outward-moving gas pacKetfore
becoming enriched by Fe as the partial pressure of Mg dezseas
at f ~ 0.15. A higher value ofe would give dust where Mg con-
denses more fully before the addition of Fe to the olivinee -
ference between dust A and B is the number of grain nuclei, and
hence the grain size: dust A will have dust grai$0 times larger
than dust B. Dust C is a dust where some the initial condensate
contains an appreciable amount of ke=¢ 0.93), giving a higher
absorption coefficient at wavelengths from 1 tpm, where the
bulk of the stellar flux is emitted.

Dust type D, with corundum only, can be thought of as the
dust that would exist itv < 0.4, as in this case silicates do not
condense in our models. The effect of corundum on radiatirest
fer processes is at roughly the maximum plausible with tleseh
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Table 1. Dust types considered in this paper. Columns are: Code ngbisi
paper; Types of dust included (Olivine and Corundum); loghef number
of grain nuclei per H nucleus; ang, the ratio of the exchange coefficient
for Mg and Fe to the sticking coefficient for SiO (see text).

Dust Code Dust Types log(Nnuc) «

A Ol -13.3 1.0
B ol -12.3 1.0
C ol -12.3 0.63
D Cor -13 -

value of N, = 10™'3, because much larger grains could not grow
in an outward-moving gas packet even with sticking coeffitief
1.0.

3 MODELLING DETAILSAND RESULTS

The atmospheric models used in this study are based on n®del s
ries oflHofmann et all (1988), supplemented by models of fTai e
(2003b) and_Ireland et aAl. (2004b,c). These are non-gregrdic
model atmospheres for an M-type Mira variable with fundatalen
mode period 332 days, mass 2, (M series; P series: 1.0/5)

and solar metallicity. The luminositl,, and Rosseland radius,

of the non-pulsating parent star are 3479 and 260R, (M series;

P series: 241R). We refer td Hofmann et Al. (1998) for essential
details of model construction. In particular, these aré-eetited
models that were allowed to relax over a very large numbey-of ¢
cles. Pulsation is not strictly periodic, and the successiycles
that were studied in detail by Hofmann et al. (1998) and ivéla
et al. (2004b, c) were so chosen that cycles of the M and Psserie
with different characteristics are included. Phases assi¢o these
models (Ireland 2004b, c) are based on a reasonably chosam me
zero point, and the individual phase of a model of a specifitecy
always refers to this zero point. The hydrodynamic modelseewe
calculated with dust-free grey opacities, and a non-greypta-
ture stratification of the atmospheric layers was then abthiin

a second step by solving the radiative-equilibrium equeatice.
equation 1 withB,(T,), gas absorption coefficient,,(Ty, P),

gas temperaturéy) with dust-free non-grey opacities (see Hof-
mann et al. 1998), retaining the gas-pressure stratificatfahe
hydrodynamic model.

During pulsation, the position of the continuum-forming-la
ers oscillates arounf,, with an amplitude ot£30%. The param-
eters for the models at the individual phases considereel &er
shown in Tabl€R, reproduced from Ireland €tlal. (2004b).déon-
parisons with observations at specific visual phases, Oillbev
added top,;s in Tablel2 (Ireland et al. 2004b).

Using these dust-free models as a starting point, the dpssty

Table 2. Parameters of M series Mira models. The columns: visualghas
buis; luminosity L; 1.04 um near-continuum radiuR; .o4; and the effec-
tive temperaturd o4 corresponding tdR1.04.

Model ¢l L Rio0a Tioa
(Lo) (Rp) (K)

MO05 0+0.49 1470 0.84 2420
MO6n 0+0.60 2430 0.78 2860
M08 0+0.77 4780 0.81 3320
MO09n 0+0.89 5060 1.03 2970
M10 1+0.02 4910 1.18 2760
M1ln 1+0.11 4360 1.21 2640
M12n 1+0.21 3470 1.18 2540
M12 1+0.27 2990 1.12 2500
M14n 1+0.40 1670 0.91 2400
M15 1+0.48 1720 0.83 2530
M16n 1+0.60 2460 0.77 2860
M18 1+0.75 4840 0.81 3310
M18n 1+0.84 4980 1.00 3010
M19n 1+0.90 5070 1.09 2900
M20 2+0.05 4550 1.20 2680
M21n 2+0.10 4120 1.21 2610
M22 2+0.25 2850 1.10 2490
M23n 2+0.30 2350 1.03 2460
M24n 2+0.40 1540 0.87 2410
M25n 2+0.50 2250 0.79 2780

10.12 should be added to these phases to give a more accurdgétphase.
See Ireland et all (2004b).

taining the gas-pressure stratification of the originayghgnamical
model is a reasonable approximation.

The M series was chosen over the P series for this study be-
cause approximations at 3K, caused unrealistic density jumps
with respect to time in the P series. These approximatiorisded
coarse gridding in the dynamical models, and an artificiabdg-
gradient cutoff that had been enforced in the outer layesoute
phases/cycles for computational reasons (non-physiceityedis-
continuity at the 52, model surface). The M series models consid-
ered here have no artificial cutoff applied, and have a fineigimo
gridding of the dynamical models at 38, to produce no unreal-
istic effects.

The P and M model series are meant to describe typical Miras
like o Cet or R Leo. Comparison with observations of both stars
(Hofmann et &l 2001 Ireland etlal. 2004&.b; Woodruff éPaD4;
Fedele et all_2005) show satisfactory agreement of obsewmdd
predicted features, but various deviations are also obviiam the
discussion of_Ireland et al._(2004c). We may check in thislstu
whether some of these deviations are due to the omissionstf du
in the original models. Note that the mean-opacity treatnoén
strong water bands cools the outer layers too much and baoksv

as described in Sectidh 2 were added to the models, and the temthe continuum photosphere, as evident in the spectra_oft Bdj e

perature profile, spectra and intensity profiles re-catedlaThe
new gas-temperatufg, and the dust-temperatufg stratifications
were obtained by iteration, that is, radiative equilibriwas en-
forced for both components (gas and dust) in each iteratémfer
obtaining for the next step new values of gas and dust teresa
of gas and dust absorption coefficients, and of mean intessit
(cf. comments on dust type D2 lin Bedding etial. 2001). Not¢ tha
scattering is approximated as being isotropic and cohénghtse
models and, hence, does not appear explicitly in Equatidtoie
also, that radiative acceleration does not become suffigikrge
in the dusty models for generating a dust-driven wind, so rtka

(2003D). If the forest of water lines were treated correailyhe
models, one would expect the modelled water-bands to betzsse
deep and the continuum (J-K) colour to become redder. Thisdvo
give colour temperatures slightly lower tharCet or R Leo. For
this reason, we expect that realistic dust formation inghrasdels
would be at least as efficient asdarCet or R Leo.

Figure[d shows the dust stability radii for all dust typesa T
ble[. The dotted line shows the location of a single mass @biee
upper mass zone in Figure 2|of Hofmann etlal. (1998)), givimg a
indication of the dynamics of the atmosphere. For dust type3
and D, by far the largest rate of grain growth occurs just afigal
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Figure 1. Model dust formation radii plotted against phase (0.12 henb
added to the TablE 2 phases - see text) for the four dust typesidered
here. The solid line shows the position where the dust-fesg-nontinuum

Dust Formation in Mira Variables 5

1400 — =

g L 4

L 1200 -
>

E? L 4
[}

Q. . 4

€ — -
(o

© L ]
s

S 1000 - .

-
L N
800 — -
1.5 2.0 2.5 3.0 3.5
Rowus(RQ
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as a function of phase.

grain formation, so it is in the initial stages of grain growthere it
is most important to examine our assumption of dust condiemsa
responding instantly to changes in the radiation field. Rerhass
zone shown in Figurld 1 and zones immediately above it, tigesar
rate of grain growth occurs between phases 1.3 and 1.7, \iere
material crosses the dust stability radius. At these phhsamate-
rial behind a strong shock (which reachie$5R, at phase 1.7) is
cooling as it moves outwards. As the material crosses thiestis
bility radius for dust types A and B at these phadeg(P) is be-
tween—1.9 and—1.7 with a local pressure scale height®8R,,.
At these pressures, dust growth is sufficiently rapid adogreb
the considerations of Sectibh 2. However, this conditioroiswell-
satisfied at all phases, so the details of the phase-depsndéthe
dust condensation radii should not be considered a relfaeldic-
tion of these simple models.

The total optical depth of the dust at 1,0vh as a function
of phase is shown in Figuld 3 for all dust types. The large op-
tical depths for dust type A are due to scattering by graireé th

cated lines) for the M22 models. The solid line is for the eius¢é model,

the dotted line dust A, the dashed line dust D and the dotedhthe dust

C. Dust type B is nearly indistinguishable from the dottex land the gas
temperature for dust C is nearly indistinguishable fromgbkd line. The

dust-free near-continuum radid&; .04 for this model is 1.1R,,.
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reach a maximum radius of 96 nm in the outer layers, and reach

80 nm radius rapidly after condensation whilés equal to 1.0. The
optical-depths for dust types A and B imply that thé4 xm near-
continuum wavelength may not be a good window for interfeabm
rically observing the continuum-forming photosphere agssted

by e.glJacob & Schal (2002). As scattering opacity scalés &

in the Rayleigh limit, the J and H band windows are not neasly a
affected by the presence of these dust types as the:inGaindow.

Itis clear that dust types C and D have would have only a mihima
effect at this wavelength.

The C-rich dust models of Hofner etlal. (2D03), at nearlyctwi
the luminosity of the M-series considered here, have a ladia-
tive acceleration of the dust grains which significantly fified the
dynamic stratification of these models. At the?5 surface of the
models considered here, the radiative acceleration rdrma0.08
to 0.29 times gravitational acceleration for dust A. Thisga of
values is smaller for all other dust types or for radii lestB R,,.
This is easily understandable as dust only forms withi®,5f the

Figure 3. Total optical depths at 1.04m as a function of phase for the four
dust types.

dynamic stratification of a typical Mira variable of lumiriysless
than about5000Ls within 5 parent-star radii. However, beyond
the surface of the models presented here radiative actieleia
expected to become significant as long as it is possible éonéar-
infrared opacity of the dust to increase with further Fe esrsétion

at the low pressuresq(10~* dyn/cn?) encountered at these radii.

Figure[2 shows the influence of these dust types on the gas

temperature for the M22 model. The gas in outer layers is wdrm
by about 100 K for dust types A and B. Back-warming isn'’t sfigni
cant for any dust type in the layers where most spectral featare
formed, which is at temperatures above about 1400 K. OtheF mo
els showed effects similar to those in this model. In thisscasd

in most other models, the dust temperatures are higher tieagets

dust has a low opacity between 1 and 4 microns, where the bulk temperatures. This provides further justification for asisg that

of the stellar flux is emitted. Therefore, we do not expectatace
acceleration of dust grains to play a highly significant riol¢he

nucleation is complete when grain growth begins. The shzapge
in slope of the dotted line at 2.B,, is due to the the presence of
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zero Fe £ = 1.0) for smaller radii, and an increasing fraction of
Fe at larger radii.

4 OBSERVABLE DUST EFFECTS

The presence of all dust types considered here has a minffect e
on photometry between a wavelength of 1 ana@® Near mini-

mum, the J band flux is reduced by 0.1 mag due to extinction by

model stars will be placed at a distance 10% too close andréie p
dicted angular diameters will remain unchanged.

For the 700, 750 and 920 nm filters, a 20 nm bandwidth was
assumed, and for 1045 nm a monochromatic prediction is gMen
though these bandwidths did not match the individual expenital
bandwidths exactly, the experimental filters all includegl thosen
wavelengths and would be expected to have similar fit diammete
according to the measurements of Ireland 21 al. (2004d).

It is clear that amongst these models, the observed large di-

dust for dust types A and B, with no measurable effects on H and ameters and the increase in observed diameter at shorter- wav

K band photometry. However, this small J-band effect is natia
able model prediction, as it requires growth and destrogtites in
the outer layers near minimum that are too high for outerlpyes-
suresP < 102 dyn/cn?. Up to 0.3 mag extinction for dust type A
occurs near-minimum at 900 nm due to back-scattered radieg
intercepting the lower atmosphere. The extinction of V bhgiot
by the dust considered here is too difficult to model, bothtdube
difficulties in treating strong TiO absorption, and to théuence
of the grain size distribution on extinction at short wangjtns.

Interferometric observations at wavelengths short-wafls
about 1um are sensitive to scattering from dust. Without allow-
ing for significant effects of dust or molecules, larger thaa
pected apparent diameters have led some authors (e.gf Blamlif
1995) to favour overtone pulsation for Mira variables. This-
posal is clearly in conflict with the now conventional undansi-
ing (Wood et al! 1999; Scholz & Woaod 2000) that Miras pulsate
in the fundamental mode. Note that this discrepancy alsstexxi
in the near-infraredl_(van Belle eflal. 1996), but correctiglid-
ing the effects of molecular contamination of continuumnaia
eters in physical models has since provided a resolutiomis t
case I(Woodruff et al._2004; Fedele etlal. 2005). Severaloasith
have clearly mentioned the possibility of dust scatterimgréas-
ing the apparent size of Mira variables (e.g. Danchi et a8419
Hofmann et all 2001, _Ireland etlal. 2004d), but a physical ehod
is required to discriminate correctly between the effet&io ab-
sorption and dust.

Table[3 shows measured diameters@et and R Leo from
several experiments compared with model predictions ofviBa
model with different dust types. The observation phasestand
gets were:o Cet at phases 0.47 and 0.49 (different cycles) for
the William Herschel Telescope (WHT) data_(Tuthill etlal9%h9,

o Cet at phase 0.34 for the Anglo-Australian Telescope (AATtad
(Ireland et al. 2004d), R Leo at phase 0.2 for the Speciabfbiys-
ical Observatory (SAO) data (Hofmann eflal. 2001), and R Lteo a
phase 0.32 from Cambridge Optical Aperture Synthesis Tefes

lengths can only be produced by dust A or B, with an interntedia
dust being favorable. The scatter in the observations icatisle

of both the slightly different phases of observations, ayrlezto-
cycle variations in the atmospheric structure. This is alsen in
the models, where the fitted FWHMs for the M12 model would be
smaller than those for the M22 model.

The wavelengths of 700, 750, 920 and 1045 nm were chosen
for this comparison because they are not sensitive to sffiidgb-
sorption in the upper atmosphere. In order to exclude Ti@gbs
tion from causing the larger apparent diameters, we haefudbr
examined the treatment of TiO opacity in our models. The Neser
spectra have TiO absorption band depths that are much tqn dee
when compared to observations. Although one significargarea
for this in the figures of Tej et all (2003b) was out-dated chem
cal data for TiQ (since replaced with data from_Sharp & Huebner
1990)), a remaining large problem in modelling the deep qitisor
bands correctly are non-LTE effects in TiO band formatioa afy-
namic atmosphere. From the TiO line list.of Schweérnke (199%),
typical Einstein A coefficient for the upper level in a strofig)
absorption band i$0” s~*. This is much higher than the collision
rate in the atmospheric regions where the TiO features anecft
(P < ldyn/cn? andT < 2000 K). Several simple attempts have
been made by us to characterize the magnitude of non-LTEtsffe
Indeed, spectra with band depths near that observed faathidi-
ras can be produced by assuming an ad hoc TiO temperature profi
Although these tests affected the strong TiO features fiignily,
the regions of the spectrum such as those in Table 3 werdyarge
un-affected. This is because these regions of weak andgbgron
temperature-dependent absorption are formed significdettper
in the atmosphere than the strong absorption bands. Therefe
are quite confident that the large apparent diameters catenot
caused by TiO alone, and that therefore dust opacity is regui
to produce the observed diameters.

The Optical Interferometric Polarimetry (OIP) observat@f
Ireland et al. |(2005) are generally consistent with the igt&ths

(COAST) (Burns et al. 1998). The COAST data was presented as here. The radii of the dust shells in this paper are appraeiya

uniform-disk fits, and the correction factor of 1.52 in thattef
Burns et al.[(1998) was applied.

2.5R,, when the model star is placed at the distance corresponding
to that which fits the K band maximum. Fitted optical-deptbs t

For the model fits in TablEl 3, a least-squared Gaussian fit to these observations are between those predicted from theAtgpd

visibility V' (the normalised Fourier amplitude of the source bright-
ness distribution) was calculated for baselines shortm thhere

V' = 0.3. A Gaussian fit was both cited as a better fit than a uni-
form disk by the authors of the observational papers, anchista
ter fit in general for the dusty models described here. Theetod
star was placed at 105 pc, in-between the K-band maximurrsfit di
tances for R Leo and Cet for the M seriek_Ireland etial. (2004b)
and consistent withlipparcosdistances. Note that by having mod-
els that match the observed temperature as measured byuaamti
J-K coloursl|(Ireland et &l. 2004b) and using the K-band fitdtise,
the comparison between observed and predicted angulaeti#ian

is not heavily dependent on this distance. For examplegifiibd-

els are under-luminous by 20% with radii 10% too small, tHen t

type B dusts. However, the two stars observed in that pap@afR
and RR Sco) have smaller K-band photometric amplitudestti@n
M-series, and have much less dust emission th@et or R Leo.
Therefore, one might expect the gas densities for theseshtirbe
smaller than that in the M series at the same radii. This woddn
that grain formation and destruction may not be fast conpsoe
the pulsation at the grain formation radii, and would needosem
detailed, time-dependent study.

In order to most accurately model the mid-infrared spectra,
a new spectrum and intensity profile computation code was con
structed. This code used as inputs the gas pressure anduteolec
partial pressures, the gas and dust temperature and theityelo
stratification from the model-construction code. It taketiac-
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Table 3. Model predictions for fitted Gaussian FWHMSs to the stellaemsity profile in milli-arcsec for various wavelengths; foe M22 model which is at a
phase of 0.37. Measurements for R Leo ar@et for 4 separate instruments at visual phases betweem® @49 are also shown (see text).

Wavelength (nm) NoDust DustA DustB DustC DustD WHT AAT SAO R8T
700 22.1 50.1 27.3 22.2 233 27.6/38.2 38 327 -
750 21.8 46.9 25.6 21.8 22.7 - 32 305 -
920 22.3 37.3 241 22.4 22.7 23.0 23 - 29.3
1045 17.8 26.7 18.7 17.8 18.1 - - 236 -
2500 T ] 0.15 w
i 1 I \ N |
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Figure 4. Model spectra for B dust between 8 and 13 microns for the M11n Figure 5. Visibility data used ir_Weiner et Al. (2003) at a pulsatioragh
model (lower solid line), M15 model (dotted line), M18 mo@dhshed line) of 0.20 (data from November 28, 2000). One-parameter fits {et) for
and M21n model (upper solid line). models at similar phases (see text) are shown for the M11reh{sdlid
line) and the M21n model (dashed line). The dotted linetitates a three-
parameter fit (see text) based on the M21n model and an aulisbell of
count continuum opacities, 40 lines from Partridge & Schwerlkke  previously ejected dust.
(1997), TiO lines from_Schwenke (1998) and other diatormiedi
from the input to the ATLAS12 models_(Kuriicz 1994). The con-
tributions to line profiles from different layers were reiftgd or the models a strong shock front occasionally (no more thautab
blueshifted as appropriate according to the differenceajepted 1 cycle in 4) drives a significant amount of mass through ti#&,5
velocities. A micro-turbulence of 2.8km/s was assumed, én b  surface where it may form part of a stellar wind. Therefohis t
tween than used in the M-giant modelsLof Plez etlal. (1992) and additional flux is not inconsistent with the models heres gimply
that derived by Hinkle & Barni$ (1979). not part of the models due to the arbitrary®5 model surface.
The mid-infrared spectra are significantly influenced bytdus A second important point to note about these model spectra is
types A and B, but the spectra for dust types C and D are similar that they are not well approximated by a black-body spectraoh
to dust-free models. This is due to the low condensatiortifmof a silicate emission peak. According to the classificatidreste of
dust C at radii where densities are high, and for dust D thikié&s Sloan & Pric2|(1998), the spectra for the M series with dust@d
to the low abundance of Al when compared to Si, Fe and Mg. As be classified from SE2 to SE8, with a dust emission contra&tlgf
dust types A and B result in similar condensation fractiousdif- to 0.3. This suggests that the observed mid-infrared exoessme
ferent grain sizes, their effects on the mid-infrared sjaeate very Mira variables may not be strictly associated with an outf{evg.
similar. Hence, only selected mid-infrared spectra forespnta- Ireland et al. 2005).
tive models with dust B are shown in Figde 4, smoothed to have The effect of these dust types on mid-infrared interferaynet
a resolving power of 500. The model star is placed at a distafic  is difficult to predict. This is due to the large fraction oktlight
102 pc, to match the fit distance for theCet K-band light curve that originates from dust further than thé5 surface to these mod-
(Ireland et al. 2004b). els [Weiner et al. 2003). Nevertheless, one can say that ergen
The most crucial point to note about these spectra is thgt the feature of the models is that they do not resemble a unifask-d
underestimate the measured flux framCet at all wavelengths intensity profile. Figur€l5 shows 11.15n V2 data fromo Cet ob-
by a factor of about 2 to 3, based on the range of photometry in servations at a phase of 0.2 obtained from J. Weiner (persona
Monnier et al.|(1998). This is consistent with the measurgmef munication). This is calibrated data which was used for tloeleh
Danchi et al. [(1994) and_Weiner ef &l. (2003), whose datairequ fits in Weiner et al. [(2003), unlike the un-calibrated datatteld
approximately half to three quarters of the total mid-inédaflux in Figure 1 of that paper. Intensity profiles were computeidgis
from o Cet to originate from a region further from the central star dust B, and the narrow observing bandwidth, assuming a ifedsh
than our model surface (which corresponds to a 58 mas ratlius a of 83 km/s. Over-plotted in Figufd 5 are the model predictioh
a distance of 102 pc). This dust is almost certainly part obata the M11n model, at a pulsation phase of 0.23, and the prediti
flow from this star, and may have a shell-like structure as see of the M21n model at a pulsation phase of 0.22. The model star
outflows from other AGB stars (e.p._Hale etlal. 1997). Indéed,  was placed at the fit distance for theCet K-band light curve
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dust type has approximatel 2 grain nuclei per H atom avail-
able at the onset of silicate condensation, and requirdise ratio

of the exchange coefficient for Mg and Fe ion to the stickingfco
ficient of SiO, to be at least the order of unity. A model whemg/o
corundum forms was found to be a poor fit to observations@ét
and R Leo. The use of composition-dependent opacities edabl
the survival of the initial Mg-rich silicate condensate adlii of 2-3
times the model parent star radius.

(Ireland et all 2004b) and the fraction of emission from aerev
resolved component of extended dust emission was a frempara
ter. This fraction has the effect of multiplying the squavésibility
by a constant smaller than 1.

Certainly in the case of the M11n model the fit is reasonable,
and the 45 % additional flux required from extended dust eotiss
is roughly consistent with observed mid-infrared excefsesCet.
In the case of the M21 model, additional model parameterddvou
be required to fit the data reasonably. The example plottédeas
dotted line is one where two additional parameters were fnega-
dius of an additional shell of dust and the fractional ensisgiom
this shell. The parameters for this model were a dust shdilisaf
5.83 R, containing 18 % of the total emission. This demonstrates
that for mid-infrared interferometry to provide accuratmstraints
on the innermost dust and water emission, a model or obsamgat
of dust at large radii must be combined with models of therimae
gions as described here. Examining data from several offoeths
did not give significant errors when fitting dust B models te th
data, but dust-free models were not in general extendedgértou
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fit the data fromi Weiner et Al. (2003).

A final observable feature of the dust formation models as de-
scribed here is the phase- and cycle-dependence of the atust f
mation. A relatively quick increase in dust opacity is pobeld
near minimum during certain cycles wherever a shock froesea
through the radius of dust formation. This occurs aroundeta4
in these models, where the 1.0 dust optical depth rapidly in-
creases from 0.26 to 0.72 for dust A. This increase in opawityld
be best seen interferometrically by a jump in size at eithavew
lengths short-wards of Am or in the mid-infrared. Combined ob-
servations at these two wavelength regimes could consgraim
sizes (e.g. the difference between dust types A and B).

The cycle-dependence of the outer layers in the M and P se-

ries relates to their chaotic nature. There is no reasonectthese
layers to show high degrees of spherical symmetry as assiimed
the models. A crude approximation is that one could thinkf o
posite sides of a star to be in different model ‘cycles’. $ambe-
haviour is evident on large scales in the models_of Woitk€$20
For this reason, dust formation near-minimum may also berebs
able as the creation of asymmetric features in a shell at2-3
One effect of this dust creation would be rapid changes irtigte

of polarization observed. This effect is a plausible exateam for
the rapid changes in polarization angle observed arouranlday
2441000 (near phase 0.5) for R Lea by Serkowski & Shawl (2001)
These observations show polarizations of several percedt B
and V bands where the angle of polarization changes by 2®degr
in one direction over 50 days, then 50 degrees in the oppdsite
rection over the following 50 days.

5 CONCLUSION

Condensation of corundum and silicate dust in a model of a2
self-excited Mira variable has been examined. Four dusttyyere
modelled, representing approximated physical dust faongia-

rameters. It was found that a dust type between A and B from Ta-

ble[ fits existing observations wéll In particular, the effect of
scattering by this type of dust explains the systematidaliye ob-
served apparent diameters at wavelengths shorter tham This

1 Predictions of existing and additional models are avadalgon request
to anyone interested for specific observational programs.
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